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Coen de Graaf, Departament de Quı́mica Fı́sica i Inorgànica, Universitat Rovira i Virgili, Tarragona, Spain;
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Foreword

From the outside, a striking feature of science is its division into disciplines – physics, chemistry, biology,
and so on. From a little bit closer, each of these disciplines can be recognized to divide into sub-disciplines,
such as organic and inorganic chemistry. These divisions – and further even finer-grained categories – work
quite well in terms of breaking scientists down into groups with common educational backgrounds or topics
of interest. However, to many scientists, these categorizations can be seen to fail as often as they provide
insight, due to the many cases where the research interests of apparently ‘distantly’ related scientists in fact
have strong overlap. For example, a given physicist may feel more affinity of interests with a given chemist
or biochemist than with a physicist working in another area. This might imply that classification of scientists
is meaningless, but a more fruitful point of view might be to say that this sort of classification needs to be
malleable. Indeed, much insight can be obtained by setting up groupings of scientists through subdivision
along completely different criteria to the usual disciplinary ones.

This book is one example of the benefits of this approach. Marcel Swart and Miquel Costas have decided to
write a book focusing on “Spin States in Biochemistry and Inorganic Chemistry” and their role in influencing
molecular structure, bonding and reactivity. Using the traditional classification of sub-disciplines, their book
is very highly multi-disciplinary (at least within the molecular sciences) in that it brings together authors from
inorganic, bioinorganic, organometallic, and theoretical chemistry, and indeed from quite diverse viewpoints
within these subdisciplines. Seen from another point of view, though, the book has a tightly focused topic: all
the authors share an interest in (electron) spin, and each of them makes this the key topic for their contribution.
This makes for a really interesting selection of topics and viewpoints, and the book will in my opinion be
very valuable for the group of researchers who share the common interest in unpaired electrons. Since spin is
quasi ubiquitous in the chemistry of elements such as the late first-row transition metals, this is a large group
of people.

Reflecting the background of the two editors, the book contains contributions both from authors whose
research is experimental and from others who use computational approaches. The balance between the two
types of work is good, with a similar number of contributions. In both cases, the authors of the selected
chapters are working at the forefront of their fields, so that the list of authors is very impressive indeed. Many
of these authors are also involved in the COST (European Cooperation in Science and Technology) action
CM1305 on “Explicit Control Over Spin-States in Technology and Biochemistry”, led by Marcel Swart (and
of which I am also a member). However, COST is largely European, while quite a few co-authors come from
further afield and enrich the range of perspectives in the book.

As someone with my own long-standing interests in spin states in chemistry, I find many familiar topics
in some of the book chapters. In each case, though, the authors have included new perspectives and/or sum-
marized new results. Also, there are many contributions where the type of approach used or system studied
is almost completely new to me and which would therefore serve as a helpful reference or pedagogical intro-
duction. Some of the chapters could be described as being reviews of recent research on a particular topic,
while others are more introductory and will be valued by students and others new to a particular field. Overall,
I think that Professors Swart and Costas, as well as all the authors, should be commended for their initiative
and for the very nice volume that they have put together.

Jeremy N. Harvey
Department of Chemistry, KU Leuven, Leuven, Belgium
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1.1 Introduction

Spin is a fundamental property of all elements and molecules, which originates from their unpaired electrons.
Spin states have a major role in defining the structure, reactivity, magnetic and spectroscopic properties of
a molecule. Furthermore it is possible that more than one spin state is energetically accessible for a given
molecule. In such cases, the molecule can accumulate multiple spectroscopic, magnetic and reactivity patterns
arising from the different accessible spin states. The ground spin state of most organic molecules is a singlet,
that is, they have a closed-shell electronic structure, and other states are energetically not accessible under
standard conditions. Important exceptions are carbenes, which can exist as singlet and triplet spin states,
and the molecule of dioxygen, whose triplet nature poses kinetic barriers to its thermodynamically favorable
reaction with organic matter. The situation is completely reversed when transition metals are present, which
makes that different spin states are accessible for the majority of transition metal complexes. This primarily
results from the particular nature of d-orbitals of the metals (see Figure 1.1) that are close in energy and which
can be occupied in different ways depending on the metal oxidation state, its ligands and its coordination
geometry (see Figure 1.1). This picture can be further complicated when ligands are not redox innocent and
can have a spin that can also engage in ferro or anti-ferromagnetic interactions with the spin of the metal
center.

Spin states play an important role [1, 2] in metalloenzymatic reactions (e.g. cytochrome P450cam), in
metal-oxo complexes, in spin-crossover compounds and even in catalysis processes mediated by organometal-
lic compounds where different reactions take place via different spin states [3, 4]. However, computational
studies have shown that a correct description of the spin state is not trivial [1, 5, 6], and a combination
of different density functionals (DFT) and/or ab initio methods may be needed. Experimental studies on
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Figure 1.1 Transition metal d-orbitals shape (left) and orbital-level diagram (right).

biomimetic model complexes, enzymes or spin-crossover compounds have added to the complexity, making
the spin state a challenging property that is poorly understood [1]. This was the origin for a CECAM/ESF
Workshop organized in Zaragoza in September 2012 [7], leading subsequently to a COST Action (CM1305,
ECOSTBio).

1.2 Experimental Chemistry: Reactivity, Synthesis and Spectroscopy

Spin states constitute a fundamental aspect of the electronic structure of molecules, and as such spin deter-
mines their electronic properties, magnetism and reactivity. Therefore, rationalization of the latter properties
in paramagnetic molecules most often requires determination of their spin state. The most important spec-
troscopic techniques employed to determine spin states in transition metal complexes and proteins have been
discussed in Chapter 4, and the use of nuclear magnetic resonance spectroscopy as a tool to shed information
on the electronic structure of paramagnetic metal centers, especially those of metalloenzymes, is described
in Chapter 16.

Compounds that can exist in multiple spin states open exciting possibilities in a number of fields. An
interesting, widely explored case is transition metal centers in octahedral coordination environments with
d-electron configurations d4 to d7, which can exist as high spin (HS) and low spin (LS) (see Chapters 5
and 12). Low-spin complexes favor pairing of electrons in t2g orbitals rather than population of eg orbitals,
and the opposite happens for high-spin complexes. The energy difference between both states can be small,
and with certain stimulus (light, heat or pressure) one can switch the predominant population of the two
states in a reversible manner. In the solid state, cooperative intermolecular interactions may install kinetic
barriers to spin interconversion, leading to hysteresis effects. In these cases, the system exhibits a bistability,
a property that can potentially find use as memory units in electronic devices. Ongoing and exciting efforts
in this field target the manipulation of the electronic spin by taking advantage of the quantum mechanical
properties at molecular scale (quantum coherence and entanglement) as the key element for realizing quantum
computing.

An important consequence of different spin states for a transition metal complex is that because of the
change in occupation from non-bonding (dxy, dxz, dyz) to anti-bonding orbitals (dz2 , dx2 -y2 ), dramatic changes
in spectroscopic properties and the metal–ligand bond distances are observed. For instance, typical FeII–N
distances in low (S=0) or intermediate (S=1) are of the order of 1.98–2.09 Å, while for the high-spin state
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(S=2) distances of 2.15–2.25 Å are observed [8]. When comparing the geometries of low- and high-spin
states for one and the same metal–ligand system, one finds usually mainly a lengthening of the metal–ligand
distances. However, a recent study showed [9] that if the ligand is flexible enough with a large number of
possible ligating atoms, severe changes in the coordination around the metal can be observed for different
spin states. This feature is often observed for different oxidation states of a metal (e.g. CuI vs CuII), but is
not so common for different spin states of the same metal in the same oxidation state. Translation of spin
crossover phenomena in changes in the first coordination sphere of transition metal complexes may allow
taking advantage of this property in solution state [10, 11].

The influence of spin states on reactivity can manifest itself in many ways. For example, it is at the basis of
the reactions that sustain aerobic life. Spin-forbidden reactions, of, e.g. triplet dioxygen with singlet organic
molecules to give singlet-only products, tend to be sluggish, despite being thermodynamically favorable pro-
cesses. This is altered dramatically by the intermediacy of first-row transition metal ions in low oxidation
states (FeII, CuI), which reduce the dioxygen molecule and form peroxide species that can oxidize organic
functionalities (non-heme iron oxygenases, and models for the oxidizing species that form in their reactions
are discussed in Chapters 10 and 15). Intermediacy of transition metals with multiple spin states in close ener-
getic proximity is also used by nature extensively in order to open reaction paths to catalyze many otherwise
unfeasible elementary processes. The interplay of multiple spin states in the oxidation reactivity of P450 is
recognized as the origin of its chameleonic reactivity nature [12].

Multiple spin states are usually the result of the different possibilities of accommodating valence electrons
in d-orbitals, but sometimes ligands are redox non-innocent (see, for example, Chapter 11) and can either
offer ligand-based orbitals to accommodate electrons from the metal center or also transfer electrons to d-
orbitals. P450 constitutes again a paradigmatic example for this situation. CpI of P450 is best defined as an
oxoiron(IV) center with a porphyrin radical ligand. Occupation of the d-orbitals of the iron center and the
porphyrin-based radical with the five electrons produces S=1/2 and S=3/2 systems, close in energy, which
exhibit important differences in their reactivity [12].

The idea that the spin state can dramatically influence the reactivity of transition metal centers, including
those present in enzymes, is now commonly accepted but was initially recognized in reactions of transition
metal ions in the gas phase. The excellent connection between computational and experimental observations
for reactions taking place in this phase converts this field in a powerful tool for exploring and understand-
ing the role of spin state in reactivity (see, e.g. Chapter 8). Joint computational and experimental studies
have also produced understanding on the role of spin-state-dependent reactivity in organometallic chem-
istry (Chapter 6). Novel reactivity principles such as the exchange-enhanced reactivity are also emerging
to explain the prevalence of high spin states as the most favorable path in reactions that can occur in mul-
tiple spin energy surfaces (Chapter 7). Reactivity patterns of transition metal complexes are often difficult
to predict, interpret and/or understand, and this complexity is further accentuated in metalloenzymes. Only
through a combination of a variety of techniques can one be assured that the interpretation of experimental
and/or computational results is plausible. A number of good examples of this are present in the literature
on oxidation states and/or spin states. For instance, until a few years ago the iron–molybdenum cofactor of
nitrogenase was thought to consist of only Fe/Mo and sulfurs. However, through a series of breakthroughs
[13] of X-ray crystallography, X-ray emission spectroscopy and computational chemistry, it was finally deter-
mined that there is a central atom present in the cofactor. Moreover, it was clearly determined to be a carbon
atom, even though this had been thought to be very unlikely only a few years before. Nevertheless, a sec-
ond surprising feature of the same enzyme was reported more recently [14], when it was shown that the
molybdenum is most likely in the Mo(III) state, a new feature for the use of molybdenum in biology. A
detailed understanding of the spin states involved, involving as well a reassignment of oxidation and spin
states on iron, was put forward for a number of the intermediate stages of this highly complex catalytic
cycle.
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Table 1.1 Systematic effects of computational chemistry ingredients on spin states

Ingredient Effect on metal–ligand bonds Favors

HF exchange Longer/weaker High spin
Dispersion energy Shorter/stronger Low spin
Relativistic effects Stronger s-bonds, weaker bonds in

middle d- and p-blocks
–

Solvation Shorter metal–ligand bonds Low spin
Zero-point vibrational energy “Longer/weaker” High spin
Entropy “Longer/weaker” High spin

Source: Reproduced from [20] with permission from Elsevier.

Finally, the editors are sorry that the limited scope of the book could not include other interesting aspects
of bioinorganic chemistry [15].

1.3 Computational Chemistry: Quantum Chemistry and Basis Sets

A number of theoretical methods can be used almost straightforwardly, such as density functional theory
(DFT) or ligand-field theory based on it, and wavefunction methods such as coupled cluster (CC) theory,
multi-reference configuration interaction (MR-CI) or complete active space coupled with second-order per-
turbation theory (CASPT2). The advantages and drawbacks of each of these classes of methods are described
in the first two chapters, and of course these methods have been applied in many studies as described through-
out the book.

An important aspect of computational chemistry is the basis set used, which is true in general where more
accurate results are obtained with larger basis sets; however, they come at greater (computational) cost. The
influence of the basis set on spin state energies is nevertheless an easily overlooked problem. Already in 1977
Hay [16] warned about the use of a double-𝜁 basis set, which is not flexible enough to properly describe
the 3d-orbital manifold, and at least three d-functions were shown to be needed. This was reiterated more
recently by Pulay and co-workers [17] who improved the often used 6-31G∗ basis set (to give m6-31G∗) by
refitting the exponents to make these more diffuse (but still keeping only two d-functions) or by Swart and
co-workers who added an additional third (diffuse) d-function through an even-tempered approach to give the
s6-31G∗ form [18]. Both of these modified basis sets greatly improved the performance for spin states
although the convergence towards the infinite basis set results still goes much faster with Slater-type orbital
basis sets [19].

A very useful dissection of the importance of different aspects of computational chemistry (inclusion of
portion of Hartree–Fock exchange; dispersion energy; relativistic effects; solvation; zero-point vibrational
energies; entropy) was recently reported by Kepp (see Table 1.1) [20].
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[11] M. Aschi, J. N. Harvey, C. A. Schalley, D. Schröder and H. Schwarz, Reappraisal of the spin-forbidden unimolecular
decay of the methoxy cation, Chem. Commun. 1998, 531–533 (1998).

[12] S. Shaik, D. Kumar, S. P. de Visser, A. Altun and W. Thiel, Theoretical perspective on the structure and mechanism
of cytochrome P450 enzymes, Chem. Rev. 105, 2279–2328 (2005).

[13] K. M. Lancaster, M. Roemelt, P. Ettenhuber, Y. Hu, M. W. Ribbe, F. Neese, U. Bergmann and S. DeBeer,
X-ray emission spectroscopy evidences a central carbon in the nitrogenase iron-molybdenum cofactor, Science 334,
974–977 (2011).

[14] R. Bjornsson, F. A. Lima, T. Spatzal, T. Weyhermüller, P. Glatzel, E. Bill, O. Einsle, F. Neese and S. DeBeer,
Identification of a spin-coupled Mo(III) in the nitrogenase iron–molybdenum cofactor, Chem. Sci. 5, 3096–3103
(2014).

[15] (a) For example, the importance of the spin state and spin density for reactivity on hydrogen atom transfer (HAT)
reactions has been challenged, on the basis of the argument that HAT reactivity is basically dominated by ground state
thermodynamics. See for example: C. T. Saouma and J. M. Mayer, Do spin state and spin density affect hydrogen
atom transfer reactivity?, Chem. Sci. 5, 21–31 (2014). (b) See however, the recent study where the reactive spin state
could be probed, and where spin density was shown to matter: J. England, J. Prakash, M. A. Cranswick, D. Mandal,
Y. Guo, E. Mnck, S. Shaik and L. Que Jr., Oxoiron(IV) complex of the ethylene-bridged dialkylcyclam ligand
Me2EBC, Inorg. Chem. 54, 7828–7839 (2015).

[16] P. J. Hay, Gaussian basis sets for molecular calculations. The representation of 3d orbitals in transition-metal atoms,
J. Chem. Phys. 66, 4377–4384 (1977).

[17] A. V. Mitin, J. Baker and P. Pulay, An improved 6-31G∗ basis set for first-row transition metals, J. Chem. Phys. 118,
7775–7782 (2003).
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2.1 Introduction

Coordination chemistry is a fascinating branch of inorganic chemistry, and its beauty lies in the fact that
small changes in a metal ion environment can induce dramatic changes in the properties of the compounds.
Studies on transition metal (TM) complexes have achieved a great interest due to their versatile applications
in medicine, biology, catalysis and photonics [1]. Moreover, most TM ions with partially filled d shells can
exhibit different kind of spin multiplicity in the ground state, that is, different spin states [2, 3]. The most
common manifestation of this is shown for hexacoordinate complexes of first-row TM with four to seven
d-electrons (see Table 2.1). Often one of two possible spin states occurs: high spin (HS) with a maximal
number of unpaired electrons or low spin (LS) with (almost) no unpaired electrons. This phenomenon has
been described by ligand field (LF) theory, where the combination of the LF splitting (Δ) and the pairing
energy (Π) of the complex (see Figure 2.1) determines whether a complex has an LS or HS state (see also
Chapter 7) [3–6]. In general terms, an LS state occurs when the LF splitting is greater than the pairing energy
of the complex, while on the other hand a HS state occurs with weaker LFs and smaller orbital splitting.
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Table 2.1 Electronic configurations and ground states of low-spin/high-spin d4–d7 coordination compounds
with Oh symmetry.

Low spin High spin

dn Ion Configuration Ground state Configuration Ground state

d4 MnIII (t2g)
4 3T1g (t2g)

3(eg)
1 5Eg

d5 MnII, FeIII (t2g)
5 2T2g (t2g)

3(eg)
2 6A1g

d6 FeII, CoIII (t2g)
6 1A1g (t2g)

4(eg)
2 5T2g

d7 CoII (t2g)
6(eg)

1 2Eg (t2g)
4(eg)

2 4T1g

Therefore, depending on the nature of the ligands, complexes of the same metal ion, and in the same oxida-
tion state, may exhibit different spin ground states. Importantly, LS and HS complexes usually display quite
different structural, spectral and magnetic properties, irrespective of the fact that it concerns the same metal
ion in the same oxidation state. For example, the [Fe(CN)6]4− ion, an LS complex of FeII, is yellow without
unpaired electrons, while the [Fe(H2O)6]2+ ion, a HS complex of FeII, is pale blue and is paramagnetic, with
four unpaired electrons.

Elucidating the role and effect of different spin states on the properties of a system or even deciding which
spin state occurs naturally is presently one of the most challenging endeavors both from an experimental and
theoretical point-of-view [7–9]. Experimentally, it has proven difficult to be able to tune the spin state and
to design the route for the synthesis of TM complexes with pre-determined spin states. The most significant
consequences of spin state changes are the changes in magnetic properties of the complex and the changes in
metal-to-ligand bond distances due to the population or depopulation of higher lying orbitals, for example,
antibonding eg orbitals within an octahedral metal coordination. Hence magnetic susceptibility measurement
as a function of temperature is the most commonly used experimental method in addition to X-ray crystal-
lography, optical, vibrational and Mössbauer spectroscopy (see Chapter 4 of this book). However, because
of trace impurities, dimerization, oligo- or polymerization, or disproportionation, none of these experimental
techniques is flawless.

On the other hand, the rapid development of computational chemistry made it possible to resolve many
issues. However, computational studies have shown that a correct description of the spin state is not trivial,
and it is not always straightforward to predict the orbital occupation pattern of a given stable compound
[8, 10–13]. Many semi-empirical and ab initio, qualitative and semi-quantitative procedures have been

Figure 2.1 Schematic representation of the ligand field splitting of (a) high-spin and (b) low-spin d5 octahedral
complex; the ligand field splitting parameter Δ is indicated.
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developed with the aim to predict the ordering of electronic states. The question is: do we have reliable
computational method able to predict relative spin ground state accurately?

A deeper understanding of these phenomena may be obtained in a quite straightforward manner by means
of density functional theory (DFT) [14, 15]. However, although DFT gives in principle the exact energy,
the universal functional for it is unknown and educated guesses for it have to be made. These are the so-
called density functional approximations (DFAs) that have made DFT so popular over the last two decades.
Nevertheless, these DFAs have shown to be associated with shortcomings, some more severe than oth-
ers, which affect in particular the predictions of relative energies of spin states of TM complexes. Several
approaches for the development of DFAs are present in the literature [16], based on either good physics with
nonempirical constraints (e.g., by Perdew [17–19]) or empirical fitting to some reference data (e.g., by Becke
[20], Handy [21], Truhlar [22], Grimme [23], Swart [24–26]). Nevertheless, spin state energies were not
included in the development for most of these DFAs, except in the case of the SSB-D and S12g functionals
[24–26]. At the moment there seems to be a situation where one has to choose between either accurate ther-
mochemistry (barriers, reaction energies) or accurate spin states and geometries. Because of this limitation,
this area of research is still widely open and dynamic [8, 16].

2.2 What Is the Problem with Theory?

The spin state of a TM complex is an electronic property. It is therefore not surprising that most theoretical
work has employed quantum mechanics. The calculation of molecular electronic structure is a difficult many-
body problem, for which a large variety of approaches have been developed. These methods fall into one of
two complementary realms: methods based on the calculation of the many-electron wave function Ψ by the
Ritz variation principle (or related principles) and methods based on the calculation of the electron density
(𝜌) by the Hohenberg–Kohn variation principle [27].

Historically, the most widely used QM method was based on the Hartree–Fock (HF) approximation
[28, 29]. However, this mean-field approach does not account for electron correlation between electrons of
opposite spins, which needs to be included in post-HF methods such as coupled cluster or multi-reference
methods (see Chapter 3 of this book). A direct consequence of this absence of electron correlation between
electrons of opposite spins is that only the electron correlation between like spins remains (the exchange
interactions because of the Pauli principle). This latter exchange is a favorable interaction which has two
important consequences: (i) HF will tend to favor HS states because of a larger number of exchange inter-
actions when more electrons are with parallel spin and (ii) during a reaction a transition state with a larger
number of exchange interactions is associated with a smaller reaction barrier (exchange-enhanced reactivity,
see Chapter 7 of this book). Point (i) is directly relevant for DFAs as well, because of the inclusion of a portion
of HF exchange in so-called hybrid functionals (e.g., B3LYP [20, 30]); the larger the amount of HF exchange,
the more biased toward HS states. This was used by, for example, Reiher and co-workers to construct their
B3LYP∗ functional [31] that contains only 15% HF exchange (instead of 20% in the original B3LYP).

2.2.1 Density Functional Theory

The idea of using the electronic density as main ingredient for obtaining electronic energies goes back to the
work of Thomas [32], Fermi [33], Dirac [34] and Wigner [35]. A first leap forward was made in 1951 by Slater
who intuitively proposed [36] to represent the potential of exchange and correlation by functions of 𝜌1/3, which
was motivated by the theory of the homogeneous (uniform) electronic gas, as introduced by Thomas and Fermi
[32, 33], and earlier work by Dirac [34]. Slater’s work simplified the HF method drastically by making the
exchange potential dependent on 𝜌

1/3, which became known as the Hartree–Fock–Slater method. A second



10 Spin States in Biochemistry and Inorganic Chemistry

leap forward was made in 1964/1965 with the Hohenberg–Kohn [27] and Kohn–Sham [37] theorems. These
groundbreaking studies established a one-to-one mapping of the electron density 𝜌 with the exact electronic
energy E! This notion was directly understood by the famous spectroscopist Bright-Wilson who stood up at
a conference (1965) where DFT was introduced: “cusps in the density define the nuclear coordinates; the
derivative of the density at a cusp defines the nuclear charge at that cusp and thus the configuration of the
elements; therefore, the system is fully defined.” However, the complicated functional that links the density
to the energy is at present not known and has to be approximated by DFAs. The theory behind DFT and
the history of DFAs is well elaborated, and the interested reader is referred to several comprehensive books
[14, 15, 38], reviews [16, 39–47], historical accounts [48, 49] or tutorials [50, 51].

2.2.1.1 Brief Overview of DFAs

The only unknown term for obtaining the exact energy within DFT is the so-called exchange-correlation (xc)
energy, in which all complexity is hidden [52]. Many proposals have been made for describing this xc-energy,
which can be separated into a number of classes (see Scheme 2.2). Because of the large number of DFAs in the
literature, an annual DFT Popularity Poll is being held since 2010 to probe the preference of the community
and to guide newcomers in the field; in November 2014, the poll was highlighted at the Nature Chemistry
blog [53].

Many of the DFAs are named after the authors such as P86 (by Perdew, from 1986) [54], B88 (by Becke,
from 1988) [55] or PBE (by Perdew, Burke and Ernzerhof, from 1996) [17]. Hybrid functionals are usually
indicated by either a number in the name (such as B3LYP [20, 30], indicating that it has three empirical
parameters, one of which is for the inclusion of HF exchange) or by “h” at the end of the name (as in TPSSh
[56, 57] or S12h [26]).

Furthermore, one of the weak points of DFA was the description of dispersion, which was remedied by
including an empirical term to describe these interactions. The most popular methods are those by Grimme
[23, 58], Becke-Johnson [59–64], Corminboeuf [65] or Vydrov and Van Voorhis (VV10) [66]. Most interest-
ingly, a very recent development by Perdew and co-workers seems to indicate that the meta-GGA functional
“Made Very Simple” [19] may have solved the outstanding problem of DFAs for dispersion interactions.

Probably the first study on the importance of the choice of DFA was from 2001, when Trautwein and
co-workers studied a number of spin–crossover complexes [67]. Surprisingly, the DFAs used in that study
indicated that the complexes would be either clearly LS (early GGAs) or clearly HS (hybrid functionals),
but none indicated that a spin–crossover might occur as function of temperature. Arguably, spin–crossover is

Scheme 2.2 Density functional approximations and their ingredients.

Class Ingredients

Local density approximation (LDA) Density 𝜌

Generalized gradient approximation (GGA) Density 𝜌, gradient ∇𝜌
Meta-GGA Density 𝜌, gradient ∇𝜌, Laplacian ∇2

𝜌 and/or kinetic
energy density

Hybrid functionalsa A portion of Hartree-Fock exchange is mixed in to any
one of the above three classes

aHF exchange can be included: (i) globally with a fixed amount ax (in standard hybrid functionals such as B3LYP or PBE0); (ii) locally (where the
amount ax varies over space); (iii) in a long-range corrected (range-separated) fashion where the total exchange is divided into a short-range and
a long-range component (the long-range component is usually described by HF exchange, while the short-range component can be described by
either GGA or global-hybrid-GGA); (iv) fully (in hyper-GGAs).
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extremely difficult to predict (see Chapter 5 of this book), but one would not have expected such a diversity
in spin ground states for these complexes. Since then, a number of more reliable functionals have been put
forward, such as OPBE in 2004 [68], TPSSh in 2008 [69] or B2PLYP in 2010 [70]. Swart confirmed in 2008
[71] that OPBE indeed seems to be working well, also in comparison with high-level CASPT2 calculations
by Pierloot [72], which was recently re-confirmed by Cramer and Gagliardi [73]. Given that OPBE is less
reliable for weak interactions, Swart constructed new functionals that combined the best of OPBE (spin states,
reaction barriers) with the best of PBE (weak interactions) into his SSB-D [24, 25] and S12g [26] functionals.

2.2.2 LF Theory: Bridging the Gap Between Experimental and Computational Coordination
Chemistry

LF theory has been used with success to describe ground and excited electronic states originating from dn

TM ions in their complexes. Bethe [74] and Van Vleck [75] introduced the LF model more than 80 years
ago. It is a semi-empirical model with adjustable parameters. Twenty years later, Jørgensen and Schäffer
proposed the Angular Overlap Model (AOM) [76, 77], which is a revised version of LF theory with more
chemical insight, still using adjustable parameters, but also the angular geometry of the metal complex. The
mathematical background and a detailed description of LFT can be found elsewhere [5, 78, 79], while more
qualitative aspects can be found in textbooks [2, 3, 6] or from group-theoretical point of view in the book by
Cotton [4], a perspective on the application of LFT in SCO compounds is given, for example, by Hauser [80],
and a nonmathematical overview aimed at a nonexpert audience with mainly experimental background was
recently given by Neese [81].

Both crystal/LF theory and its developments, like AOM, parameterize the Hamiltonian in terms of one-
electron (LF) parameters and two-electron repulsion integrals within the manifold of d-electrons. The latter
ones are treated as atomic-like, thus preserving spherical symmetry, while the former take full account for the
lowering of symmetry when a spherical TM atom or ion is introduced in a complex. For example, in cubic
symmetry, only one parameter Δ (or 10Dq) – the energy difference between the 𝜎 and 𝜋 orbitals, eg and t2g
for octahedral field (or between the 𝜎+𝜋 and 𝜋, t2 and e orbitals for tetrahedral field) is introduced in addition
to Racah’s inter-electronic repulsion parameters B and C. These three parameters are usually determined
from a fit to electronic absorption spectra in high resolution. From these data, some general observations
can be made, accepted as a standard coordination chemistry terminology, and chemists are used to interpret
the bonding in TM complexes in terms of LFT. These LF terms are used even in students textbooks [2, 3,
6]. LF concepts are widely employed to interpret and rationalize diverse experimental data of TM systems,
for example, colors, electronic absorption spectra, EPR, magnetism [1, 81, 82]. In recent years, LFT, as an
example of effective Hamiltonian theory, has been used to interpret complicated high-level ab initio results
[83, 84]. DFT is also commonly used for the general description and as a tool for studying the microscopic
origin of LF parameters [85–90], and LF found its way in LF Molecular Mechanics (LFMM) that showed to
be promising for studying SCO systems (see Chapter 5 of this book) [91, 92].

Ligands are ordered in a sequence of increasing values of Δ, the so-called spectrochemical series [3, 93–
96], where negatively charged ligands such as I− < Br− < Cl− < F− possess smaller Δ values than neutral
molecules H2O < NH3 < pyridine, with CN− and CO being the strongest ligands due to their ability for
back bonding. A similar series exists for the variation of Δ with metal ion, and Δ increases with the formal
charge of the ion and down the periodic table. Racah’s parameters B and C in complexes are smaller than
those for the free ions – the phenomenon is rationalized in terms of the electronic cloud expansion of the
d-orbitals when going from free TM ions to complexes (nephelauxetic effect) [96, 97]. The metal electrons
are partially delocalized onto the ligands, and the effective positive charge on the TM is smaller than in the
free ion, hence the repulsion between the d-electrons is reduced. The more reducing and softer ligands show
a stronger reduction than the more oxidizing and harder ones.
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Concerning the spin-state preferences in TM complexes, as already mentioned, the magnitude of Δ, along
with the pairing energy (Π) of the complex, determines whether it will have LS or HS electronic state. The
pairing energy is defined as the difference between the energies of electron–electron interactions in LS and
HS complexes, respectively, divided by the number of pairings destroyed by the LS to HS transition [6].
Clearly, an LS state is preferable if Π < Δ, and HS if Π >Δ. First-order expressions of Π in terms of Racah’s
parameters B and C can be easily obtained [5]:

Π(d4) = 6B + 5C (2.1)

Π(d5) = 7.5B + 5C (2.2)

Π(d6) = 2.5B + 4C (2.3)

Π(d7) = 4B + 4C (2.4)

If the Racah’s parameters B and C are assumed to be the same in different dn configurations, then Π(d6)<
Π (d7)< Π (d4)< Π (d5) [5].

LFT is remarkably successful in qualitative interpretation and rationalization of properties of TM com-
plexes, in particular for spin-state preferences. For example, the preference of CoIII octahedral complexes
for LS configurations can be understood from the fact that Π for the d6 configuration is the lowest, and that
Δ value is high because of the high oxidation state of CoIII. For d6 FeII complexes Δ is lower, and hence
FeII can be found often as either a HS or an LS complex, and most common SCO compounds are those of
FeII. The LF splitting is about twice larger for the second-row transition series compared to the first row, and
complexes of metal ions of the second-row transition series are LS. Tetrahedral complexes are HS, because Δ
for tetrahedral environment is much smaller than in octahedral. Qualitative orbital splitting patterns, arising
from LFT and group theory, are commonly used to explain spin-state preferences in different coordination
environments, that is, in different point groups [98]. Thus, the strong-field CN- ligand builds LS octahedral
[Cr(CN)6]4−, HS tetrahedral [Mn(CN)4]2− complexes [99] and a HS pentacoordinated [Cr(CN)5]3- complex
ion [100, 101]. This is a nice example where one can see subtleties of LFT, where the notion of the strong-
field and low spin are not synonyms [98, 100, 102]. Further examples include rationalization of the fact that
NiII, a d8 ion, has HS octahedral complexes with weak-field ligands, for example, [Ni(H2O)6]2+, while LS
complexes are square-planar, for example, [Ni(CN)4]2−. Intermediate spin d6 complexes, those with S=1, in
octahedral environment are nonexisting in perfect Oh point group [5], while commonly observed in metallo-
porphyrins with two additional ligands, where the d-orbital splitting pattern is closer to that of the D4h point
group.

The major advantage of LFT is, thus, reflected in the fact that a large number of experimental observa-
tions can be reproduced with minimal computational resources, and even more importantly that they can be
explained and rationalized in as-simple-as-possible terms. However, drawbacks are also present, mostly due
to the large number of parameters that are necessary to describe the electronic structure of low-symmetry com-
plexes, and an unique set of parameters is impossible to get from the experiments. Charge transfer spectra,
super-hyperfine couplings and vibronic coupling cannot be explained either. Concerning spin-state prefer-
ences, a rationale is given in the form of the relation between Δ (in cubic point groups) and Π, however, LFT
deals with vertical excitations, see Figure 2.2; hence, values of LF parameters extracted from experiments
refer to the ground-state geometry, and description of the potential energy surfaces of different spin states is
(currently) beyond the scope of LFT.

2.2.2.1 Density Functional Based LF Theory

About 10 years ago, one of us proposed a new, nonempirical, Density Functional Theory based Ligand Field
model (LF-DFT) [85, 86] based on a multideterminant description of the multiplet fine structure [103–105].
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Figure 2.2 Schematic representation of potential energy surface of HS and LS states.

It originates from the dn configuration of the TM ions in the environment of coordinating ligands, by combin-
ing Configuration Interaction (CI) and KS-DFT approaches. In doing so, both dynamical correlation (via
the DFT exchange-correlation energy) and nondynamical correlation (via CI) are considered. The latter
one does account for the rather localized character of the d-electron wavefunction. The key feature of this
approach is the explicit treatment of near degeneracy effects (long-range correlation) using ad hoc configura-
tion interaction (CI) within the active space of Kohn–Sham (KS) orbitals with dominant d-electron character.
The calculation of the CI-matrices is based on a symmetry decomposition and/or on an LF analysis of the
energies of all single determinants (micro-states) calculated according to DFT for frozen KS orbitals corre-
sponding to the averaged configuration, eventually with fractional occupations, of the d or f orbitals. This
procedure yields multiplet energies and fine structure splitting [85, 86]. With this procedure we have been
able to calculate all customary molecular properties such as Zero Field Splitting [89, 106–108], Zeeman inter-
action [109], Hyper-Fine Splitting [109], Jahn–Teller effect [110], magnetic exchange coupling [111], shield-
ing constants [112, 113], electronic structure and transitions in f-elements [106, 114–117], f–d transitions
[118–120], etc.

The LF-DFT method is briefly summarized here. The first step consists of a spin-restricted DFT calculation
of the average of the dn configuration (AOC), providing an equal occupation, n/5, on each MO dominated by
the d-orbitals. The Kohn–Sham orbitals, which are constructed using this AOC, are best suited for a treatment
in which interelectronic repulsion is, as is done in LF theory, approximated by atomic-like Racah parameters
B and C. The next step consists of a spin-unrestricted calculation of the manifold of all Slater determinants
(SD) originating from the dn shell, that is, 45, 120, 210, and 252 SD for d2/d8, d3/d7, d4/d6 and d5 TM ions,
respectively. The SD energies are used to determine the parameters of inter-electronic repulsion – Racah’s
parameters B and C, and eigenvalues, 𝜀i = <𝜑i|vLF|𝜑j>(i = 1, 2, . . . , 5) of the one-electron effective LF
Hamiltonian, vLF, in a least-square sense. Eigenfunctions of the vLF, 𝜑i, are in general a linear combination
of d-orbitals. Their energies, 𝜀i, are near to the energies of the AOC KS orbital energies, and one uses com-
ponents of the corresponding AOC KS eigenvectors that correspond to the d functions to reconstruct the full
representation of vLF, that is, a one-electron 5 × 5 LF matrix <di|vLF|dj> Finally, these parameters are used
to construct a full LF Hamiltonian which is diagonalized allowing to calculate all the multiplets of the full
LF manifold by using CI.

For octahedral complexes, for each SD energy there is the simple linear expression in terms of B, C
and Δ:

E(SDd
𝜇

) =
∑

i

⟨
di|ĥlf |di

⟩
+
∑
i<j

(Jij − Kij𝛿𝜎i𝜎j) =
3m

𝜇
− 2n

𝜇

5
Δ + 𝛽

𝜇
B + 𝛾

𝜇
C + E0 (2.5)
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The single determinants are labeled with the subscript 𝜇 = 1, . . . , ( 10
n

) and with the superscript d to refer
to pure d spin orbitals. The values of m

𝜇
and n

𝜇
specify the electronic configuration t2g

neg
m while the 𝛽

𝜇

and 𝛾
𝜇

are coefficients obtained after substituting standard expressions for the Coulomb Jij and exchange
Kij integrals in terms of d-only orbitals di and spin functions 𝜎i; E0 represents the gauge origin of energy.
Having first obtained energy expressions for each SD, then Δ, B, C and E0 are estimated using a least squares
procedure. Using a matrix notation, we thus obtain an over-determined system of linear equations, with the

unknown parameters stored in X⃗, energies of SD in
⇀

E and the coefficients of the linear relation between X⃗ and
⇀

E in matrix A:

E⃗ = AX⃗; X⃗ = (ATA)−1ATE⃗ (2.6)

Comparing the SD energies from DFT with those calculated using the LF parameter values, it is found, for
all considered cases, that the LF parameterization scheme is remarkably compatible with SD energies from
DFT; standard deviations between DFT-SD energies and their LF-DFT values are generally between 0.01 and
0.05 eV. This comparison also showed that Δ obtained in this way is close to the KS orbital energy difference,
𝜀

aoc(t2) – 𝜀
aoc(e), with a deviation of less than 2%.

The model can treat systems with symmetry lower than cubic or even without any symmetry (C1). For such
a complex the LF matrix is off-diagonal with 15 independent matrix elements that need to be determined in
addition to the two Racah’s parameters B and C. For this purpose we make use of the general observation that
the KS orbitals and the set of SD convey all the information needed to set up the LF matrix. Following the
effective Hamiltonian approach, the KS orbitals dominated by d functions that result from an AOC dn DFT-
SCF calculation are considered. From the components of the eigenvector matrix, built up from such MOs,
one takes only the components corresponding to the d functions. Let us denote the square matrix composed
of the new column vectors by U and introduce the overlap matrix S=UUT, where we use Löwdin’s symmetric
orthogonalization procedure to obtain an equivalent set of orthogonal eigenvectors C=S−1/2U. We identify
now these vectors as the eigenfunctions of the effective LF Hamiltonian heff

LF sought, as

𝜑i =
5∑

𝜇=1

c
𝜇id𝜇 (2.7)

Thus, the fitting procedure described previously will enable the estimation of hii =
⟨
𝜑i
||heff

LF
||𝜑i

⟩
and hence

the full representation matrix of heff
LFas

h
𝜇𝜈

=
⟨

d
𝜇

||heff
LF
||d𝜈⟩ =

5∑
i=1

c
𝜇ihiic𝜈i (2.8)

The next step is now to generalize the fitting procedure for the case of no or low symmetry. The energy of a
single determinant then becomes

E(SD𝜑

k ) =
∑

i

⟨
𝜑i
||ĥlf

||𝜑i

⟩
+
∑
i<j

(Jij − Kij𝛿𝜎i𝜎j) (2.9)

Here SD𝜑

k is composed of the spin orbitals mentioned earlier. In order to calculate the electrostatic contribu-

tion, it is useful to consider the transformation from the basis of SD𝜑

k to the one of SDd
𝜇

: |SD𝜑

k ⟩ = ∑
𝜇

Tk𝜇|SDd
𝜇
⟩,

where T is the determinant of an n × n sub-matrix of C ⊗ 𝜎, where 𝜎 is 2×2 identity matrix. Finally the energy
of an SD can be rewritten as

Ek = E(SD𝜑

k ) =
∑

i

⟨
𝜑i
||ĥlf

||𝜑i

⟩
+
∑
𝜇𝜈

Tk𝜇Tk𝜈

⟨
SDd

𝜇
|G|SDd

𝜈

⟩
(2.10)
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Here G =1/r12 is the electrostatic repulsion of all electron pairs in the LF manifold. The matrix elements are
readily obtained using Slater’s rules and the resulting electrostatic two-electron integrals <ab|cd> in terms
of Racah or Slater-Codon parameters. Thus the final equation to estimate hii (i = 1, . . . , 5), B and C from
the DFT energies Ek of all the SD within the LF manifold will be of the same shape as described for a cubic
system (equation 2.6).

Remarkably, the LF matrix is obtained in a general form without prior assumptions, even concerning the
symmetry of the complex, and does not depend on the experiment as such. It includes both electrostatic
and covalent contributions to the LF. Moreover, being determined in a variational DFT-SCF procedure, it
circumvents assumptions based on perturbation theory. It is particularly suited for cases of low symmetry and
complex coordination geometries where the application of LFT, or AOM, is not easy because of the large
number of model parameters.

2.3 Validation and Application Studies

As mentioned before, the exact functional form for DFT is not known but approximations are made through
the choice of DFA; this choice may depend on the chemical nature of the system and problem under study.
There are a large number of papers devoted to validating functionals for accurate description of spin states.
The benchmark data used for validation can be either from experiment or from high-level wave-function
theory. Probably one of the first papers was the study by Trautwein and coworkers [67] in 2001, who showed
for the first time the intrinsic spin-state preferences of hybrid functionals such as B3LYP for HS and early
generalized gradient approximations (GGA) functionals like BLYP [55, 121] or BP86 [54, 55] for LS. Since
then, many papers have shown successes, but also many failures, of DFT methods in this respect and have
proposed solutions. Early pure functionals like LDA [122], BP86 [54, 55], BLYP [55, 121] or PW91 [123]
have a tendency to favor LS states [124], while hybrid functionals like B3LYP [20, 30], PBE0 [125, 126]
and M06-2X [22, 127] systematically favor HS states and suffer from spin contamination [124], which result
directly from the inclusion of HF exchange. Reiher and co-workers proposed [31] to lower the amount of
the HF exchange in B3LYP to 15%. The modified functional, called B3LYP∗, was indeed shown [128] to
improve upon B3LYP, but still failed for [Fe(phen)2(NCS)2] (phen=1,10-phenanthroline, Figure 2.3) a FeII

SCO complex [129]. A significant improvement over the conventional B3LYP functional might be achieved
by using DBLOC-DFT (d-block localized orbital corrected DFT) [130]. A linear relation between spin-state
splittings in FeII compounds and the amount of exact exchange had been shown to lead to systematic errors
in the energy differences between the two spin states for structurally related complexes [131]. A recent study
[26] showed that, surprisingly, long-range-corrected hybrid functionals (with 100% long-range HF exchange)
could be used for providing the ground state of two related iron(II) complexes (see Figure 2.3), one HS
[Fe(amp)2Cl2] (amp=monopyridylmethylamine) and another LS [Fe(dpa)2]2+ (dpa=dipyridylmethylamine).
The determination of the ground spin state of these two complexes was in fact shown [26, 71] to be a critical
test for computational methods.

The reliability of DFT methods for giving a proper description of relative spin state energies depends
largely on the functional form of the exchange functional [124]. The OPBE [68] functional, consisting of
OPTX [21] exchange and PBEc [17] correlation, has shown excellent performance in spin-state energet-
ics [25, 68, 71, 124, 132–147]. Moreover, also for NMR chemical shifts and reaction barriers does OPBE
seem to perform significantly better than other DFT functionals [139–141]. In particular, the correct descrip-
tion of spin-state splitting in small FeII and FeIII complexes ([FeCl4]2−, [FeCl4]−, [FeCl6]4−, [FeCl6]3−,
[Fe(CN)6]4−, [Fe(CN)6]3−, [FeO4]2−, [Fe(NH3)6]3+, [Fe(H2O)6]2+, [Fe(NH3)6]2+) has been reported [71],
but also the aforementioned [Fe(phen)2(NCS)2], [Fe(amp)2Cl2] and [Fe(dpa)2]2+. Another important case
where OPBE proved to be remarkably accurate is the determination of spin states in metal organic
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[Fe(TACN)2]2+

[Fe(bipy)3]2+ [Fe(phen)2(NCS)2] [Fe(tz)6]2+

[Fe(dpa)2]2+ [Fe(amp)2Cl2]

Figure 2.3 Structures of some challenging FeII complexes (TACN=1,4,7-triazacyclononane, dpa= dipyridyl-
methylamine, amp= monopyridylmethylamine, bipy= 2,2′-bipyridine, phen=1,10-phenanthroline, tz=1H-
tetrazole). (See colour plate section)

coordination cages [73]. Despite this great success of OPBE for the determination of the ground spin state, it
cannot be said that it is the best XC functional for spin states. For example, a triplet ground state of the iron–
porphyrin with an axial histidine ligand has been predicted by OPBE calculations [148], while CCSD(T)
predicts a quintet ground state, which is more in line with experimental data. The comprehensive validation
studies on a series of TACN (TACN=1,4,7-triazacyclononane, Figure. 2.3) [149] and polypyrazolylborato
(Tp−) complexes [150] of first-row TM revealed a failure of the OPBE functional to predict correctly the spin
state splitting in [Co(TACN)2]2+ and [Co(Tp)2] complexes. Furthermore, as reported by de Graaf et al. [151],
in the case of the [Fe(tz)6]2+ (tz = 1H-tetrazole, Figure 2.3) complex OPBE failed to reproduce accurate
spin ground state, even though it showed excellent agreement with CASPT2 for the cases of [Fe(terpy)2]2+

(terpy=2,2′:6′,2′′-terpyridine) and [Fe(bipy)3]2+ (bipy= 2,2′-bipyridine). In the case of [Fe(tz)6]2+
, B3LYP∗,

in contrast to the above mentioned case of [Fe(phen)2(NCS)2], gave a good prediction of the electronic ground
state and excellent agreement with CASPT2 results; TPSSh provided acceptable results. It should be added
here that newer GGA functionals, SSB-D [24, 25] and S12g [26] (successors of OPBE), solved some of above
mentioned problematic cases [149, 150, 152].

Not only the DFA is important, but the basis set can play an important role for spin-state splitting as well. In
2008, one of us reported spin-state splitting with a series of basis sets using either Slater-type orbitals (STOs),
Gaussian type orbitals (GTOs) and basis sets including effective core potentials (ECPBs) [153]. Large GTO
basis sets were needed to converge to the results from the STO basis sets that converge much faster; standard
ECPBs like SDD, LanL2DZ and LACV3P(∗∗) were giving systematically different results and therefore were
discarded as unreliable for study of spin-state splitting. The poor results of small GTO basis sets (3-21G∗,
6-31G∗) were improved by adaptations to include three valence d functions (s3-21G∗, m6-31G∗, s6-31G∗)
[154, 155]. Since then, the GTO series by Ahlrichs and coworkers (def2-tzvp, def2-qzvp) were found to be
reliable for spin-state splitting, whereas the cc-pVTZ-pp ECPB basis set was giving quite good results and
getting close to the STO/GTO result.
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2.3.1 Use of OPBE, SSB-D and S12g Density Functionals for Spin-State Splittings

In this section we briefly review some of our recent validation studies with the OPBE, SSB-D and S12g
functionals, our favorite functionals, on some “difficult” cases, although the reader must be aware that different
research groups would recommend the use of different density functionals for studying spin-state splittings.

All calculations have been carried out using the Amsterdam Density Functional program package,
ADF2013.01 [45, 156, 157], where the OPBE [68], SSB-D [24, 25] and S12g [26] functionals have been
used for geometry optimizations of different spin states. An all-electron triple-zeta Slater-type orbitals (STO)
plus one polarization function (TZP) basis set has been used for all atoms if not stated otherwise. LF-DFT
[85, 86] calculations have been performed according to the previously described computational recipe, with
OPBE [68], SSB-D [24, 25] and S12g [26] functionals and including solvation effects through the use of
the conductor-like screening solvation model (COSMO) [158, 159], as implemented in ADF [160], with the
dielectric constant of water. Matlab scripts for the LF-DFT calculations (preparation of input files for SD
calculations, extraction of data from ADF calculations, determination of all the parameters and calculations
of the multiplet structure) are available from the authors upon request. For comparison purposes, excitation
energies of [CrF6]3− were calculated with the time-dependent DFT (TD-DFT) formalism [161], as imple-
mented in ADF [162], with LDA [122], BP86 [54, 55], B3LYP [20, 30], CAM(Y)-B3LYP and M06-L [22,
127] functionals.

2.3.1.1 Iron(II) Systems: [Fe(H2O)6]2+, [Fe(NH3)6]2+, [Fe(bpy)3]2+, [Fe(amp)2Cl2], [Fe(dpa)2]2+

The d6 iron(II) octahedral coordination compounds show versatile spin ground states. Namely, they
can be LS, with 1A1g electronic state with no unpaired electrons, or HS, 5T2g electronic state, with
four unpaired electrons. High-level CASPT2 results by Pierloot et al. [72, 163] on [Fe(H2O)6]2+,
[Fe(NH3)6]2+ and [Fe(bpy)3]2+ serve as benchmark for spin-state splittings of FeII complexes, with the
first two complexes being HS, and the last one LS. For all three complexes HF predicts a HS state
[163], LDA and BP86 overstabilize the LS [163], though BP86 functional still predicts the correct
spin ground state for all three molecules. Hybrid B3LYP and PBE0 fail to predict the correct
spin ground state of [Fe(bpy)3]2+ [163]; OPBE on the other hand showed remarkable agreement
[71] with CASPT2 data. OPBE results [71] supplemented with the results of SSB-D and S12g
are presented in Table 2.2. The difference between the reference CASPT2 data and the SSB-D
(2–5 kcal⋅mol−1) and S12g (3–7 kcal⋅mol−1) data is somewhat larger than in the case of OPBE energies
(1–2 kcal⋅mol−1) but still much smaller than those of other functionals (9–15 kcal⋅mol−1) [71, 163].

Table 2.2 Spin-state splitting (kcal mol−1) for [Fe(H2O)6]2+, [Fe(NH3)6]2+, [Fe(bpy)3]2+ by OPBE, SSB-D and
S12g and comparison to reference CASPT2 data.

[Fe(H2O)6]2+ [Fe(NH3)6]2+ [Fe(bpy)3]2+

LS (1A1g) HS (5T2g) LS (1A1g) HS (5T2g) LS (1A1g) HS (5T2g)

CASPT2 [72, 163] 46.6 0 20.3 0 0 13.2
OPBE [71] 48.6 0 19.5 0 0 13.3
SSB-Da 44.3 0 15.6 0 0 12.1
S12ga 41.2 0 13.4 0 0 16.7

Source: Adapted from [72] and [163].
aThis work.
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Figure 2.4 Spin state splittings for the [Fe(amp)2Cl2] complex (exp. high spin); shown here is ELS–EHS (i.e., a
positive value indicates high spin). Values for spin state splittings taken from [26].

The newer SSB-D and S12g functionals showed very good accuracy for the HS [Fe(amp)2Cl2] and LS
[Fe(dpa)2]2+ complexes (Figure 2.3) [26]. The energy difference between HS and LS states of these two
complexes with various functionals is presented in Figures 2.4 and 2.5. In addition to OPBE, SSB-D and
S12g, some other functionals correctly predicted spin ground state of both complexes. These are M06-L,
B97-D, TPSSh (hybrid with only 10% of HF exchange) and LC-PBE and LC-𝜔PBE (hybrids with 100% HF
exchange).
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value indicates high spin). Values for spin state splittings taken from [26].
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Table 2.3 Comparison of the spin-state splitting (kcal mol−1) for [Fe(tz)6]2+ complex ion with different XC
functionals and comparison with reference CASPT2 data.

Method EHS-ELS Method EHS-ELS

RPBE/TZVP [151] 3.67
RPBE/TZP [151] 1.39 B3LYP [151] –6.17
OLYP/TZVP [151] –10.37 B3LYP∗ [151] 0.54
BP86/TZVP [151] 19.08 OPBE/TZVP [151] -7.93
BP86/TZP [151] 18.61 OPBE/TZPn [151] –10.91
TPSS [151] 19.89 SSB-D/TZPa 0.41
TPSSh [151] 7.23 S12g/TZPa 3.37
CASPT2 0.63

aThis work.

Another challenging example is the determination of the spin ground state of the [Fe(tz)6]2+ complex. As
reported by de Graaf et al. [151] somewhat surprisingly OPBE calculations showed a HS quintet as most stable
state, in contrast to the experimentally determined LS singlet, and in contrast to the CASPT2 calculations.
However, SSB-D and S12g were able to capture the correct spin ground state (Table 2.3), and relative energies
obtained at these levels of theory are in agreement with the reference CASPT2 value.

2.3.1.2 Chloro-iron(III) Porphyrin

Besides the examination of commonly used DFT functionals, the analysis of STOs basis sets, frozen core and
scalar relativistic effects was also performed on interesting chloro-iron(III) porphyrin model complex (Figure
2.6 and Table 2.4). It is well known that iron porphyrins are of great biological importance, hence, it is not
surprising that they represent interesting and very challenging model systems for theoretical chemistry.

Chloro-iron(III) porphyrin is in the HS ground state, and B3LYP, OLYP, OPBE and SSB-D gave correct
ground state in agreement with the results by Ghosh et al. [164]. On the other hand, PW91 completely failed,
giving the intermediate spin as the most stable one. It is also obvious that the influence of the scalar relativistic
is small, as is expected since iron is a first-row TM. Another useful observation is that the really large ET-
pVQZ basis set is not necessary (Table 2.4). Excellent agreement with recent CCSD(T) study [165] has been
obtained for OPBE and SSB-D levels of theory.

Figure 2.6 Structure of chloro-iron(III) porphyrin.



20 Spin States in Biochemistry and Inorganic Chemistry

Table 2.4 Energy separation between ground and a variety of excited states (in kcal/mol relative to the HS
state) for chloro-iron(III) porphyrin with different XC functionals, and basis sets on geometries given in [164].
Results of ZORA scalar relativistic calculations are also presented.

XC El. state TZP FC TZP TZ2P ET-pVQZ ZORA DZP

OPBE 2B2 15.22 16.60 16.37 15.68 14.53 16.83
2B1 15.68 17.06 17.06 16.14 15.22 17.30
2A1 27.44 27.67 27.67 26.29 24.91 27.90
4A1 3.92 3.92 3.69 3.46 2.54 4.15
6A1 0.00 0.00 0.00 0.00 0.00 0.00

SSB-D 2B2 18.22 18.22 18.68 17.99 16.83 18.45
2B1 18.68 18.91 19.37 18.45 17.53 18.91
2A1 30.44 29.75 29.98 28.60 27.21 29.75
4A1 4.84 5.53 4.38 4.38 4.84 5.53
6A1 0.00 0.00 0.00 0.00 0.00 0.00

OLYP 2B2 14.53 15.68 15.45 14.99 14.07 15.91
2B1 15.22 16.37 16.14 15.45 14.53 16.60
2A1 27.21 27.21 26.98 25.83 24.67 27.44
4A1 3.00 3.00 2.77 2.77 1.84 3.23
6A1 0.00 0.00 0.00 0.00 0.00 0.00

PW91 2B2 −3.00 −2.31 −2.08 −2.54 −3.00 −2.08
2B1 −2.31 −0.23 −1.38 −1.84 −2.54 −1.38
2A1 10.61 11.53 10.61 9.45 8.53 10.38
4A1 −8.30 −8.76 −8.53 −8.53 −8.99 −8.53
6A1 0.00 0.00 0.00 0.00 0.00 0.00

B3LYP 2B2 13.84 15.22 15.68 14.30 14.53 15.45
2B1 14.76 15.91 16.37 15.22 7.61 16.14
2A1 27.21 27.67 28.13 26.52 18.45 27.90
4A1 2.54 1.38 3.23 2.54 2.31 1.61
6A1 0.00 0.00 0.00 0.00 0.00 0.00

2.3.1.3 Heptacoordinated Complexes

A recent systematic computational study on the effect of the spin state and ligand charge on coordination
preferences for a number of 3d-block metal complexes with the 2,6-diacetylpyridinebis-(semioxamazide)
ligand and its mono- and dianionic analogues (Figure 2.7) was performed with OPBE and the newer SSB-D
and S12g functionals [166]. Calculations showed excellent agreement for the geometries compared with the
available X-ray structures, as well as with experimentally determined spin states and clarified some intriguing
experimental observations.

The absence of a nickel complex in heptacoordination is confirmed by this study, which is easily explained
by inspection of the molecular orbitals that involve the central metal. An octahedral polyhedral environment is
found to be the most stable one, for HS, even though the optimization was started from a different coordination
number. However, nickel(II) complexes in a singlet state distort toward a SPY-5 geometry, corroborating
experimental observations. This was an interesting example where the spin state completely changed the
geometry of the stable species, even though usually a change of the spin state (for one and the same complex)
is accompanied only by lengthening of bond lengths due to occupation of antibonding orbitals.
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Figure 2.7 Structure of 3d-block metal complexes with the 2,6-diacetylpyridinebis(semioxamazide)-type ligand.

2.3.1.4 [Co(TACN)2]2+ and [Co(Tp)2]

In these particular cases only the SSB-D functional was able to capture the experimentally determined HS as
the ground state. The lowest energy states for the HS (S=3/2) structures are 4E for [Co(TACN)2]2+ and 4Eg

for [Co(Tp)2], while the LS structures have 2E and 2Eg respectively as the lowest energy state. Both the HS
and LS states are subject to Jahn–Teller distortion. The distortion in the HS state is very small as confirmed
by small Jahn–Teller stabilization energies [149, 150]. A much stronger distortion in the LS structures causes
a significant stabilization with respect to the HS state, which leads to the switching of the spin ground state.
These findings are seemingly inconsistent with experimental results. This seems to indicate that the spin
ground state for this complex is not determined by the electronic energies (ΔE), but instead a significant
effect is to be expected from solvation, enthalpy and entropy corrections [11]. Indeed, when we include those
terms we do find the HS (S=3/2) to be lower in (free) energy than the LS states.

2.3.2 Application of LF-DFT

One of the aims of computational studies is to help understanding electronic structure of molecules, because
all the properties of the system, spectral, magnetic, and structural depend on the electronic structure. TM ions
are particularly challenging in this respect [16, 167, 168] because of numerous close lying states stemming
from d-orbitals. Since different spin states give rise to different colors in TM systems and can be characterized
by UV/Vis spectroscopy, accurate description of multiplets is of the utmost importance. LF-DFT is proven
to be accurate for this purpose, and we will show some typical examples, with emphasis on the accuracy of
spin-forbidden transition, and usefulness of functionals designed for spin states, that is, OPBE, SSB-D and
S12g on LF-DFT results. In addition, some of the classical LFT concepts are justified within the LF-DFT
formalism.

2.3.2.1 [CrF6]3–

The absorption spectra of six coordinate CrIII complexes, with 4A2g ground state (in Oh terminology), are char-
acterized by three broad spin-allowed bands to 4T2g, 4T1g and 4T1g excited states and sharp lines due to the
spin-forbidden transitions to 2Eg,

2T1g and 2T2g excited states. LF-DFT at already LDA level of theory repro-
duced well the spin-allowed transitions, while at OPBE, SSB-D and S12g level of theory even spin-forbidden
transitions are in excellent agreement with experimentally determined values (see Table 2.5). Compared to
the other theoretical methods LF-DFT performs better for both types of transitions. This system seems to be
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Table 2.5 Excitation energies of [CrF6]3− in cm−1 by LF-DFT and TD-DFT calculations, metal-ligand bond
distances r (Å) and comparison with experimental data and wave-function based data.

Method XC 4T2g
2Eg

2T1g
4T1g

2T2g
4T1g r

LF-DFT LDA [171] 15,480 13,002 13,601 21,489 19,568 34,346 1.957
OPBEa 14,389 14,974 15,597 20,966 22,020 32,614 1.949
SSB-Da 14,494 14,653 15,326 21,287 21,612 33,088 1.933
S12ga 14,413 14,349 14,998 21,059 21,201 32,748 1.948

SORCI [169] 15,629 18,254 18,988 22,328 25,392 35,105 1.957
CASSCF [83] 13,380 19,409 20,430 21,424 27,372 34,778 1.942
NEVPT2 [83] 15,365 17,579 18,681 23,449 25,288 35,307 1.942
TDDFT SAOP [169] 25,550 34,720 34,792 27,953 42,656 – 1.957

BP86a 20,391 17,475 17,603 22,858 25,717 – 1.944
LDAa 18,357 13,009 13,133 20,821 21,105 – 1.899
B3LYPa 19,648 16,517 16,636 24,044 26,025 – 1.939
cam-B3LYPa 19,550 16,707 16,839 24,131 25,987 – 1.939
M06-La 26,586 25,883 26,018 29,162 34,180 – 1.930

exp [96] 14,900 15,700 15,700 22,700 22,000 34,400 1.933 [172]

aThis work.

very problematic for TD-DFT, which completely fails to describe the spectrum of the [CrF6]3− anion, and to
a somewhat less extent spectrum of [CrCl6]3− [169], [Cr(edta)]− [170] and [Cr(TACN)2]3+ [149].

2.3.2.2 [MnF6]4-

The ground term of the MnII ion is 6S. Since this term is orbital-wise nondegenerate, it cannot be split due to
the descent in symmetry caused by coordination of ligands. The absence of any other spin sextet terms implies
that all transitions are spin forbidden. As a result, MnII complexes often have pale colors. This is a perfect
test case for applicability of DFAs in LF-DFT, and in fact for every method for excited state determination. In
this case SSB-D performs remarkably well for the positions of all eight spin-forbidden bands, see Table 2.6.

2.3.2.3 Electronic Spectra of Iron(II) Complexes

LS octahedral FeII complexes have a 1A1g ground state, with the electronic configuration (t2g)6. Two spin-
allowed transitions to 1T1g and 1T2g excited states, and sometimes two spin-forbidden transitions to 3T1g and
3T2g on lower energies, are observed. All four excitations are originating from single excitation to (t2g)5(eg)1

configuration. LF-DFT results and comparison with available experimental data for electronic spectra of

Table 2.6 Excitation energies of [MnF6]4− in cm−1 by LF-DFT calculations, metal-ligand bond distances r(Å)
and comparison with experimental data.

XC 4T1g(G) 4T2g(G) 4A1g,
4Eg(G) 4T2g(D) 4Eg(D) 4T1g(P) 4A2g(F) 4T1g(F) r

OPBE 21,174 24,228 25,763 29,522 31,068 34,637 42,131 42,846 2.187
SSB-D 19,490 23,064 24,988 28,776 30,568 33,994 41,361 42,269 2.144
S12g 18,892 22,400 24,390 27,970 29,747 33,341 40,268 41,214 2.161
exp. [173] 19,440 23,500 25,190/25,500 28,120/28,370 30,230 33,060 39,000 41,400 2.14 [174]
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Table 2.7 Excitation energies by LF-DFT of some LS iron(II) complexes in cm−1, average metal-ligand bond
distances r(Å) and comparison with available experimental data.

LS(1A1g)
1T1g

1T2g
3T1g

3T2g r
LDA [86] 33,449 39,842 28,516 31,669 1.930

[Fe(CN)6]4−(Oh) OPBE 38,609 45,833 34,080 45,833 1.870
SSB-D 30,776 38,624 25,789 29,695 1.947
S12g 33,681 41,220 28,944 32,701 1.923
Exp. [175] 30,970 37,000 23,700 – 1.930

[Fe(tz)6]2+(Ci) OPBE 19,220 27,237 12,329 16,290 1.993
19,310 27,312 12,423 16,360
19,468 27,776 12,593 16,674

SSB-D 18,873 27,011 12,262 16,302 1.981
18,948 27,078 12,343 16,359
19,222 27,398 12,623 16,640

S12g 19,707 27,710 13,234 17,191 1.983
19,726 27,791 13,254 17,241
19,984 28,042 13,517 17,482

Exp. [176] 18,200 26,400 10,280 14,330 1.99 [177]

[Fe(TACN)2]2+(D3) OPBE 19,186 23,096 10,245 12,098 2.017
19,263 23,990 10,350 12,685

SSB-D 18,886 24,929 10,785 13,674 2.018
18,999 26,310 10,915 14,555

S12g 18,796 24,419 10,733 13,419 2.036
18,909 25,679 10,864 14,232

Exp. [178] 16,638 25,839 – – 2.034 [179]

[Fe(CN)6]4−, [Fe(tz)6]2+ and [Fe(TACN)2]2+ complex ions are presented in Table 2.7. It is clear that OPBE
failed to reproduce experimental spectra of [Fe(CN)6]4− while SSB-D performed remarkably well, for both
spin-allowed and spin-forbidden transitions. For other LS FeII complexes all three XC functionals give good
agreement with experimental data.

Electronic spectra of HS FeII complexes, with a 5T2g ground state, are characterized by a single band due
to the transition to 5Eg excited state. Although the JT effect in T2g state is rather small, the symmetry lowering
is more pronounced for the excited state, and the observed band is often split into two components of 5Eg
state [82, 180]. As can be seen from Table 2.8, LF-DFT is remarkably good in predicting the energies of both
components of the 5Eg state.

[Fe(tz)6]2+ is the model system for SCO compound [Fe(ptz)6]2+, where at room temperature crystal com-
pound is colorless (HS complex with one band in near infra-red), while below 135 K crystals are deep red
(LS complex) [176]. In both HS and LS configurations, LF-DFT gave good prediction of excitations.

Besides electronic excitations, what we can get more from LF-DFT calculations? LF-DFT is nonempirical
approach to LF theory, and as explained above, it gives all LF parameters (Racah’s parameters B and C, and
Δ) from DFT calculations. Looking into the values of Δ obtained by LF-DFT for the series of FeII complexes
that was previously discussed, Table 2.9, it is possible to rationalize empirically determined spectrochemical
series of ligands. The splitting is increasing in the following order: Cl− <F−

<H2O < N(HS-tz) < N(TACN) ∼
N(LS-tz) < CN−. Values of Racah’s parameters B and C are smaller compared to the free ion value, Table 2.9,
and the nephelauxetic series of ligands is rationalized as well. The value of Racah’s parameter B is decreasing,
or in other words covalence is increasing in the following order: F− ∼ H2O > Cl− > N(HS-tz) ∼ N(LS-tz)
> N(TACN) > CN−. Furthermore, it is possible to calculate the pairing energy, either from approximated
equation (2.3), or exactly from complete diagonalization of LF matrices obtained by LF-DFT. The ratio of Δ
and Π further confirms spin ground state of investigated compounds (Table 2.9).
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Table 2.8 Excitation energies by LF-DFT of some high-spin iron(II) complexes in cm−1, average metal-ligand
bond distances r(Å) and comparison with available experimental data.

HS(5T2g)
5Eg r

[FeF6]4− (D4h) OPBE 6396/9743 2.154
SSB-D 6936/9734 2.116
S12g 7008/9759 2.130
Exp. [181] 6990/10,660 2.079 [182]

[FeCl6]4− (D4h) OPBE 5379/7525 2.599
SSB-D 5339/7678 2.586
S12g 5484/7629 2.599
Exp. [183] 6400/7600 2.51

[Fe(H2O)6]2+

(D2h)
OPBE 7041/9453 2.163
SSB-D 9639/11,550 2.047
S12g 8396/10,179 2.114
Exp. [184] 8300/10,400 2.114 [185]

[Fe(tz)6]2+ (Ci) OPBE 10,419/10,812 2.270
SSB-D 12,773/12,849 2.172
S12g 12,958/13,062 2.194
Exp. [176] 12,200 2.18 [177]

Figure 2.8 Changes of the ligand field splitting parameter, Δ, and pairing energy along the metal–ligand
distance, rM-L in octahedral [FeCl6]4- ion from LF-DFT–SSB-D, COSMO(H2O); difference between approximate
pairing energy (Π =2.5B+4C, B and C Racah’s parameters) and pairing energy from full diagonalization of LF
matrix (Π exact) is indicated. (See colour plate section)
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Table 2.9 Ground electronic state, Racah’s parameters B and C, ligand field splitting Δ (in cm−1), equilibrium
metal-ligand distance (Angstroms) in series of octahedral FeII complex ions obtained by LF-DFT calculations with
different XC functionals (OPBE, SSB-D, S12g), COSMO(H2O) and comparison with available experimental data.

Complex ion
Ground state
(point group) XC functional B C Π approx Π exact Δ

[Fe(CN)6]4− 1A1g (Oh) OPBE 484 2184 9944 9635 40,369
SSB-D 541 2378 10,867 10,437 32,578
S12g 513 2270 10,361 9989 35,449

[Fe(tz)6]2+ 1Ag (Ci) OPBE 613 3253 14,560 14,251 21,970
SSB-D 617 3110 13,974 13,747 21,550
S12g 601 3055 13,712 13,452 22,256

[Fe(TACN)2]2+ 1A (D3) OPBE 317 4386 18,335 17,353 22,346
SSB-D 513 3887 16,831 15,595 21,302
S12g 471 3886 16,724 15,389 21,126

[FeF6]4− 5T2g (Oh) OPBE 782 3813 17,208 15,397 7436
SSB-D 829 3609 16,509 14,826 7856
S12g 794 3544 16,159 14,522 7824

[FeCl6]4− 5T2g (Oh) OPBE 643 3719 16,484 14,670 6299
SSB-D 689 3551 15,926 14,199 6291
S12g 654 3482 15,565 13,898 6404

[Fe(H2O)6]2+ 5T2g (Oh) OPBE 796 3744 16,968 15,226 7755
SSB-D 827 3510 16,109 14,466 10,098
S12g 801 3472 15,888 14,215 8801

[Fe(tz)6]2+ 5Ag(Ci) OPBE 546 4147 17,950 17,097 11,115
SSB-D 600 3693 16,274 15,662 13,118
S12g 610 3626 15,975 15,354 13,222

What does the LF strength do when a complex goes from the LS to the HS state? For the [Fe(tz)6]2+

complex, characterized both in HS and LS configuration, we see from Table 2.9 large difference in Δ values
depending on the ground spin state, that is depending on the geometry. At the same time the spin-pairing
energy is approximately the same. In fact, as this is a classic example of an SCO compound, we can see
that at the crossover point where Π=Δ, the complex is not in the minimum energy configuration for either
of the spin states. Changes of Π and Δ along the metal–ligand distance are given for typical examples of
HS and LS complexes of FeII, [FeCl6]4− and [Fe(CN)6]4−, respectively in Figures 2.8 and 2.9. As the bond
distance changes, Δ changes abruptly, as KR−n, n∼5, as expected from LFT. The pairing energy on the other
hand, shows slower changes, being somewhat larger at longer distances due to the smaller nephelauxetic
effect.

2.4 Concluding Remarks

DFAs are often used to predict the energetic of TM compounds although an accurate prediction of the energy
difference between close lying states of different spin multiplicity is still challenging. This chapter discusses
the accuracy of OPBE, SSB-D and S12g DFAs for spin-state splittings. It is shown that even in “difficult”
cases of iron(II) and cobalt(II) complexes, these DFAs perform remarkably well and can be considered as
reliable functionals for the determination of the ground spin states. Nevertheless, despite promising results,
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Figure 2.9 Changes of the ligand field splitting parameter,Δ, and pairing energy along the metal–ligand distance,
rM-L in octahedral [Fe(CN)6]4- ion from LF-DFT–SSB-D, COSMO(H2O); difference between approximate pairing
energy (Π=2.5B+4C, B and C Racah parameters) and pairing energy from full diagonalization of LF matrix (Π exact)
is indicated.

still corroboration by several functionals is required in order to assess with confidence the spin states of TM
complexes.

The LF-DFT method is based on a multideterminant description of the multiplet structures originating from
the dn configuration of the TM ions coordinated by ligands. Since different spin states give rise to different
colors in TM systems and can be characterized by, for example, electron absorption spectroscopy, accurate
description of multiplets is of great importance. LF-DFT is a fast, accurate and nonempirical method for this
purpose, although, being a DFT-based method, the quality of results do depend on the choice of density func-
tional. It is worth mentioning that the aforementioned density functionals give very good results, in particular
for spin-forbidden transitions. At the same time, LF-DFT sheds light on the coordination chemistry of TM
ions.
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[117] M. Atanasov, C. Daul, H. U. Güdel, T. A. Wesolowski and M. Zbiri, Ground states, excited states, and metal-
ligand bonding in rare earth hexachloro complexes: a DFT-based ligand field study, Inorg. Chem. 44(8), 2954–2963
(2005).

[118] H. Ramanantoanina, W. Urland, A. Garcı́a-Fuente, F. Cimpoesu and C. Daul, Calculation of the 4f1→4f05d1
transitions in Ce3+-doped systems by ligand field density functional theory, Chem. Phys. Lett. 588, 260–266
(2013).

[119] H. Ramanantoanina, W. Urland, F. Cimpoesu and C. Daul, Ligand field density functional theory calculation of the
4f2→ 4f15d1 transitions in the quantum cutter Cs2KYF6:Pr3+, Phys. Chem. Chem. Phys. 15(33), 13902–13910
(2013).

[120] H. Kurzen, L. Bovigny, C. Bulloni and C. Daul, Electronic structure and magnetic properties of lanthanide 3+
cations, Chem. Phys. Lett. 574, 129–132 (2013).

[121] C. Lee, W. Yang and R. G. Parr, Development of the Colle–Salvetti correlation-energy formula into a functional
of the electron density, Phys. Rev. B 37(2), 785–789 (1988).

[122] S. H. Vosko, L. Wilk and M. Nusair, Accurate spin-dependent electron liquid correlation energies for local spin
density calculations: a critical analysis, Canadian Journal of Physics, 58(8), 1200–1211 (1980).

[123] J. P. Perdew, K. A. Jackson, M. R. Pederson, D. J. Singh and C. Fiolhais, Atoms, molecules, solids, and surfaces:
applications of the generalized gradient approximation for exchange and correlation, Phys. Rev. B 46(11), 6671–
6687 (1992).

[124] M. Swart, A. R. Groenhof, A. W. Ehlers and K. Lammertsma, Validation of exchange−correlation functionals for
spin states of iron complexes, J. Phys. Chem. A 108(25), 5479–5483 (2004).

[125] M. Ernzerhof and G. E. Scuseria, Assessment of the Perdew–Burke–Ernzerhof exchange-correlation functional, J.
Chem. Phys. 110(11), 5029 (1999).

[126] C. Adamo and V. Barone, Toward reliable density functional methods without adjustable parameters: The PBE0
model, J. Chem. Phys. 110(13), 6158 (1999).



32 Spin States in Biochemistry and Inorganic Chemistry

[127] Y. Zhao and D. G. Truhlar, A new local density functional for main-group thermochemistry, transition metal bond-
ing, thermochemical kinetics, and noncovalent interactions, J. Chem. Phys. 125(19), 194101 (2006).

[128] O. Salomon, M. Reiher and B. A. Hess, Assertion and validation of the performance of the B3LYP[sup⋆] functional
for the first transition metal row and the G2 test set, J. Chem. Phys. 117(10), 4729 (2002).

[129] M. Reiher, Theoretical study of the Fe(phen) 2 (NCS) 2 spin-crossover complex with reparametrized density func-
tionals, Inorg. Chem. 41(25), 6928–6935 (2002).

[130] T. F. Hughes and R. A. Friesner, Correcting systematic errors in DFT spin-splitting energetics for transition metal
complexes, J. Chem. Theory Comput. 7(1), 19–32 (2011).

[131] D. N. Bowman and E. Jakubikova, Low-spin versus high-spin ground state in pseudo-octahedral iron complexes,
Inorg. Chem. 51(11), 6011–6019 (2012).

[132] M. Güell, M. Solà and M. Swart, Spin-state splittings of iron(II) complexes with trispyrazolyl ligands, Polyhedron,
29(1), 84–93 (2010).

[133] I. Wasbotten and A. Ghosh, Theoretical evidence favoring true iron(V)-oxo corrole and corrolazine intermediates,
Inorg. Chem. 45(13), 4910–4913 (2006).

[134] J. Conradie and A. Ghosh, DFT calculations on the spin-crossover complex Fe(salen)(NO): a quest for the best
functional, J. Phys. Chem. B 111(44), 12621–12624 (2007).

[135] S. Zein, S. A. Borshch, P. Fleurat-Lessard, M. E. Casida and H. Chermette, Assessment of the exchange-correlation
functionals for the physical description of spin transition phenomena by density functional theory methods: all the
same? J. Chem. Phys. 126(1), 014105 (2007).

[136] J. Conradie and A. Ghosh, Electronic structure of trigonal-planar transition-metal−imido complexes: spin-state
energetics, spin-density profiles, and the remarkable performance of the OLYP functional †, J. Chem. Theory
Comput. 3(3), 689–702 (2007).

[137] Y.-Q. Zhang and C.-L. Luo, Theoretical study of the relationship between the nearest-neighbor exchange coupling
interactions and the number of peripheral complexes in the cyano-bridged CrMn6(CN)6 and CrMn2(CN)2 clusters,
J. Phys. Chem. A 110(15), 5096–5101 (2006).

[138] M. Swart, Metal–ligand bonding in metallocenes: differentiation between spin state, electrostatic and covalent
bonding, Inorganica Chimica Acta, 360(1), 179–189 (2007).

[139] A. Wu, Y. Zhang, X. Xu and Y. Yan, Systematic studies on the computation of nuclear magnetic resonance shielding
constants and chemical shifts: the density functional models, J. Comput. Chem. 28(15), 2431–2442 (2007).

[140] Y. Zhang, A. Wu, X. Xu and Y. Yan, OPBE: a promising density functional for the calculation of nuclear shielding
constants, Chem. Phys. Lett. 421(4–6), 383–388 (2006).
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3.1 Introduction and Scope

Wavefunction-based methods have a long tradition in the study of spin states of systems with unpaired elec-
trons. They have been applied in diverse areas and made important contributions to the understanding of many
experimental observations. In this chapter we will give an overview of the most commonly used approaches
and illustrate their potential with some examples. Such an overview can of course never be exhaustive and we
limit ourselves to transition metal complexes and focus mainly on spin state phenomena involving the ground
state. This excludes the vast areas of organic radicals, photochemistry and absorption spectroscopy, where
these methodologies are also important players. The main focus is on spin crossover, magnetic coupling and
spin states in biomimetic complexes.

3.2 Wavefunction-Based Methods for Spin States

The mean field approach of the electron–electron interaction in the Hartree–Fock (HF) wavefunction gives
a reasonable description of the electronic ground state for many molecules near their equilibrium structure.
However, it is well known that both for excited states and for nonequilibrium geometries the HF description
becomes unreliable and more advanced computational strategies are required. Dealing with transition metals,
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the need to go beyond the HF approximation may manifest itself even in the ground state of the atom or
complex in its equilibrium distance due to the presence of different 3dn4sm electronic configurations with
nearly equal energy. A classical example is the Ni atom for which the 3d94s1 and 3d84s2 configurations are
nearly degenerate [1] and contribute both to the electronic ground state [2].

In some cases allowing different orbitals for 𝛼 and 𝛽 spin solves (part of) the shortcomings of the restricted
HF method, but the price to pay is that the wavefunction is no longer an eigenfunction of Ŝ2 and the wavefunc-
tion is a mixture of spin states. A more satisfactory approach consists in taking into account the multideter-
minantal nature of the electronic structure from the beginning by extending the HF wavefunction with more
determinants to ensure that the spin symmetry is maintained and that all low-lying electronic configurations
are treated on an equal footing. Note that a multideterminantal wavefunction not always describes a multi-
configurational situation. This is most easily demonstrated by considering the two electrons in two-orbitals
case. The triplet state is described with a single determinantal wavefunction:

ΦT = |core𝜑a 𝜑b| (3.1)

where core represents all the doubly occupied orbitals and will be omitted from now on, 𝜑a and 𝜑b are
singly occupied, magnetic orbitals. The open-shell (biradical) singlet state is necessarily a sum of two Slater
determinants to fulfill the antisymmetry requirements:

ΦS = |𝜑a �̄�b| − |�̄�a 𝜑b| (3.2)

where �̄� denotes a spin–orbital with 𝛽 spin. This is a multideterminantal wavefunction but describes only
one electronic configuration; the orbital occupation in both determinants is the same. The linear combination
of determinants is known as a configuration state function (CSF). A multiconfigurational wavefunction is
obtained when the singlet of equation (3.2) is extended with the ionic determinants, which have two electrons
in the same orbital. For a centro-symmetric system this multiconfigurational wavefunction reads

Φ′
S = c1{|𝜑a 𝜑b| − |𝜑a 𝜑b|} + c2{|𝜑a 𝜑a| + |𝜑b𝜑b|} (3.3)

The relative weights of the two configurations can be determined through a configuration interaction (CI)
procedure. For biradicalar systems, c1 is usually much larger than c2, but the inclusion of the ionic configu-
ration is essential to obtain a qualitative correct picture [3].

The admixture of low-lying electronic configurations and the need for a multideterminantal wavefunction
to fulfill the spin symmetry is usually covered by the term nondynamic electron correlation. The remaining
difference with the hypothetical exact wavefunction is understood to be due to dynamic electron correlation.
This effect is incorporated by evaluating the effect on the energy and wavefunction of the determinants (or
CSFs) that are not included in the reference wavefunction describing the nondynamic electron correlation.
This can be done through perturbation theory, by CI or using the exponential ansatz central to coupled cluster
as will be shortly discussed in the next sections.

3.2.1 Single Reference Methods

The simplest, yet reasonably accurate wavefunction-based method is HF followed by a second-order pertur-
bation treatment of the dynamic electron correlation with the zeroth-order Hamiltonian proposed by Møller
and Plesset (MP2). Given the single determinantal nature of the reference wavefunction, one can only prop-
erly describe closed-shell systems or complexes where the unpaired electrons are coupled to the maximum
spin multiplicity, the high-spin (HS) state. For other intermediate spin (IS) states, one has to rely on spin unre-
stricted implementations of HF and MP2. Some examples of the application to TM complexes deal with the
relative stability of closed-shell versus HS states [4], and the structure, bonding and reactivity of closed-shell
organometallics [5, 6]. Especially the spin-component-scaled MP2 [7, 8] provides computational chemists
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with a nearly black-box method that has a good ratio of accuracy versus computational cost. Nevertheless,
the availability of density functionals that can be used to study these systems with similar (or better) accuracy
at a lower computational cost makes that MP2 plays a minor role in the study of spin states.

Coupled cluster (CC) methods are known to give an accurate account of the electron correlation effects as
long as the electronic structure is reasonably described by a single determinant reference. Combined with the
large computational cost to include the effects of the triples, the application of CC methods to the spin state
problem is limited. The method can be used for geometry optimization of model complexes and to compare
the energy of closed-shell electronic configurations to HS states. Its application to more complicated cases
and excited states necessarily involves either multireference (MR) CC approaches or different variants of
the equation-of-motion CC (EOM-CC) formulation [9]. Test calculations on tetrahedral TML4 complexes
show that standard EOM-CCSD lead to rather poor excitation energies, which are significantly improved
with (extended) similarity transformed (ST) EOM-CCSD due to the better treatment of the states with double
excitation character [10]. The difficulties to describe the permanganate ion were attributed to the problems of
CCSD to deal with the multiconfigurational character of the ground state [11]. STEOM-CCSD was also used
to study the excited states and photochemistry of [Cr(CO)6] [12] paying special attention to the singlet–triplet
splitting in the metal-to-ligand charge transfer (MLCT) manifold.

A second single reference (SR) implementation of CC that can deal with the multiconfigurational character
of the electronic structure is the multi-ionization EOM-CC [13]. Originally designed to calculate ionization
potentials or electron affinities, the method was adapted to describe multiconfigurational ground states of
different spin multiplicity. By removing or adding electrons to the target system, an artificial closed shell is
created. For instance, a doubly ionized or doubly attached reference state has to be created to describe an
open-shell singlet. After performing a standard CCSD calculation on this artificial state, a CI-like operator
is applied (as in standard EOM-CC) that restores the original number of electrons. In this way one gener-
ates a multiconfigurational excited state for open-shell systems with a CC treatment of the dynamic electron
correlation.

Closely related to this latter scheme is the spin-flip (SF) strategy [14], which is becoming popular in its
time-dependent DFT variant. The SF approach can be thought of as an EOM formalism where the final states
have the same number of electrons as the SR but at least one electron with 𝛼 spin is changed to 𝛽. Starting with
a HS configuration, for example, the triplet |𝜑1 𝜑2| or quintet |𝜑1 𝜑2 𝜑3 𝜑4| determinant, the spin of one or
two electrons is changed to generate through a CI expansion or in an EOM fashion the open-shell and closed-
shell LS determinants. In the case of the triplet reference, one generates the |𝜑1 �̄�1|, |𝜑2 �̄�2|, |𝜑1 �̄�2| and|�̄�1 𝜑2| determinants leading to the correct multideterminantal linear combination of the singlet functions.
Concerning spin states in TM compounds, the SF formalism has been applied to calculate the magnitude
of the exchange coupling in dinuclear complexes [15] and to compute the excitation energies of singlet and
triplet states in Ni(II) complexes [16].

3.2.2 Multireference Methods

The complete active space self-consistent field (CASSCF) method is one of the most widely used schemes
that takes into account the multideterminantal character of the electronic structure from the start. The method
divides the set of molecular orbitals in three groups: (i) the inactive orbitals are doubly occupied in all deter-
minants of the CASSCF wavefunction; (ii) the virtual orbitals remain always unoccupied; and (iii) the active
orbitals with variable occupation. A CAS(Nact, Mact) wavefunction expansion is constructed by generating all
determinants that can be formed by distributing Nact electrons over Mact orbitals, as schematically drawn in
Figure 3.1. In other words, a full CI wavefunction is generated in a limited orbital space that usually contains
(part of) the valence orbitals. Subsequently, both the orbital and the configuration expansion coefficients are
optimized to minimize the total energy.
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1 2 3 4 5 6 etc.

Figure 3.1 Schematic representation of a CAS(3,3) wavefunction. The lower box contains the inactive orbitals,
which are doubly occupied in all CSFs (Φi). The upper box contains the virtual (unoccupied) orbitals and the
smaller boxes in the middle show how the three active electrons are distributed in all possible ways over the active
orbitals.

The so-obtained wavefunction is used as multideterminantal/multiconfigurational reference (usually mul-
tireference, for short) wavefunction to include the dynamic electron correlation. The quality of the CASSCF
results (and those obtained using it as reference) depend critically on the choice of the active space. There
is no black-box recipe for the division of the molecular orbitals in inactive, active and virtuals. This changes
from system to system and requires some chemical knowledge of the problem. However, over the years a huge
amount of experience has been accumulated and rules for properly choosing the active space have emerged
[17, 18]. In the case of first-row TM complexes, one should include the TM-3d orbitals in the active space
and account for the double-shell effect [2, 19] by adding an extra set of d-orbitals (TM-4d, also labeled as 3d′

orbitals). Depending on the covalent character of the metal–ligand bond, the active space must contain ligand
orbitals to form bonding and antibonding pairs of molecular orbitals in the active space [20]. The description
of excited states may require the inclusion of extra orbitals that are not essential for the nondynamic correla-
tion but become occupied in the excited state under study, for example, ligand 𝜋

∗ orbitals to investigate the
MLCT excitations [21, 22].

Being the most widely used method to account for nondynamic electron correlation, CASSCF is not the
only approach and has some drawbacks. The most important one is that the wavefunction is constructed as
a complete expansion in the active space, and hence, rapidly becomes prohibitively large. The precise limits
depend on the spin and spatial symmetry of the system, but an active space of 16 electrons in 16 orbitals
is about the largest that can be dealt with for LS coupling. This means that a dinuclear complex cannot be
treated with an active space that contains all the TM-3d orbitals and the orbitals that account for the double-
shell effect, since this requires an active space with 20 orbitals.

This bottleneck triggered the development of alternatives to construct MR wavefunctions. The restricted
active space (RAS) formulation [23] divides the active space in three subspaces, known as RAS1, RAS2
and RAS3, and puts restriction on the number of holes and electrons in RAS1 and RAS3, respectively. This
division drastically reduces the number of configurations in the reference wavefunction without affecting
the accuracy of the description of the nondynamic correlation, since the restrictions basically eliminate the
multiple excited configurations with a nearly zero contribution to the wavefunction. One can therefore treat
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systems that require more than 16 active orbitals, but the price to pay is a poorer convergence rate and the
possible dependence of the results on the restrictions to the occupancies of the orbitals in RAS1 and RAS3.
The number of RASSCF studies dealing with TM compounds is still limited, but some general rules have
been established to distribute the active orbitals over the subspaces and impose restrictions on the orbital
occupations [24–26]. The division of the active space has been generalized to an arbitrary number of subspaces
in the generalized active space (GAS) SCF approach [27], and we also mention the occupation-restricted
multiple active space (ORMAS) SCF method [28, 29] as an alternative for CASSCF. Finally, the splitCAS
algorithm proposes to divide the CAS in a model space and its complementary part [30]. The model space is
diagonalized as in a standard CAS calculation, but the effect of the complementary space is incorporated via
an effective Hamiltonian procedure.

3.2.3 MR Perturbation Theory

In many cases the electron distribution of the CASSCF wavefunction is reasonably accurate but the relative
energies of the different (spin-) states are not reliable enough to be conclusive on the physics of the system
due to the lack of dynamic electron correlation. It is practically impossible to include this effect for real-world
molecules with any of the methods described in the previous section. Therefore, a two-step strategy is adopted
to account for both types of electron correlation. An efficient scheme is to use the CASSCF wavefunction as
reference for a second-order perturbative treatment of the dynamic electron correlation. There are several
implementations of this strategy that differ by the choice of the zeroth-order Hamiltonian Ĥ0 and the way to
construct the first-order correction to the wavefunction.

One popular approach is the complete active space second-order perturbation theory (CASPT2) scheme
introduced in the early 1990s [31]. Ĥ0 is defined as a Fock-type operator that only contains one-electron terms
and reduces to the MP2 Hamiltonian in the limit of zero active orbitals. The first-order wavefunction is gen-
erated in a contracted manner [32] by applying excitations on the CASSCF function as a whole, that is, the
relative importance of the different CSFs in the CASSCF wavefunction persists in the first-order wavefunc-
tion. This contracted way of including the effect of the determinants external to the CAS has the advantage
that the number of variables to be determined in the PT2 step remains tractable even for large active spaces.
It should however be kept in mind that the weights of the CSFs in the CAS can significantly change under
the influence of dynamic correlation and that the contracted nature of the first-order wavefunction does not
include such effects. Important examples are the valence-Rydberg state mixing [33] and the ratio of the neu-
tral and ionic states in the description of magnetic coupling [34]. The multistate CASPT2 [35] repairs this
limitation to some extent by diagonalizing an effective Hamiltonian that introduces mixing of the CASSCF
states under the influence of dynamic correlation.

The approximate nature of Ĥ0 may cause that some external CSFs have expectation values that are very
close to (or even lower than) the expectation value of the reference wavefunction, leading to very small denom-
inators in the perturbation expressions and hence to divergence. Provided that the interaction matrix elements
of these CSFs with the reference are small, one can circumvent this intruder state problem by applying a level
shift on the expectation values of the external CSFs [36]. The original definition of Ĥ0 was revised in 2004
based on the observation that the energy of open-shell configurations was systematically overstabilized with
respect to closed-shell cases [37]. The new definition of the Hamiltonian adds an ionization potential-electron
affinity (IPEA) shift of 0.25 a.u. to the diagonal Fock matrix elements of the active orbitals. The value of this
shift was justified combining theoretical arguments and numerical results. However, it is still subject of some
discussion as will be exemplified in the section on spin crossover.

A second relevant implementation of MR-PT2 is the n-electron valence state second-order perturbation
theory (NEVPT2) [38]. It has several points in common with CASPT2, but counts with important differences.
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In the first place, the definition of Ĥ0 goes beyond the one-electron character and uses the formulation of Dyall
instead [39]. The existence of two-electron terms for the active orbitals avoids the appearance of intruder-
state problems. The first-order wavefunction is also defined in a contracted manner, but two variants were
developed [38]. The partially contracted formulation is similar to the one used in CASPT2 and the strongly
contracted NEVPT2 imposes extra conditions on the external configurations in such a way that the first-
order interacting space is directly orthogonal, in contrast to CASPT2. The evaluation of the second-order
contribution to the energy becomes now significantly faster with negligible loss of accuracy. The trade-off
between a more complex Ĥ0 and a simpler first-order wavefunction makes the computational expense of
NEVPT2 similar to CASPT2.

Besides these two implementations, we also mention the determinantal based formulation by Hirao et al.
[40]; the perturbation theories for RASSCF reference wavefunctions (RASPT2) [41] and ORMAS-PT for the
ORMAS wavefunctions [29].

3.2.4 Variational Approaches

Despite the disadvantage of not being size consistent, MRCI has found its niche in the ab initio description
of spin states. We will not review all the details of the different flavors of MRCI [42] but instead focus on
those implementations that are applied on a more or less regular basis in the chemistry of spin states. Standard
MRCI with all singly and doubly excited determinants (MRCI-SD) is often too expensive computationally
speaking, and several schemes have been proposed to reduce the computational burden without loosing accu-
racy. Considering that the nth-order perturbative correction to the energy of a large number of doubly excited
determinants is equal for the ground state and the excited states [43], it becomes natural to eliminate these
determinants to reduce the size of the problem. These ideas were put on a firm basis and implemented in the
difference dedicated configuration interaction (DDCI) method [44]. The DDCI wavefunction is constructed
by generating all singly and doubly excited determinants involving at least one active orbital from a CAS
reference. In other words, all the determinants involving a double excitation from inactive to virtual orbitals
are eliminated from the standard MRCI-SD. In addition to important computational savings, removing these
inactive excitations also reduces the size consistency error inherent to truncated CI methods and gives rise to
a method that has been applied with success in the domain of the magnetic coupling [3].

Other selection schemes are based on a pre-screening of the perturbative contribution to the energy or wave-
function. We mention the CIPSI (configuration interaction by perturbation with multiconfigurational zeroth-
order wavefunction selected by iterative process) [45] and the related spectroscopy-oriented CI (SORCI) [46]
approaches as two important examples. In both approaches, the external determinants are divided in two
sets depending on the perturbation contribution. The more important determinants are included in the MRCI
treatment, and the effect of the remaining, less important ones is estimated with perturbation theory.

As already mentioned in the description of the SR methods, CC constitutes an important group of methods
to account for dynamic electron correlation. Although important advances have been made in the formulation
of a generally applicable MRCC method [47], the use of this methodology in the field of TM complexes is
still limited and will not be further discussed.

3.2.5 Density Matrix Renormalization Group Theory

A third group of methods is formed by density matrix renormalization group (DMRG) technique. RG theory
was developed to describe situations where mean-field approaches fail, for example, phase transitions [48].
In the application of DMRG to electronic structure theory [49, 50 and references therein], the orbitals (sites)
are ordered in some convenient order (lattice). The chain of orbitals is divided in three groups of variable



Ab Initio Wavefunction Approaches to Spin States 41

size. Following the notation used in Reference 50, the two large groups are called active subsystem (AS) and
complementary subsystem (CS), respectively. The third group normally contains one or two orbitals and is
labeled as the exactly represented subsystem (ERS). The orbitals in AS and CS span an m-dimensional many
particle space, where m is a parameter of DMRG that can be systematically enlarged to obtain better results.
The dimension of ERS is much smaller, there are 4(16) ways to place 0, 1, or 2 (0 . . . 4) electrons in 1(2)
orbital(s). The first step, know as blocking, involves the addition of one orbital of the ERS to the AS and the
construction of a new many particle space AS′ of dimension 4m by the tensor multiplication of AS and ESR.
To restore the original size of the AS one has to take a renormalization step, normally indicated as the deci-
mation procedure. The most intuitive way to reduce the dimension of AS′ is to diagonalize the Hamiltonian
and select the m lowest eigenstates to span the new AS. However, this procedure gives very poor results, and
an improved decimation algorithm was proposed by White and Noack, who introduced the density matrix in
the RG algorithm to convert it into DMRG. To make an optimal selection of the information that should be
retained in AS in the decimation procedure, an approximate density matrix is constructed using the informa-
tion of all three subsystems, AS, ERS and CS. This density matrix does of course not include the effect of
the interaction between the different subsystems but provides a much better representation of the final (exact)
result than the lowest m eigenstates of AS′, especially in the beginning of the renormalization process. By
projecting the 4m dimensional AS′ onto the approximate density matrix, an optimal m-dimensional selection
of AS′ can be made to construct the new, improved AS. Finally, one orbital of the CS is added to ERS and
the procedure starts all over again.

The maximum dimension that one needs to consider is 16m2 to construct an approximate wavefunction
using the three subsystems and generate the projected m-dimensional density matrix used in the decimation
step. However, the DMRG algorithm can explore efficiently many particle spaces that are impossible to be
handled in a traditional quantum chemical setting based on determinants. By making various sweeps along
the lattice of orbitals, one converges to the CASSCF energy, but DMRG can easily handle spaces with up to
50 orbitals. An inconvenient feature of the algorithm is that one has in principle no access to the CI expansion
expressed in determinants for such large orbital lattices. However, in the work of Reiher and co-workers [51],
a method is described to conveniently map back the DMRG onto a CI expansion and recover the interpretative
power of the multiconfigurational methods.

3.3 Spin Crossover

The inspection of the Tanabe–Sugano diagrams for the octahedral TM complexes with d4–d7 electronic con-
figurations shows that at certain ligand fields the spin of the ground state changes. Hence, complexes with
ligand field strengths near this crossing point may have the ability to adopt two different spin states and exter-
nal perturbations such as pressure, temperature or light can push the complex from one side of the crossing
point to the other. This phenomenon is known as spin crossover (SCO) and has been the subject of numerous
experimental and theoretical studies ever since its discovery in the 1930s [52, 53] (see also Chapter 5 of this
book).

3.3.1 Choice of Active Space and Basis Set

A central point in the initial ab initio wavefunction-based studies of SCO [54–57] was the proper choice of
the active space in the CASSCF step. The simplest active space includes the five Fe-3d orbitals and is to a
large extent equivalent to an ROHF calculation. Therefore, it is not surprising that the stability of the HS state
is largely overestimated with respect to the closed-shell LS state as shown in the left panel of Figure 3.2. In
addition, the equilibrium distance for both states is much too long. The inclusion of dynamic correlation by
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Figure 3.2 Potential energy curves for low-spin (solid) and high-spin (dashed) states of [Fe(tz)6]2+ as function
of the Fe–N distance with different active spaces. Left panel: CAS(6,5); middle panel: CAS(6,10); right panel:
CAS(10,12). The upper row shows the CASSCF curves and CASPT2 curves are shown in the lower row.

CASPT2 improves the situation but does not lead to nearly degenerate HS and LS states as required for SCO.
The optimal CASPT2 Fe–ligand distance for the two states of [Fe(tz)6]2+ (tz=tetrazole) is slightly shorter
than the experimental distance. The extension of the active space with the second shell of d-orbitals does
not improve the situation (middle panel of Figure 3.2), which is not unexpected as states are compared with
the same number of d-electrons. On the contrary, the addition of two occupied ligand orbitals to the active
space gives a major improvement. These orbitals are aligned along the Fe–ligand bonds and account for 𝜎
donation effects. CASPT2 results based on this CAS(10,12) show relative energies of HS and LS states and
equilibrium Fe–ligand distances in good agreement with experiment, as can be seen in the right panel of
Figure 3.2. Therefore, in most studies of the SCO phenomenon this active space is adopted. Figure 3.3 gives
a graphical representation of the active orbitals.

Figure 3.3 Some representative active orbitals for [Fe(tz)6]2+. From left to right: ligand-𝜎, Fe-3d(t2g-like),
Fe-3d(eg-like) and one of the Fe-3d’ orbitals.
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For other 3dn electronic configurations the same strategy can be followed leading to a CAS(n+4, 12) active
space. In some cases it is difficult (if not impossible) to obtain an active space with d′ orbitals for each TM-3d
orbital. This happens for electronic states with close to zero natural occupation numbers for some 3d orbitals.
In such cases, it is sufficient to include d′ orbitals only for the 3d orbitals with larger natural occupation
numbers [58].

A second issue that has been addressed in the initial studies is the size of the one-electron space, the
basis set. The results of wavefunction-based methods slowly converge with the size of the basis set and
high angular momentum basis functions have to be included. In their study of [Fe(H2O)6]2+, [Fe(NH3)6]2+

and [Fe(bpy)3]2+, Pierloot and Vancoillie showed that a correct description of the relative energy of
HS and LS states requires basis sets with up to h functions on the metal center, reasonably large basis
sets should be used on the atoms that directly coordinate the metal center and smaller basis sets can
be used for more distant atoms. These conclusions were largely confirmed in the basis set study per-
formed for [Fe(tz)6]2+ and [Fe(NCH)6]2+. In the former study, a basis set with 4f, 3g and 2h functions
on Fe was used to ensure the correct relative stability of LS and HS states [56] and the latter showed
that the convergence of the energy difference is steady but slow upon extending the size of the basis set
[59]. The large number of basis functions required to ensure correct energetics combined with the gen-
eral contracted nature of the basis sets most commonly used makes that the calculation of the integrals
becomes rather heavy, but these basis set requirements can be met in any medium-sized complex without
too much problems using Cholesky decomposition schemes or techniques based on the resolution of the
identity.

3.3.2 The HS–LS Energy Difference

One of the central parameters in the desription of SCO is the energy difference between HS and LS states,
ΔEHL. To have access to both states under standard conditions, this energy difference should not be much
larger than 1000 cm−1. The only wavefunction-based methodology that has been tested so far on a reason-
ably large collection of SCO complexes is the CASSCF/CASPT2 approach. In addition to the computational
aspects discussed in the previous two sections, there are a few more issues that need to be addressed to cal-
culate ΔEHL in a reliable way. In the first place, there is the choice of the geometry. It is out of the question
to optimize the geometry of the complex with CASPT2 and in general CASSCF geometries are not very
accurate. This is nicely illustrated in the top row of Figure 3.2, which shows that Fe–N distances are much
too long at the CASSCF level. Alternatively, one could use experimental geometries, but in many cases this
information is only available for one state. A more versatile approach is to use the strengths of DFT and
wavefunction methods in a combined approach. The geometry of both spin states of the complex is optimized
using DFT, and the relative energy is then calculated with CASPT2.

Second, one should take into account the zero-point vibrational energy (ZPVE), which usually favors the
high-spin state in Fe(II) complexes by approximately 1000 cm−1. Once again, this correction cannot be cal-
culated with wavefunction methods and has to be estimated with DFT. Several studies have demonstrated
the adequacy of DFT for the calculation of the vibrational spectrum, and hence, the reliability of the esti-
mate of the ZPVE. The final point to take into consideration is the value of the IPEA shift in the defini-
tion of the CASPT2 zeroth-order Hamiltonian. Most authors stick to the value of 0.25 a.u. derived in the
original proposal, but in the study of Suaud and co-workers [57] it was suggested that larger shifts give
better results for ΔEHL. Kepenekian et al. [60] compared the performance of different IPEA values for six
different SCO complexes and concluded that the optimal value lies around 0.50 a.u. These findings were
confirmed in a later study by Lawson Daku et al. [61], in which optimal correspondence with CC calcula-
tions was found for the CASPT2 results, provided the IPEA shift was increased with respect to the standard
value.



44 Spin States in Biochemistry and Inorganic Chemistry

Table 3.1 CASPT2 HS-LS energy differences ΔEHL in cm−1.

Systema Reference ΔEHL ΔEHL + ZPVE Exp.

[Fe(H2O)6]2+ [54] −16307 −17690
[Fe(NH3)6]2+ [54] −7094 −8389
[Fe(NCH)6]2+ [62] −2540 −3768
Fe(NCS)2(NCH)4 [62] 530 −789
[Fe(NCS)4(NCH)2]2− [62] 1300 50
[Fe(CO)6]2+ [62] 16700 14970
[Fe(PH3)6]2+ [62] 19400 17080
[Fe(mtz)6]2+ [63] 1051 69 120 [64]
[Fe(pic)3]2+ [63] 1320 349 744 [65]
Fe(phen)2(NCS)2 [63] 1362 568 719 [66]
[Fe(iso)6]2+ [63] 1062 149 T1/2 = 91 K [67]
[Fe(bpy)3]2+ [63] 5807 5138 ∼6000 [68]
[Fe(terpy)2]2+ [63] 7919 7097 LS
[Fe(dpp)2]2+ [57] −2177 T1/2 = 260 K [69]
Fe(py)4(NCS)2 [60] −799 HS [70]
cis-Fe(m-mbpt)2(NCS)2 [60] −5537 HS [71]
trans-Fe(mbpt)2(NCS)2 [60] −164 T1/2 = 120 K [71]
Fe(medpq)(py)2(NCS)2 [60] 1624 T1/2 = 231 K [72]
Fe(bipy)2(NCS)2 [60] 8409 LS [73]

Negative values indicate a more stable HS state. Comparison is made to experiment when estimates are available, otherwise the transition
temperature is given or the spin state over a large temperature range when the complex has no SCO.
amtz = 1-methyl-tetrazole; pic = 2-picolylamine; phen = 1,10-phenanthroline; iso = isoxazole; bpy = 2,2′-bipyridine; terpy = 2,2′:6′,2′′-
terpyridine; dpp = dipyrazolylpyridine; py = pyridine; m-mbtpt = m-methylphenyl-3,5-bis(pyridin-2-yl)-1,2,4-triazole; mbpt = 4-p-methylphenyl-
3,5-bis(pyridin-2-yl)-1,2,4-triazole; medpq = 2-methyldipyrido[3,2-f:2′,3′-h]-quinoxaline; bipy = 3,3′-bipyridazine.

Table 3.1 recompiles the data published in the literature on ΔEHL calculated with CASPT2 and compares
it to experimental data [54, 57, 60, 62–73]. Some complexes are models for which no experimental data exist
and for others no estimate of the difference is available, but have been established to be HS or LS molecules.

The first seven entries in Table 3.1 correspond to small model complexes (some of which probably have
never been synthesized). The complexes are ordered by increasing importance of the 𝜎-donation from ligand
to Fe as determined in the wavefunction analysis of Reference 62. The more ionic [Fe(H2O)6]2+ complex has
a HS ground state, but upon increasing importance of the LMCT configurations the LS gets lower in energy
to become nearly degenerate in the [Fe(NCS)x(NCH)6-x] complexes. The LS is clearly more stable than the
HS state for the strong donor ligands CO and PH3. A more rigorous test for the reliability of the CASPT2
energy differences is given by the next six complexes [63]. After adding the ZPVE, the calculated ΔEHL
is in good agreement with the experimental estimates for [Fe(mtz)6]2+, [Fe(pic)3]2+ and Fe(phen)2(NCS)2.
Furthermore, CASPT2 correctly predicts [Fe(bpy)3]2+ and [Fe(terpy)2]2+ to have a large energy difference,
in line with the LS character of these compounds up to very high temperatures. In the case of [Fe(iso)6]2+

no experimental ΔEHL is available, but the small and positive ΔEHL calculated with CASPT2 is compatible
with the low transition temperature for SCO. The last six entries also show good agreement with experimental
information; large positive (negative) values for LS (HS) complexes and ΔEHL close to zero for the systems
with SCO. The value for [Fe(dpp)2]2+ is susceptible to changes since it was obtained with a rather small
basis set. The authors estimated that by applying larger basis sets the energy difference would be lowered by
approximately 2800 cm−1, which is in much better agreement with the T1/2 of 260 K.
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A word of caution is needed before comparing the CASPT2 results of Table 3.1 obtained in Reference
60 to those of Reference 63. The major difference between the two sets of data lies in the geometries used
to calculate the energies of the HS and LS states and in the IPEA value of Ĥ0. In the work of Kepenekian
et al., the CASPT2 energies of the LS and HS state were calculated in the DFT-optimized geometries using
an IPEA value of 0.50 a.u. This larger value was found to increase the stability of the LS state with respect
to the HS state bringing the calculated ΔEHL in closer agreement with experiment. The second study uses
DFT geometries with reoptimized CASPT2 Fe–ligand distances and the standard IPEA value of 0.25 a.u.
In general, the reoptimized CASPT2 Fe–ligand distances are shorter than those predicted by DFT with the
experimental value in between the two theoretical estimates. A shorter distance implies larger 𝜎-donation
between ligand and metal, and hence, a stabilization of the LS state with respect to the HS state [54]. The
decision which of the two approaches is “better” is basically a matter of taste. Keeping the IPEA value to
its standard value of 0.25 a.u. is methodologically more satisfactory, but the use of DFT geometries without
reoptimizing the Fe–ligand distance with CASPT2 is a more clear-cut approach, which definitely requires
much less calculations.

The most important conclusion that can be drawn from the CASPT2 calculations on the LS–HS energy
difference is that the method gives a satisfactory account of the energetics in all the cases that have been
studied so far. In general, the relative stability of the two states is correctly reproduced and the magnitude of
ΔEHL is correct within a few hundred wave numbers when the ZPVE is included in the estimate.

3.3.3 Light-Induced Excited Spin State Trapping (LIESST)

A second important aspect of SCO where wavefunction-based methods have been applied is the light-induced
process. Typically, an LS molecule is irradiated with light and populates an excited singlet state of, for exam-
ple, MLCT character. This excited state then deactivates via two intersystem crossings (and probably internal
conversions) to the meta-stable HS state. Depending on the magnitude of ΔEHL, the light-induced population
of the HS remains for only a few nanoseconds (e.g., in [Fe(bpy)3]2+) or can last as long as a few days in
[Fe(ptz)6](BF4)2. For long enough populated HS states, the reverse process can also be induced by exciting
into higher lying HS states and via intersystem crossing reaching the LS state.

A detailed theoretical description of the light-induced excited state spin trapping (LIESST) requires an
accurate knowledge of the energetics of both fundamental and excited electronic states along the deactivation
path from excited LS to meta-stable HS state. The initial qualitative description based on ligand field theory
has been very helpful to understand LIESST and rationalize experimental observations [74]. A good starting
point for a more qualitative picture is to use MR wavefunction methods. In principle, one can follow the same
computational scheme as outlined for determining ΔEHL extending the calculation to excited states. This is
straightforward in a CASSCF approach by minimizing the average energy of a collection of electronic states.
If the system is excited in a ligand field state (i.e., a transition that only involves the d-orbitals of the metal),
the active space with the 12 orbitals of Figure 3.3 suffices. However, it is more common to induce LIESST
with an excitation in the MLCT band, and some ligand 𝜋

∗ orbitals have to be included in the active space.
This makes the calculations rather demanding because not only the size of the active space increases but also
the number of electronic states that has to be calculated.

A second point that deserves further attention is the interpolation coordinate that connects the LS and HS
geometries. Experimental structure determinations show that the most significant change induced by SCO
is the metal–ligand bond elongation. For complexes with monodentate ligands, the interpolation coordinate
can be chosen to be the symmetric metal–ligand stretch although the twisting of the ligand around the Fe–
ligand bond sometimes also plays a role [63, 67]. The situation is more complicated for multidentate ligands,
because the use of the symmetric stretch as interpolation coordinate introduces strain effects in the ligand. In
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Figure 3.4 CASPT2 relative energies of the metal-centered d6 states (thin lines) and the singlet and triplet
MLCT states (grey band) as function of the Fe–ligand distance in [Fe(bpy)3]2+. Reproduced from C. de Graaf and
C. Sousa, 2010, with permission from John Wiley & Sons.

these cases, the potential energy curves are constructed along the coordinate that linearly connects the DFT-
optimized geometries of the LS and HS states or by performing CASPT2 calculations on a grid of points
generated with restricted geometry optimizations for a series of different Fe–ligand distances.

Potential energy curves of d6 states and singlet and triplet MLCT states have been calculated for
[Fe(dpp)2]2+ and [Fe(bpy)3]2+ to get more insight in the LIESST mechanism [57, 75, 76]. In the first case,
different possible pathways for deactivation are discussed based on the crossing points of the states of different
spin multiplicity along the interpolation coordinate. The second study discusses the deactivation mechanism
of the singlet MLCT state based on the potential energy curves shown in Figure 3.4 and the spin–orbit coupling
matrix elements calculated by state interaction of the CASSCF states with CASPT2 energies on the diagonal
of the spin–orbit matrix. In combination with the time-dependent formulation of Fermi’s golden rule, the rates
of the different steps along the deactivation path could be determined with an overall reasonable agreement
with experiment [76].
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3.3.4 Spin Crossover in Other Metals

The large majority of the wavefunction-based studies of SCO deal with Fe(II) systems, but work has also
been done on other metals and other oxidations states. In the course of a study of high-valent Fe complexes,
Robert and collaborators investigated the [FeO]2+ unit bonded to different pentadentate ligands [77]. The ionic
Fe(IV)–O representation was found to describe only partially the electronic structure, being a description with
five d-electrons on Fe more accurate. The quintet state lies only ∼2000 cm−1 above the triplet ground state,
and wavefunction analysis shows that this small energy difference can be interpreted as arising from the
doublet-quartet SCO of the Fe–3d5 configuration coupled to a hole on oxygen. An example of the study of
SCO in Co compounds can be found in the work of Kubas et al. [78]. NEVPT2 calculations show that the
catalytic complex Co(II)(tfa)2(H2O) (tfa=trifluoro-acetylacetonato) has a HS ground state. In the bonding
process of O2 to the complex, the metal looses an electron and undergoes a spin transition to an LS state.
The studies of Kepenekian et al. on Mn–porphyrin complexes show a similar link of redox and SCO behavior
[79]. By adding 𝜋-electron donating groups to the porphyrin, a bistability was predicted from the CASPT2
curves of the S=2 and S=3 states.

So far we have discussed the application of wavefunction-based methods in molecule-based materials,
either discrete units or complexes in a molecular crystal. SCO has also been observed in ionic crystals such
as CaFeO3 and LaCoO3. The natural starting point for treating extended systems is the periodic approach.
Such calculations can be done within the HF approximation, but electron correlation can only be treated with
MP2 or DFT. Alternatively, calculations can be performed using the embedded cluster approach. A small
piece of the crystal – the cluster – is treated with high-level ab initio methods and the rest of the crystal – the
embedding – is included more approximately. Typically the center that shows SCO and the first coordination
sphere is defined as the cluster although larger clusters may be needed to obtain more accurate results. The
long-range electrostatic interactions due to the remaining ions in the crystal are included via point charges,
and the Coulomb and exchange interactions at shorter range are included by representing the ions in the
immediate surroundings of the cluster with model potentials.

The pressure-induced spin transition in the room-temperature phase of CaFeO3 was studied by varying the
structure to simulate the effect of the external pressure. At longer Fe–O distance, corresponding to ambient
pressure, the formally Fe(IV) ions have a quintet ground state. Increasing the pressure makes the Fe–O bonds
shorter, and around 20 GPa, the material changes to a triplet ground state. The analysis of the wavefunction
shows that the high formal oxidation state of the Fe ion gives rise to strong charge transfer from oxygen to Fe,
and hence, the ground state is better understood as a Fe–3d5 (6A) configuration with an LS coupled hole in the
surrounding oxygen ions [80]. The situation in LaCoO3 is significantly more complicated, and there has been
(and actually still is) a lively debate about the character of the spin transition. In some studies, it is ascribed
to an LS to IS transition, while others claim that the HS is populated. Cluster calculations indicate that the
LS–HS transition is the most likely scenario [81, 82], as illustrated in Figure 3.5. It was found that, also in
this material the oxygen to metal CT is very large in the ground state and that studies that do not include this
effect from the start miss an important part of the physics.

3.4 Magnetic Coupling

Wavefunction-based methods also play an important role in the study of the interactions between localized
spin moments in polynuclear TM compounds. These so-called magnetic interactions determine the spin state
of the complex, since a parallel (or ferromagnetic) alignment gives rise to a HS ground state and an antiparallel
(antiferromagnetic) alignment leads to an LS state although the local ground state of the TM ions is high spin.
Because of the intrinsic multideterminantal character of the wavefunctions that describe the spin coupling,
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CASSCF is a good starting point for an ab initio description. Spin eigenfunctions for all spin couplings are
constructed, and the energies are mapped on a spin Hamiltonian to extract the magnetic coupling strength.
The most commonly used model is the Heisenberg Hamiltonian:

Ĥ = −JijΣi<jŜi ⋅ Ŝj (3.4)

in which J is the coupling parameter that can be compared to experimental data. The calculation of J faces
a different challenge than the SCO energetics. On the one hand, the states involved in the coupling have the
same electronic configuration making the treatment of the nondynamic electron correlation less critical. On
the other hand, the energy differences involved are on the order of a few millielectronvolt, putting stringent
requirements on the accuracy of the treatment of the determinants that are not in the reference wavefunction.

In many cases, a minimal active space wavefunction gives a qualitatively correct picture of the coupling, but
the strength is almost always severely underestimated. Because all states share the same orbital occupation,
extending the active space does not improve the situation. Instead the variational treatment of the CSFs not
included in the reference wavefunction enhances dramatically the energy splitting between the different spin
states and leads to good agreement with experiment as exemplified in the DDCI calculations reviewed in
Reference 3. A PT2 treatment of the dynamic correlation also improves the calculated coupling parameters,
but they often remain too small when compared to experimental values. The analysis of Reference 83 shows
that LMCT enhances the coupling, but only becomes active when it is coupled to excitations that let the charge
distribution react to such transfer processes. This coupling is not easily included in a second-order treatment,
not even when the active space is extended with ligand orbitals due to the contracted nature of the first-order
wavefunction.
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To illustrate the versatility of wavefunction-based calculations, we will shortly discuss three recent appli-
cations. The first example concerns the fitting of the magnetic susceptibility in Cu(II) cubanes of the 4+2
class [84]. The cubane studied by Calzado has four copper ions positioned in a slightly distorted tetrahedron
with four short and two longer interatomic distances. Experimental data was accurately fitted with a mag-
netic model consisting of a ferromagnetic coupling of the Cu(II) ions at short distance (J1) and a surprisingly
large antiferromagnetic coupling along the longer Cu⋅⋅⋅Cu distance (J2). To establish the magnetic couplings
without assuming any magnetic model a priori, Calzado calculated as accurately as possible the low-energy
spectrum of the cubane and constructed an effective Hamiltonian to extract the magnitude of the different
couplings. The DDCI calculations show that the quintet state is lowest in energy separated by 24 cm−1 from
the lowest triplet and that both J1 and J2 are ferromagnetic. The theoretical J values produce an equally
good fit of the magnetic susceptibility as the original set of parameters. The low-energy spectrum also nicely
reproduces the magnetic moment of 4.6 𝜇B at 18 K, in contrast to the spectrum derived from the experimen-
tally fitted J values. Finally, the effective Hamiltonian constructed from the calculations shows that there is a
non-negligible four-center interaction that changes simultaneously the spins at all four Cu(II) centers. Hence,
the ab initio study of the Cu(II) 4+2 cubane establishes an accurate spin Hamiltonian compatible with the
available experimental data.

The second example makes a side step to organic radical chemistry and interpolates between SCO and
magnetic coupling [85]. It shows how wavefunction-based methods can be applied to spin states in other
areas than TM chemistry. The CuI ion in [CuCl(imvdO)]⋅CH3OH (imvdO = imidazolyl-oxoverdazyl) is a
closed shell ion and does not play the central role in the magnetic properties of the material. Instead the
organic part, imvdO, carries an unpaired electron delocalized over the four N atoms of the verdazyl group.
The molecules are ordered along the a axis of the unit cell with two alternating interaction pathways. The
calculations (similar to those performed for the Cu cubane) result in one strong antiferromagnetic coupling of
−1520 cm−1 and a much weaker coupling of −28 cm−1. However, these values do not fit the experimental
magnetic susceptibility, and another model had to be proposed. A first indication that this material is not a
simple magnetic exchange system comes from the observation that the stronger coupling varies with increas-
ing temperature due to changes in the crystal structure. The authors propose a model based on an S=0 to
S=1 SCO for the pairs of molecules that are strongly coupled combined with a smaller magnetic coupling
between these dimers as illustrated in Figure 3.6. With a HS–LS enthalpy difference of 674 cm−1 and taking
into account the entropy change, this SCO model produces a magnetic susceptibility curve that agrees well
with the experimental one.

To close this section, we discuss the recently published DMRG results on two complexes with Cr(III) and
Fe(III) ions [86]. The large number of unpaired electrons makes DDCI calculations (virtually) impossible, and
the CASSCF calculation with a minimal or an extended active space is expected to give at most a qualitatively
correct picture. Focusing on the Cr case with six unpaired electrons, the minimal active space consists of six
electrons and six orbitals, three for each metal center. The electronic states of interest are the singlet, triplet,
quintet and heptuplet spin states arising from the coupling of the local quartet states of the Cr(III) ions. Being
one of the first applications of DMRG to the magnetic coupling problem, the authors explored the performance
of the method by varying the basis set, the active space (i.e., the sum of the three spaces defined in Section
3.2.5) and m, which defines the number of states that is kept in the active and complementary subsystems. A
weak basis set dependence of the DMRG was found, rather similar to the dependence of standard CASSCF
calculations. The results are also dependent on m, but it was argued that by combining the energy difference
obtained upon increasing m with the discarded weight, a linear extrapolation to infinite m can be made to
eliminate this dependence. The comparison of the different active spaces reveals many of the well-established
mechanisms of magnetic coupling. The inclusion of LMCT or MLCT configurations without extending the
active space with orbitals that can relax these excitations does not lead to efficient coupling of the local spin
moments. Only very large active spaces with the metal orbitals, occupied ligand orbitals and the double-shell
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Figure 3.6 Schematic representation of the magnetic model of [CuCl-(imvdO)]⋅CH3OH. The face-to-face-
oriented units are considered as one magnetic center showing a gradual spin transition with weak cooperativity
due to the staggered magnetic interactions. Reproduced from L. Norel et al., 2011, with permission from John
Wiley & Sons. (See colour plate section)

orbitals for both lead to a satisfactory description of the coupling. Such large active spaces with up to 26
orbitals are of course only tractable within the DMRG scheme.

3.5 Spin States in Biochemical and Biomimetic Systems

In many cases, DFT is the only reasonable option to obtain information about the electronic structure of
biological systems [87]. The number of atoms that has to be considered for a good description is often too
large for wavefunction-based methods, especially when geometries have to be determined. However, many
biochemical systems contain one or more TMs in the active site, and hence, it is not surprising that one
encounters electronic structures with a high multiconfigurational character or situations where SCO plays
an important role. To what extent DFT is capable to accurately describe these situations is subject of debate
and depends most probably on the degree of accuracy one is looking for. Here, we will shortly discuss a
few applications of wavefunction-based methods to biochemical or biomimetic systems and focus on the
information that can be extracted from these calculations.

The binding of O2 to heme has been described in many different ways; the 1Fe(II)–1O2 model of Pauling;
the 2Fe(III)–2O2

− model of Weiss; with a 3Fe(II)–3O2 configuration by McClure; and with a three-center-
four-electron bond. None of these models give a satisfactory explanation of all the experimental results, and
it was suggested that the bonding of O2 to heme presents a high degree of multiconfigurational character.
Jensen and co-workers performed CASSCF calculations on the model system shown in Figure 3.7 and found
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Figure 3.7 Side and top view of the oxyheme model containing an Fe-porphyrin complex with O2 and imidazole
axial ligands. Reproduced from K. P. Jensen, et al., 2005, with permission from Elsevier.

indeed a very strong multiconfigurational character [88]. The analysis of the singlet ground state wavefunction
leads to the conclusion that the Pauling and the Weiss configurations have a nearly equal weight and that
the other configurations are also present in the wavefunction with non-negligible weights. The same model
system was used in a follow-up study [89] that explored the potential energy curves as function of the O2–Fe
distance. At large distance the 3O2 and HS Fe–porphyrin are coupled to a triplet state with the other spin states
(quintet and septet) very close in energy. The triplet curve shows a shallow minimum at a Fe–O2 distance of
2.6 Å, ascribed to the formation of a van der Waals complex. The triplet state becomes less stable than the
multiconfigurational singlet state around 1.9 Å and the oxyheme model goes to a second minimum at 1.82
Å, typical of a normal coordination bond. The energy barriers found in the study are compatible with the
reversibility of the binding process at room temperture, but it is clear that the model system is very small
and neglects the effect of the protein on the energetics. This was discussed in detail in the study of Shaik and
Chen [90], who found significant effects of the protein and were able to reconcile the wavefunction and DFT
description of the binding of O2 to the heme group.

Radoń and Pierloot extended the study by comparing the bonding properties of O2, NO and CO to the
heme model [91]. The relative energies of the spin states of the free Fe–porphyrin with and without the imi-
dazole group were investigated, and it was concluded that only in the first case CASPT2 reproduces correctly
the experimental ground state, while in the latter the stability of the quintet is slightly overestimated. It was
suggested that larger basis sets and spin–orbit coupling are needed to obtain the triplet ground state. The bind-
ing energies (with a semi-empirical correction for the protein effect) of the three molecules were reproduced
within 2–3 kcal/mol precision. The binding of NO to the heme model is interesting from a conceptual point
of view since it is accompanied by a significant rearrangement of the electronic structure. This is reflected in
the CASSCF spin density, which is delocalized over both subsystems. The spin density calculated with DFT
methods is strongly dependent on the functional and cannot be conclusive on this point. This behavior was
confirmed in a DMRG study of the [Fe–NO]2+ model [92]. To check the reliability of DMRG to produce
spin densities, the authors first compare the DMRG spin density to the CASSCF results using a (7, 7) active
space in both cases. The two spin densities are indistinguishable, and hence, the active space was expanded to
13 electrons in 29 orbitals using 2048 states in the renormalization procedure. This DMRG spin density was
converged with respect to all computational parameters and can be considered as the benchmark to assess the
reliability of other methods. While the DFT results are completely erratic in this case, the CASSCF results up
to active spaces with 14 orbitals are oscillating around the DMRG result. They resemble the benchmark but
show qualitative differences, demonstrating the shortcoming of not being able to go beyond the ∼16 active
orbitals limit.

In many cases, a good impression of the electronic structure can be obtained by looking at the weights of
the CSFs in the multiconfigurational wavefunction. However, this becomes cumbersome and even misleading
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when the molecular orbitals used to express these CSFs are delocalized over various atoms. In these cases the
assignment of a certain character (neutral, LMCT, MLCT, etc.) to the different CSFs becomes arbitrary. A
better strategy is to transform the active orbitals in such a way that they become localized on atoms (or groups
of atoms) and re-express the CASSCF wavefunction in the basis of the localized atoms. This orthogonal
valence bond strategy was applied to further elucidate the bonding of the noninnocent ligand NO to Fe in a
series of different biomimetic complexes [93]. With the active orbitals localized on the NO group or the iron
atom, the wavefunction can be interpreted in terms of Fe(III)–NO− and Fe(II)–NO0 configurations without the
complication of delocalization of the electrons via the molecular orbitals. These two configurations contribute
nearly equal to the wavefunction, and the oxidation state of Fe was assigned to be somewhere in between
II and III. This kind of wavefunction analysis has been used in many applications of ab initio methods to
spin state problems and is especially appealing, because it boils down a complicated multiconfigurational
wavefunction into a few configurations that closely follow experimental interpretations of many phenomena
in (bio-)inorganic systems or spin crossover complexes [77, 80, 94–96].

3.6 Two-State Reactivity

Finally, a few words about the application of wavefunction-based methods to two-state reactivity that is
accompanied by one or several changes in the spin state. Most thermal chemical reactions take place on a
potential energy surface that conserves the spin state – often a singlet – and the spin degree of freedom is
therefore not considered. However, in some cases intersystem crossings can speed up a reaction, and spin
moments and spin–orbit coupling become essential for a correct interpretation of the mechanism [97, 98].
This two-state-reactivity was first described for the reaction of FeO+ with H2 to form H2O and Fe+ but has
ever since been recognized in many (bio-)inorganic reactions [99, 100]. In such cases, a theoretical explo-
ration of the reaction path not only requires the localization of the maxima along the minimal energy path
that connects the different minima (i.e., the transitions states) but also the points where the surfaces of the
different spin states have the same energy. Due to the sizeable spin–orbit coupling of the transition metals, the
interaction between the two spin states is significant around the crossing points, and the system can change
its spin angular momentum, being formally forbidden when spin–orbit coupling is neglected.

The computational schemes to find the minimal energy crossing points (MECP) on the ground state energy
surface in many (bio-)chemical reactions with TMs rely on density functional theory, but there have been
several applications in the field of two-state reactivity with wavefunction-based methods [100–103]. One
of the reasons for the limited number of studies is the fact that accurate geometries of the MECPs are not
easily obtained with wavefunction-based methods that account for dynamic electron correlation. Only for
small (model) systems one may hope to find the geometries of the special points on the potential energy
surface with correlated wavefunctions. Furthermore, ground state reactivity is more easily described with
DFT than reactivity on excited state surfaces as in photochemistry where multiconfigurational wavefunction
applications are more dominant. It should, however, be kept in mind that around the crossing points, the
multiconfigurational character and the mixing of the different spin states may require a treatment that goes
beyond the single determinant approach inherent to DFT.

3.7 Concluding Remarks

The application of wavefunction-based methods to spin states problems in (bio-)inorganic chemistry is cer-
tainly not a black-box procedure and counts with limitations concerning the number of atoms that can be
treated. However, these systems often contain transition metals with partially filled d-shells and the use of
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methods that rigorously define spin eigenstates and consider a multiconfigurational situation from the start
count with important advantages. Provided that the computational parameters are properly choosen, the out-
comes of the computational study are in general accurate and can be improved in a systematic way. More
importantly, the multiconfigurational wave function is a rich source of information, which is not sufficiently
exploited in many cases. The analysis of the wavefunction in terms of (orthogonal) valence bond structures
or the extraction of effective Hamiltonians plays a key role in constructing a bridge between the complex out-
comes of the calculations and the simple concepts that chemists use to rationalize experimental observations.
The examples discussed in this chapter show that the role of wavefunction-based methods goes beyond being
a mere benchmark for computationally cheaper methods and that they are essential for a good understanding
of the rich and complicated chemistry of systems with unpaired electrons.
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[26] D. Escudero and L. González, RASPT2/RASSCF vs range-separated/hybrid DFT methods: assessing the excited
states of a Ru(II)bipyridyl complex, J. Chem. Theory Comput. 8, 203–213 (2012).

[27] T. Fleig, J. Olsen and C. M. Marian, The generalized active space concept for the relativistic treatment of electron
correlation. I. Kramers-restricted two-component configuration interaction, J. Chem. Phys. 114, 4775–4790 (2001).

[28] J. Ivanic, Direct configuration interaction and multiconfigurational self-consistent-field method for multiple active
spaces with variable occupations. I. Method, J. Chem. Phys. 119, 9364–9376 (2003).

[29] L. Roskop and M. S. Gordon, Quasi-degenerate second-order perturbation theory for occupation restricted multiple
active space self-consistent field reference functions, J. Chem. Phys. 135, 044101 (2011).

[30] G. Li Manni, F. Aquilante and L. Gagliardi, Strong correlation treated via effective Hamiltonians and perturbation
theory, J. Chem. Phys. 134, 034114 (2011).
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[102] J. A. Gámez, L. Serrano-Andrés and M. Yañez, Two- and three-state conical intersections in the electron capture
dissociation of disulfides: the importance of multireference calculations, Int. J. Quantum Chem. 111, 3316–3323
(2011).

[103] T. Tsuchiya and B. O. Roos, A theoretical study of the spin-forbidden reaction Fe(CO)4+CO → Fe(CO)5, Mol.
Phys. 104, 1123–1131 (2006).



4
Experimental Techniques for Determining

Spin States

Carole Duboc and Marcello Gennari
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4.1 Introduction

The main objective of this chapter is to give an overview of the different available techniques to probe the
electronic properties of transition metal complexes or metalloproteins, with a special focus on the determina-
tion of the spin (and oxidation) state of the metal center (An electronic spin state is identified by the total spin
quantum number S. The corresponding (2S + 1) ms levels can be split in the presence of interactions (Zee-
man effect, zero-field splitting.). In this context, we will concentrate on the most appropriate and common
techniques to address this issue, including magnetic susceptibility and magnetization measurements, electron
paramagnetic resonance (EPR), Mössbauer and NMR spectroscopy as well as X-ray absorption and emission
techniques. Our goal is to briefly introduce the technical and theoretical basics of each of these techniques and
then to discuss more specifically how these can give insight into the spin state through the pertinent electronic
parameters or physical data deduced from experiments.

Two or more techniques are generally required to unambiguously establish the spin state of a com-
plex. In fact, these methods are often complementary and/or specific for a type of metal or spin state
(integer vs. half-integer). For example, a straightforward determination of the spin state by X-ray and
Mössbauer spectroscopy requires investigation on series of compounds at different spin states, or com-
parison with reference compounds. Therefore, the choice of the most appropriate technique(s) will
strictly depend on the system under investigation. The relative strengths and weaknesses of these tech-
niques are summarized in Table 4.1 together with some practical aspects related to the nature of the
samples.
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Table 4.1 Strengths and weaknesses of the main experimental techniques for spin state determination.

Techniques Sample Strengths Weaknesses Ref.

Magnetic
measurements

Mainly in solid state
(powder, single
crystal, etc.)

Widely used (integer and
half-integer spin, mono- and
polynuclear systems)

Requirement of
high sample
purity

Complications for
proteins (highly
diamagnetic
contribution)

Challenging
analysis in
solution

[1–4]

EPR spectroscopy All types (liquid,
frozen solution,
powder, single
crystal, etc.)

High sensitivity
Easy determination of S for

half-integer spin systems
Investigation of mixtures

Challenging
analysis for
integer spins

Low temperature
often required

[5, 6]

Mössbauer
spectroscopy

57Fe-enriched
samples
commonly
required

Sample embedded
in a solid lattice
(powder, frozen
solution, etc.)

All Fe spin states (including S = 0)
Analysis of mixtures

Only for Fe
complexes

Enriched samples
Need of reference

systems

[7–10]

NMR spectroscopy Solution Spin state in solution at ambient
temperature

Direct discrimination between
diamagnetic and paramagnetic
species

Challenging
interpretation of
spectra

Spin-only S value
(Evans method)

[11–14]

X-ray absorption and
emission

All types Element-sensitive
Never silent sample

Need of
synchrotron
radiation

Need of reference
systems

[15–17]

X-ray magnetic circular
dichroism

All types Element-sensitive
Complementary information

about S (spin distribution,
magnetic coupling, etc.)

Need of
synchrotron
radiation

[18]

Heat capacity Mainly in solid state Thermodynamic information
Easy detection of spin transitions

Only indirect
information (on S)

Challenging
extraction of the
magnetic
contribution to
heat capacity

[19]

Neutron
scattering/diffraction

Single crystals
(PND)

Solid state (INS)

Spin density distribution (PND)
Energetics of spin states, insights

into excited S states (INS)

Need of a neutron
beam reactor

[20, 21]

PND, polarized neutron diffraction; INS, inelastic neutron scattering.
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In this chapter, only transition metal systems have been considered (the case of lanthanide systems is not
treated) and, for simplicity, we mainly focus on mononuclear complexes (with extension to dinuclear sys-
tems in the Section 4.2). The theoretical description of the different interactions that might account for the
electronic and magnetic properties of the systems is summarized in the Appendix section. If the reader is inter-
ested in a more extensive description of these physical methods, reviews and books defining their theoretical
fundamentals, technical description, and/or applications are given in Table 4.1.

It should be noticed the remarkable impact of quantum chemistry on this domain. By helping in the analysis
of experimental data, theoretical calculations have decisively contributed to remarkable advances in several
techniques.

4.2 Magnetic Measurements

The most widely used method to characterize the electronic spin state of transition metal complexes is the
measurement of the macroscopic magnetic properties: magnetization M and magnetic susceptibility 𝜒 . When
a sample is introduced into an external magnetic field H, it responds by acquiring a magnetization M, which
is related to the sample energy (E) variation through equation (4.1).

M = − 𝜕E
𝜕H

(4.1)

The field dependence of M defines the magnetic susceptibility as shown in equation (4.2) (In this section, we
have adopted the cgs-emu unit system, which is more widely used than the SI system in the area of molecular
magnetism field: M and 𝜒 indicate molar quantities.)

𝜒 = 𝜕M
𝜕H

≈ M
H

in the low-field limit (4.2)

If M is negative (repulsion of the sample by H), the substance is diamagnetic, while if M is positive (attrac-
tion of the sample by H), the substance is paramagnetic. Paramagnetism is the dominant behavior of sub-
stances that have an intrinsic magnetic moment as a consequence of the presence of at least one unpaired
electron (S ≥ 1/2). Highly sensitive superconducting quantum interference device (SQUID) magnetome-
ters are routinely used to measure both M and 𝜒 for paramagnetic samples. In a SQUID magnetometer,
a current is induced by a magnetic flux change caused by a sample that is moved through the coils of a
solenoidal superconducting magnet. This current is converted into a voltage that is proportional to the mag-
netic moment of the sample. Measurements can be carried out at variable temperatures (in the ∼50 × 10−3 to
300 K range) or at variable fields (up to 16 T), typically on polycrystalline solids. Measurements in solution,
required for paramagnetic metalloproteins, are not straightforward. Sample purity is a crucial prerequisite
for reproducible magnetic measurements, with the presence of ferromagnetic impurities being particularly
problematic.

The next step is to understand how molar susceptibility and magnetization of the macroscopic sample are
related to the spin state of the corresponding molecular system. In the presence of an external magnetic field
H, macroscopic molar magnetization M can be considered as a sum of the microscopic magnetic moments
(𝜇n) associated with the different ms energy levels of the system (En), see equation (4.3).

𝜇n = −
𝜕En

𝜕H
(4.3)
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By weighting these microscopic magnetizations according to the Boltzmann distribution law, the funda-
mental expression of molecular magnetism, equation (4.4), is obtained.

M = NA

∑
n −(𝜕En∕𝜕H)e−En∕kBT

∑
n e−En∕kBT

(4.4)

Knowledge of the field dependence of En is therefore essential in order to obtain M. A perturbation theory
approach and the introduction of some approximations lead to the Van Vleck formula, equation (4.5).

𝜒 =
NA

∑
n

[
E(1)2

n

kBT
− 2E(2)

n

]
e−E(0)

n ∕kBT

∑
n e−E(0)

n ∕kBT
(4.5)

This expression can be applied to paramagnetic systems in the low-field limit (low H/kBT ratio), where 𝜒

is a constant with changing H. Here, E(0)
n is the energy of the nth level in a zero field, E(1)

n and E(2)
n are the

first-order and second-order Zeeman coefficients, respectively, which can be obtained by a suitable analysis
of the problem at the quantum level. It should be kept in mind that individual (molecular) magnetic moments
result from summing over the orbital and spin angular momenta. However, in coordination complexes or
metalloprotein metal sites, the orbital momentum is quenched in most cases and it does not contribute to the
magnetic properties of the compound. In this spin-only approximation, the Van Vleck expression is reduced
to equation (4.6), where the g parameter is defined in the Appendix section, equation (4.A.1).

𝜒T = C =
NA

3kB
g2S(S + 1)𝜇2

B (4.6)

This expression is in agreement with the empirical Curie law (𝜒T = C, where C = Curie constant) that
predicts the temperature independence of the 𝜒T product at low fields for a spin-only system. Note that, an
estimation of the Curie constant at room temperature gives a good indication of the spin state S of the system.
With increasing fields, the Van Vleck formula and Curie law are inapplicable. Under these conditions, the
following spin-only formula, equations (4.7a–4.7c), should be used:

M = MsatB(y) (4.7a)

Msat = NAgS𝜇B (4.7b)

B(y) = 2S + 1
2S

coth
(

2S + 1
2S

gS𝜇BH

kBT

)
− 1

2S
coth

(
gS𝜇BH

kBT

)
(4.7c)

The competition between the aligning nature of the magnetic field and the randomness of thermal energy
appears as the argument of B(y) named as the Brillouin function. When the ratio H/kBT is sufficiently large,
M approaches saturation asymptotically at its upper limit Msat, corresponding to the situation in which all
microscopic magnetic moments align with the external field (Figure 4.1).

Based on the above theoretical background, a basic experimental magnetochemical characterization usually
comprises two complementary measurements:

1. Determination of the molar susceptibility 𝜒 as a function of temperature (at low and constant field, for
which the M/H ratio is linear and thus equation (4.6) can be applied).

2. Saturation magnetization measurements, that is, determination of M as a function of field (at low and
constant temperature).
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Figure 4.1 Magnetization saturation plots for S = 1/2, S = 5/2, and S = 7/2 systems. Reproduced from [3] with
permission from John Wiley & Sons.

Saturation magnetization measurements are frequently used in the most controversial cases to establish
unequivocally the spin ground state of spin-only systems, as a consequence of the strong dependence of B(y)
on the value of S: saturation occurs at lower field for higher S (see Figure 4.1 and equation (4.7)). How-
ever, the key experiment for determining the spin state of a new magnetic material is the measurement of the
temperature-dependent susceptibility. The data can be plotted in three standard formats: 𝜒 versus T; 𝜒−1 ver-
sus T; and 𝜒T versus T, the third option being the most versatile one. Experimentally, an ideal Curie behavior
(equation (4.6)) is rarely observed, implying that the 𝜒T product is not constant over the entire range of tem-
perature. For example, for mononuclear octahedral 3d complexes, only the high-spin 3d5 configuration strictly
obeys the Curie law. On the other hand, the 𝜒T product generally approaches the value of the Curie constant
at high temperature, while important deviations are often observed at lower temperature. These deviations
occur because the electronic spins are never strictly isolated, due to interactions:

1. with their chemical environment, giving rise to g-anisotropy, zero-field splitting (zfs), and/or an
unquenched magnetic orbital moment in the ground state;

2. with other spins, giving rise to exchange interaction in polynuclear complexes.

Further complications in the 𝜒T versus T plots might come from magnetic phase transitions, temperature-
independent paramagnetism (TIP), or the presence of highly paramagnetic or ferromagnetic impurities.

The interpretation of the resulting complex temperature dependencies of magnetic susceptibility is not
straightforward and experimental data must be modeled with an appropriate Spin Hamiltonian, taking into
account all interactions involved in the system. Starting from a specific Spin Hamiltonian, the E(0)

n , E(1)
n , and

E(2)
n coefficients are determined and used in the Van Vleck formula in order to simulate the temperature-

dependent 𝜒 value. This approach allows determination of the spin state S of the system, the interactions
of the spin with its chemical environment (g-factor, zfs) or the presence of spin–spin interactions (exchange
coupling).
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4.2.1 g-Anisotropy and Zero-Field Splitting (zfs)

g-Anisotropy has negligible effects on 𝜒T versus T plots. However, g should be replaced with giso in equa-
tion (4.6), where giso

2 = (g2
x + g2

y + g2
z )/3, gx, gy, and gz being the three principal g values associated with

specific orientations of the molecule. On the other hand, for S > 1/2 systems, zfs (equation 4.A.3) leads to
deviations of the magnetic susceptibility with respect to the Curie law at very low temperatures, when the 𝜒T
ratio becomes small with respect to the zfs axial parameter D. For example, in the axially distorted octahedral
Ni(II) complex of Figure 4.2 (3d8 configuration, S = 1), the small zfs between the ms = ±1 doublet and the
ms = 0 singlet state significantly affects the 𝜒T plot below ∼15 K [22]. The variations of 𝜒T are not very sen-
sitive to the sign of D and even less so as to the zfs rhombic parameter E, so that it is difficult to unambiguously
determine the sign of D and to estimate E from basic powder 𝜒 measurements.

4.2.2 Unquenched Orbital Moment in the Ground State

The reduction to spin-only magnetism for transition metal complexes is a consequence of the ligand field
that – through spin–orbit coupling (equation 4.A.5) – lifts the orbital degeneracy of the L > 0 terms, thereby
quenching the orbital momentum. However, this quenching is not complete for certain configurations (e.g.,
T states of octahedral complexes). In these cases, an example of which is mononuclear high-spin cobalt(II)
complexes (3d7) in an octahedral geometry, magnetic anisotropy is often important (much larger than zfs),
and the average susceptibility may not follow the Curie law, even at relatively high temperature. To predict
𝜒T versus T curves, the spin–orbit coupling contribution should be included in the theoretical model.

4.2.3 Exchange Interactions

If spins are not independent but interacting, the ability of an external field to orient a specific moment against
thermal fluctuations also depends on the orientations of the moment’s neighbor(s). Spin–spin interactions can

Figure 4.2 (a) Example of 𝜒T versus T plot for an S = 1 axially distorted octahedral Ni(II) complex and (b)
corresponding scheme of energies of the |S,ms> states (D > 0) as a function of the applied field H. Reproduced
from [22] with permission from Elsevier. (See colour plate section)
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Figure 4.3 Energy diagram (a) and temperature dependence of 𝜒T (b) and 𝜒
−1 (c) versus T plots for a ferromag-

netically or antiferromagnetically coupled (vs. uncoupled) S = 1/2 dimer (calculated from the Spin Hamiltonian
of equation (4.A.4)). Reproduced from [3] with permission from John Wiley & Sons.

be categorized as either ferromagnetic or antiferromagnetic, arising from parallel or antiparallel alignment
between spins, respectively. In the simplest case, the isotropic Heisenberg–Dirac–Van Vleck Hamiltonian of
equation (4.A.4) describes the interaction between spins S1 and S2. For example, if we consider a dimer with
S1 = S2 = 1/2, the spins can couple to form a Stot = 0 singlet or a Stot = 1 triplet state, where Stot is the ground
spin state for the dimeric system (Figure 4.3).

The energy of the singlet state will be lower than that of the triplet for Jex < 0 (antiferromagnetic case),
and the two levels will be inverted for Jex > 0 (ferromagnetic case), with an energy gap Jex. Determination
of Stot for the coupled system (from 𝜒T vs. T plots) allows insights into the individual S1 and S2 spins. From
the 𝜒T plot of Figure 4.3, the antiferromagnetic dimer has a rounded susceptibility that decreases to zero
exponentially at low temperature. In contrast, the susceptibility of the ferromagnetic dimer increases with
limit at low temperatures. Caution should be used in the interpretation of these plots, as unquenched orbital
contribution could give rise to very similar 𝜒T temperature dependencies.

Alternatively, a 𝜒
−1 versus T plot can be used to detect exchange interactions. Actually, spin–spin inter-

actions lead to susceptibilities whose temperature dependence can be described by the Curie–Weiss law,
equation (4.8), where 𝜃 is the Curie–Weiss constant.

𝜒 = C
T − 𝜃

(4.8)

This means that spin–spin interactions can be recognized by means of the intercept of a 𝜒−1 versus T plot.
This intercept corresponds to 𝜃, which is strictly related to the exchange energy Jex. Positive and negative
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Weiss temperatures correspond to predominant ferromagnetic and antiferromagnetic coupling, respectively.
It is important to note that the Curie–Weiss law can be applied only at sufficiently high temperatures (T should
be much higher than the magnitude of 𝜃), and in the absence of orbital contributions to spin.

4.2.4 Spin Transitions and Spin Crossover

Measurement of magnetic susceptibility as a function of temperature is the principal technique for the
characterization of spin transition and spin crossover compounds. The transition from a strongly para-
magnetic high-spin state to a weakly paramagnetic (or diamagnetic) low-spin state is reflected in a
more or less drastic change in the magnetic susceptibility. Spin crossover will be discussed in detail in
Chapter 5.

4.3 EPR Spectroscopy

Electron paramagnetic resonance (EPR) spectroscopy is a powerful technique for investigating the spin and
oxidation states of all systems containing at least one unpaired electron (S ≥ 1/2), including paramagnetic
transition metal complexes. More generally, EPR provides information on the geometric and electronic struc-
tures of these systems.

When an unpaired electron (S = 1/2) is placed within an applied magnetic field B0 = 𝜇0H (in SI units), the
magnetic moment associated with its spin interacts with B0. As a consequence of this interaction, known as
the electronic Zeeman effect (equation 4.A.1), the degeneracy of the mS = ±1/2 energy levels (also called the
Kramers doublet) is lifted resulting in the splitting of two levels with different energies, given by equation
(4.9).

E = g𝜇BB0ms (4.9)

An absorption occurs when the energy of a microwave (GHz) radiation h𝜈 (𝜈 = radiation frequency), pro-
vided by the EPR spectrometer, matches the energy difference between the two mS = ±1/2 levels leading to
the transition of an electron from the lower mS = −1/2 state to the higher mS = +1/2 level (see equation (4.10)
and Figure 4.4a).

h𝜈 = g𝜇BB0 (4.10)

In a common cw-EPR experiment, the frequency of the radiation is kept constant and the applied magnetic
field is swept until the resonance condition is fulfilled. Typically, EPR experiments are conducted at X-band
(9.4 GHz, 0.3 cm−1, g = 2 at 0.330 T) and, less commonly, Q-band (34 GHz, 1.2 cm−1, g = 2 at 1.250 T)
frequencies, with magnetic fields generally in the range 0.6–1.7 T. To improve the sensitivity of the technique,
magnetic field modulation is used leading to an EPR signal appearing as a first derivative of the absorption
signal (see Figure 4.4c).

EPR spectrum of an S = 1/2 system. This spin state is easily identified, because a single line at around
g = 2 is expected for S = 1/2 in solution (isotropic medium), corresponding to the |1/2,-1/2> → |1/2,+1/2>
transition. Additional features can appear due to the interaction between the unpaired electron and the nuclear
spin (I) of the metal ion or of the bound atoms (see some examples in Figure 4.4d). When I ≠ 0, the EPR
signal is split into several lines (2nI + 1, where n = the number of nuclei with spin I interacting with S).
In most cases, EPR spectroscopy is thus a well-adapted technique to detect and quantify this interaction,
known as hyperfine coupling (A parameter of equation (4.A.2)). The S = 1/2 EPR spectra become even more
complicated, when recorded on a frozen solution or powder, because the anisotropy of the Zeeman inter-
action becomes observable (see some examples in Figure 4.4d). Indeed, such spectra are the result of an
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Figure 4.4 (a) Energy levels of an electron in an applied magnetic field. Absorption (b) and the first derivative
(c) EPR spectra. (d) Typical frozen solution EPR spectra of S = 1/2 systems, recorded on mononuclear Cu(II),
V(IV), and Co(II) complexes. The two first spectra are axial while the last one is rhombic. The g-values as well as
the A-values are given.

addition over all molecular orientations with respect to the applied magnetic field, with three principal values
(often referred to as gx,y,z) associated with specific orientations of the molecule. Consequently, the shape of
the resulting spectrum will depend on the symmetry of the metal ion: one, two, or three lines are observed
for an isotropic (gx = gy = gz = giso), axial (gx = gy = g⟂ ≠ gz = g||), or rhombic (gx ≠ gy ≠ gz) system,
respectively.

Half-integer (Kramers) spin state systems with S > 1/2. For the S = 3/2 and S = 5/2 Kramers systems, the
spin–lattice relaxation becomes faster, and the observation of EPR features generally requires low (N2) or
very low (He) temperatures. The resulting EPR spectra are also more complicated and much broader, with
additional lines arising from the increasing number of Kramers doublets (e.g., ms = ±1/2, ms = ±3/2, and
ms = ±5/2 for S = 5/2, Figures 4.5 and 4.6). More importantly, the shape of the spectra will depend on the
zfs interaction (described by the D and E parameters, see equation (4.A.3)) and the Kramers systems will be
divided into two categories, depending on whether the zfs magnitude is smaller or larger than the microwave
frequency of the EPR spectrometer.

In the main cases, zfs is the dominant interaction at the X-band and therefore these half-integer spin state
systems (S = 3/2 and S = 5/2) can easily be distinguished from S = 1/2 because they all display, at least, one
EPR feature at a magnetic field corresponding to a g-value (named geff) higher than 4, due to a intra-doublet
transition different from the central |S, −1/2> → |S, +1/2> feature (see Figure 4.5).

In such conditions, transitions only occur between the Kramers doublets because the doublet pairs are well
separated from the other pairs, implying the absence of inter-doublet transitions. Diagrams like those of Figure
4.5, known as rhombograms, are very useful to analyze such X-band spectra by predicting the resonance field
(in terms of geff) of the expected transitions as a function of the E/D ratio. The oxidation and spin state of the
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Figure 4.5 (a) Energy level diagram with the magnetic field applied along the z-axis, for an S = 5/2 system with
zfs being the dominant interaction (i.e., D ≫ h𝜈). At zero field, the three degenerate Kramers doublets are split
because of the zfs interaction. An applied magnetic field lifts the degeneracy of the Kramers doublets. Three intra-
doublet transitions are thus expected. (b) A rhombogram for an S = 5/2 system, valid if D ≫ h𝜈 and assuming giso
= 2.00. Reproduced from [6] with permission from Royal Society of Chemistry. The geff-values of the three intra-
doublet transitions (in the three principal orientations of the system, x, y, and z) as a function of the rhombicity
(E/D) are displayed. (c) 17 K X-band EPR spectrum of a high-spin ferric heme (lignin peroxidase), characterized
by an E/D ratio around 0.03. Reproduced from [23] with permission from Biochemical Society. The geff-values are
indicated in the rhombograms by a dotted line.

species can thus be easily established. The investigation of the relative intensity of the different intra-doublet
transitions as a function of temperature can also provide an estimation of the zfs.

The unambiguous analysis of such systems requires the high-field limit condition to be fulfilled (i.e.,
the magnitude of zfs to be much smaller, by at least a factor of 50, than the energy of the microwave
quantum provided by the spectrometer). Under these conditions, the Zeeman effect dominates over the zfs
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Figure 4.6 Energy level diagram of the six Zeeman levels with the magnetic field applied along the z-axis for an
S = 5/2 system under high-field limit conditions (i.e., D ≪ h𝜈). The reported inter-doublet transitions correspond
to an energy of 230 GHz. Powder 230 GHz-EPR spectra of a mononuclear high-spin S = 5/2 Mn(II) complex
([Mn(terpy)(Br)2]) at different temperatures (D = +0.605 cm−1, E/D = 0.26, giso = 2.00) (bottom). Reproduced
from [24] with permission from Springer Science and Business Media.

and inter-doublet transitions occur according to the selection rule, ΔmS = ±1 (see the case of S = 5/2 in
Figure 4.6).

For an S = 3/2 (5/2) spectrum, three (five) transitions are expected for each of the three orientations of
the magnetic field associated with specific orientations of the molecule. The central line corresponds to the
contribution of the |S, -1/2> → |S, +1/2> transition along x, y, and z and is centered around g = 2. With
respect to the position of this central line, the field position of the other transitions depends linearly on the zfs
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parameters. The spin state of the system can thus be easily deduced from a simple analysis of the spectra as
well as the zfs since the field difference between two subsequent transitions along the z-axis is equal to 2D.
Interestingly, the sign of the zfs can also be determined at low temperature by the field position of the |S, -mS>

→ |S, (-mS+1)> transition along z.
Technically, the high-field limit condition is reached by modulating the microwave frequency (and the

corresponding magnetic field range). Nevertheless, only a few spectrometers with higher than X- and Q-
band frequencies are commercially available, namely W-band (95 GHz, 3 cm−1) and, more recently, D-band
(140 GHz and 263 GHz). Two options are therefore possible. The first is to use high field and high frequency
EPR (HF2-EPR) spectrometers, which can use multi-frequencies up to, and beyond 1 THz associated with
magnetic fields up to several Tesla (45 T). Such experimental conditions are available only in two laboratories
worldwide (France and United States), and the main limitation of these home-build machines is in their low
sensitivity. The second, and most convenient, method is to carry out EPR experiments at different frequencies
(X-, Q-, and if possible W-band frequencies). From such combined data, the spin state of the system should
be afforded as well as an acceptable description of its electronic structure.

Integer spin states. These systems, also called non-Kramers systems, are not obvious candidates for the
study by EPR spectroscopy. The essential difference between integer and half-integer spin states arises from
the fact that the energy levels are organized in doublets and one singlet (ms = 0), see, for example, the case
of S = 1 in Figure 4.2b. In addition, the doublets are commonly split even in the absence of a magnetic field,
due to the rhombic E term of the zfs, with a splitting generally greater than the energy of the X- and Q-band
spectrometer. Consequently, it is therefore common that no signal is observed for non-Kramers systems at X-
and Q-band frequencies. However, the absence of an EPR spectrum does not demonstrate that the system is
diamagnetic. A convenient way to observe X-band EPR feature(s) of integer spin state systems is to carry out
experiments with the applied magnetic field (B0) and the magnetic field of the incident microwave radiation
(B1) parallel to one another, instead of perpendicular. The parallel magnetic field orientation allows transitions
between closely spaced non-Kramers doublets to be observed with signal intensities that are many orders of
magnitude larger than with the corresponding perpendicular magnetic field orientation. However, up until
now, observation of features arising from the mS = ±2 of S = 2 spin states species is still more common
(Mn(III), for instance), and it is much more difficult to observe S = 1 systems, since their detection by X-
band EPR is extremely limited. This is related to the spin state, as the effect of E decreases with non-Kramers
doublets of increasing values of ±mS, see equation (4.A.3). For example, for an S = 2 spin state, the E-term
only splits the ±2 non-Kramers doublet to second order.

Ultimately, HF2-EPR is the most appropriate technique to investigate the electronic structure of integer
spin systems.

4.4 Mössbauer Spectroscopy

57Fe Mössbauer spectroscopy is a convenient technique to investigate the electronic structure of a Fe system
regardless of its spin and oxidation states, by probing the local nucleus of the Fe atom (Iron is the element
that is most often observed through Mössbauer spectroscopy, as its 57Fe isotope emits a low energy 𝛾-ray and
has an excited nuclear state of long duration, all characteristics required to observe a Mössbauer spectrum.).
This technique is based on the absorption of 𝛾-radiation by an atomic nucleus (57Fe, 2.2% of abundance), the
resulting transitions occurring between its nuclear ground state (I = 1/2) and its first excited spin state (I =
3/2), see nuclear Zeeman effect (equation (4.A.6)). This resonance phenomenon, also called recoilless gamma
absorption, is related to the Mössbauer effect (see reviews outlined in Table 4.1 for a complete description
of this effect and a technical presentation of the Mössbauer spectrometer) and necessitates the sample being
embedded in a solid lattice (such as powder or frozen solution). Technically, a Mössbauer spectrum results in
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the counting of transmitted 𝛾-photons as a function of the source’s velocity (mm s−1), which is proportional
to 𝛾-radiation energy under the experimental conditions.

Mössbauer spectroscopy studies the interaction between the electromagnetic moment of the nuclear charge
and the electromagnetic field produced by electrons. This interaction gives splitting/shifting of the nuclear
energy levels, so that three hyperfine interactions can be investigated.

The isomer shift, 𝛿. The isomer shift (in mm s−1) corresponds to the relative energy shift between the
excited and ground states of nuclei in the source and absorber (Figure 4.7).
𝛿 measures the s-electron density at the nucleus, and hence is directly affected by the s-electron pop-

ulation and indirectly by the d-electron population of the valence shell (shielding effect). Therefore, 𝛿 is
directly related to the geometry and coordination sphere of the Fe atom and to its electronic properties.
The determination of the 𝛿 parameter is generally sufficient to establish the spin and oxidation states of
Fe species. A high (vs. low) oxidation state or low-spin (vs. high) state leads to a decrease of 𝛿. A low
coordination number of the Fe ion (4 vs. 6) or short bond lengths arising from soft ligands, such as sulfur
versus oxygen or nitrogen, also induce lower 𝛿 values. The diagram of Figure 4.8 correlates the isomer shift
measured at room temperature on a large number of Fe complexes with the oxidation and spin state of the
Fe ion [25].

An illustrative example is given by the spectra in Figure 4.9, recorded on a series of Fe-cyclam complexes,
with two azide ligands being either in a cis or trans configuration [26]. It can be observed that the isomer shift
increases when both Fe(III) complexes are reduced into the corresponding Fe(II) form, and also on moving
from low-spin complexes to high-spin complexes.
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Looking now more specifically at the spin state of the Fe compounds, for high-spin systems, the expected
tendency is observed, that is, the lower the oxidation state the more positive the 𝛿. However, this is not always
true for low-spin state compounds, for which 𝛿 are very close (e.g., it is generally impossible to distinguish
between low-spin Fe(II) and low-spin Fe(III)). In addition, for Fe(III) and Fe(II), low- and intermediate-spin
states cannot be distinguished exclusively by the isomer shift.

The quadrupole splitting, ΔE. The first nuclear excited state of 57Fe, I = 3/2 has a quadrupole moment
(as I > 1/2), so that its degeneracy is lifted by the interaction of this electric quadrupole moment with the
electric field gradient (efg), originating from an asymmetry of the electronic charge distribution around the
Fe nucleus, see equations (4.11) and (4.A.7).

ΔEQ =
(

eQVzz
2

)√
1 + 𝜂

2

3
(4.11)

Here, Q is the quadrupole moment of the I = 3/2 nuclear excited state, V is the efg tensor, and 𝜂 is the
asymmetry parameter of V (𝜂 = (Vxx − Vyy)/Vzz).

As a result, a so-called quadrupole doublet appears in the spectrum (instead of a singlet), arising from
two transitions between the nuclear ground state (I = 1/2, degenerate in the absence of a magnetic field)
and the excited nuclear state (I = 3/2), split into the mI = ±1/2 and mI = ±3/2 levels (see Figure 4.7). The
energy difference between the two peaks corresponds to ΔE, while 𝛿 is measured as the difference between
the midpoint of the doublet and zero on the velocity scale. Two factors contribute to efg: a nearby, noncubic
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Mössbauer spectra recorded at 77 K of the corresponding Fe(III) (middle) and Fe(II) (bottom) derivates. Repro-
duced from [26] with permission from American Chemical Society.

lattice environment and a noncubic electron distribution in the valence shell of the Fe ion. Consequently, ΔE
(in mm.s−1) provides insight about bond properties and local symmetry of the iron site, and within a series
of complexes, it can help to establish the oxidation and spin state of the Fe ion in a complementary manner
to the isomer shift.

The magnetic hyperfine interaction. By applying a magnetic field, magnetic hyperfine interactions can
be observed for all Fe systems arising from the splitting of both the nuclear ground and excited states (see
Figure 4.7), because of the nuclear Zeeman effect. The magnitude of the splitting depends on the magnitude
of the effective magnetic field at the nucleus (Beff), resulting from the addition of the applied magnetic field
and the internal magnetic field, which is specific to a given Fe system. The number of expected transitions
is limited to six in order to satisfy the selection rule ΔmI = 0, ±1. The analysis of such complex spectra can
confirm the spin and oxidation states of the system established from 𝛿 and ΔE and, more importantly, can
lead to the determination of all important electronic parameters.

Spin relaxation processes. As stated earlier, a Mössbauer resonance can appear as a doublet or a six-
line pattern, which is more or less resolved as a function of the recorded conditions. Two regimes should
be considered depending on the velocity of the electronic spin relaxation process (spin flips between two
mS levels) compared to the nuclear precession frequency (generally about 20 MHz). The fast relaxation
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conditions can be reached by increasing the temperature in the presence or absence of a weak applied mag-
netic field. However, at around 80 K and in the absence of an applied magnetic field, those conditions are
generally reached and lead to the observation of a doublet for all Fe species, allowing an easy determination
of the 𝛿 and ΔEQ parameters and thus the establishment of the spin and oxidation states. At low temperature
(4.2 K) and/or by applying a magnetic field, the slow relaxation conditions are reached, leading to more
complex Mössbauer spectra with at least one six-line pattern feature.

Finally, it is interesting to outline the specific behavior of iron species (see reviews in Table 4.1 for
explanations).

i. A six-line pattern spectrum is generally observed at 4.2 K even at zero magnetic field for half-integer
spin state systems.

ii. The Mössbauer spectra for integer spin state systems, recorded in the absence of a magnetic field, always
display a doublet at any temperature.

iii. In order to unambiguously identify an S = 0 spin state from half-integer spin states, the Mössbauer data
should be recorded with an applied magnetic field aligned both parallel and perpendicular to the 𝛾-rays:
only the singlet spin state will appear as a doublet under the perpendicular conditions.

Other interactions. The energy of the nuclear spin levels is also sensitive to other interactions, includ-
ing the zfs, the electronic Zeeman interaction (g), and the magnetic exchange coupling (J) for multinuclear
complexes. Therefore, many electronic parameters can be deduced from a deep Mössbauer investigation,
requiring low temperature and applied magnetic fields. However, under such conditions, the spectra usually
become remarkably complex and necessitate scrupulous analysis using a simulation program.

4.5 X-ray Spectroscopic Techniques

X-ray spectroscopic techniques involve transitions arising from either absorption (X-ray absorption spec-
troscopy, XAS) or emission (X-ray emission spectroscopy, XES), which probe the ground state to the excited
state or the decay process from the excited state, respectively. These techniques are among the most appro-
priate for providing the oxidation and spin state and offer two crucial advantages when compared to other
spectroscopic methods. First, signals are always detectable without the need for specific spin states or iso-
topic substitution. Second, both XAS and XES are inherently element-specific, and applicable to a wide range
of sample states and environments.

X-ray absorption (XAS). X-ray absorption spectroscopy is one of the best tools for investigating the local
chemical, electronic, and structural environment of a metal ion. It can be divided into X-ray absorption near-
edge structure (XANES), which provides information primarily about the electronics and symmetry of the
metal site (geometry, oxidation, and spin state), and extended X-ray absorption fine structure (EXAFS), which
provides information about the metal site environment (coordination number, types of ligands, and metal–
ligand distances) (see Figure 4.10). As EXAFS is uninformative as far as the metal oxidation and spin states
are concerned, it will not be discussed further in this chapter. Finally, the pre-edge region is also very sensitive
to the oxidation and spin state of the metal ion.

X-ray absorption spectroscopy involves the use of X-rays, which have sufficient high energy to eject a core
electron from an atom, via the photoelectric effect, to the excited electronic states (XANES) or to the contin-
uum (EXAFS), see Figure 4.10. Each core electron has a well-defined binding energy, and when the energy of
the incident X-ray is scanned across one of these energies, there is an abrupt increase in the measured absorp-
tion coefficient, the so-called absorption edge of the element. The absorption edges are labeled in the order
of increasing energy according to the electron that is excited (K-1s, LI-2s, LII, LIII-2p, etc.). Consequently,
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the choice of the energy of the X-rays generally determines the specific element being probed. In the case of
K-edge spectra, the intense edge absorption results from an electric dipole-allowed transition with ΔL (orbital
angular momentum) = ±1, while the weaker pre-edge intensity generally comes from a quadrupole-allowed
dipole-forbidden transition (ΔL = ±2).

L-edge XANES spectroscopy is expected to be more sensitive to the electronic and structural properties of
the metal ion with respect to K-edge spectroscopy. However, the interpretation of the data remains extremely
challenging. As a result, as far as biological samples are concerned, K-edge spectroscopy is much more used,
due to experimental considerations (e.g., hard vs. soft X-rays). Several factors directly influence the exact
energy of the edge including the charge density of the metal atom, itself influenced by the valence or oxidation
state. Consequently, the energy of the edge is proportional to the oxidation state of the absorbing atom: the
edge occurs at a higher energy the more positive the oxidation state of the atom. This can be rationalized by
considering that removing one electron from an atom that bears a higher positive charge is more difficult.
Another factor influencing the edge energy is the atomic number of the absorbing atom. As atomic number
increases, so does the corresponding edge energy (see reviews for plots of the energy of the edge as a function
of atomic number).

For open-shell transition metal complexes, the pre-edge region can be also very useful in providing addi-
tional insights into their electronic structure. The pre-edge features are related to transitions that occur between
the core level and the higher unfilled or half-filled orbitals (e.g., s → d), characterized by very weak intensity
and low resolution. However, they can be detected as they appear at energies slightly less than that of the main
absorption edge.

X-ray Emission (XES). Metal K𝛽 XES is a second-order process that begins with ionization of a 1s core
electron from the metal using high energy incident X-rays (also called hard X-rays), also used in K-edge
XANES (Figure 4.11). The energy of the photons emitted after the creation of a hole in the 1s shell is scanned
over the energy range of a fluorescence line. Consequently, the occupied states of the metal are probed.
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An XES spectrum can be divided into three regions: the K𝛼 lines, the K𝛽 main lines, and the valence-to-core
region, all being split into two features (K𝛼1/K𝛼2, K𝛽

′/K𝛽1,3, and K𝛽
′′/K𝛽2,5, respectively).

The K𝛽 main lines, assigned as 3p to 1s transitions, are known to probe the spin state at the metal center. In
particular, the intensity of the K𝛽

′ satellite line is sensitive to the evolution of the spin state through a series
of complexes: its intensity decreases when the spin is diminished (Figure 4.12). This has been tentatively
rationalized by the fact that it originates from the exchange interaction between the 3d electrons and the 3p
core hole left in the final state of the emission process. Also, the K𝛽1,3 line is shifted to higher energies when
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the spin state increases (Figure 4.12). Experimentally, the K𝛽
′ is easily observable as it is well separated from

the K𝛽1,3 main line due to the large 3p3d exchange interaction.
The K𝛼 lines result from 2p to 1s transitions and are also informative regarding the spin state but their

variations are not as striking as in the K𝛽 spectra. However, a remarkably better signal-to-noise ratio can be
achieved in the K𝛼 spectra. It has been observed that the broadening of both K𝛼 satellites increases signifi-
cantly with the spin state.

The valence-to-core region corresponds to transitions from valence orbitals to the 1s core hole. In particular,
the K𝛽2,5 lines are observed after transitions of electrons occupying valence molecular orbitals having strong
ligand p and some metal p character. These lines are thus sensitive to changes in the valence orbitals and also
provide information about the nature of metal–ligand bond.

4.6 NMR Spectroscopy

Two complementary NMR approaches can be adopted to identify the spin state of synthetic complexes or
metalloproteins in solution.

1. Determination of the magnetic susceptibility (Evans method).
2. Analysis and interpretation of paramagnetic NMR spectra.

Evans method. This method allows a fast and easy estimation of the magnetic susceptibility (𝜒) of a param-
agnetic sample in solution (typically, at ambient temperature), being complementary to the solid state 𝜒 value
obtained using a SQUID. In particular, 𝜒 is determined from the magnitude of the frequency shift induced by
the paramagnetic substance in the 1H NMR signal of a standard compound (Figure 4.13) [12].

Figure 4.13 Illustration of the Evans method (TMS as standard compound).
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In this case, the shift is small (∼102 Hz), as it is merely induced by the bulk susceptibility of the sample.
The sample is prepared in a coaxial NMR tube, with the inner and outer tubes, both containing the standard
compound (same solvent and concentration) in the presence or in the absence of a known amount of the para-
magnetic substance. Obviously, the reference compound (such as cyclohexane or tetramethylsilane, TMS)
should be chemically inert to prevent any interaction with the paramagnetic molecule. The 1H NMR spec-
trum of the reference compound recorded in the coaxial tube will exhibit two signals whose shift difference,
called the paramagnetic shift, Δ𝜈, can be related to the molar susceptibility (𝜒) of the dissolved paramagnetic
substance, see equation (4.12).

𝜒 ≈ MW

(
𝜒0 +

3000Δ𝜈
4𝜋𝜈0cMW

)
(4.12)

where 𝜒0 is the mass susceptibility of the pure solvent (cgs units), Δ𝜈 is the paramagnetic shift (Hz), 𝜈0 is
the operating RF frequency of the spectrometer (Hz), c is the concentration (mol L−1) of the paramagnetic
molecule, and MW is its molecular weight. It is important to note that equation (4.12) is valid only when Δ𝜈
is measured in standard high field spectrometers employing superconducting magnets, in which the magnetic
field is oriented parallel to the tube axis [14]. In contrast, in old low-resolution (∼60 MHz) NMR spectrom-
eters, where electromagnets create a field perpendicular to this axis, the second term of the sum should be
multiplied by a factor of two. The paramagnetic contribution to 𝜒 is determined after diamagnetic corrections.
In synthetic complexes, the diamagnetic contribution from the ligand(s) can be easily derived from reported
Pascal’s constants, while for metalloproteins, measurements on the corresponding apoprotein (blank sample)
are required. In the spin-only approximation, a quite good estimation of the spin state S of the system can be
obtained from equation (4.6) (Curie law). The estimation becomes less accurate when spin interactions, for
example, a magnetic exchange coupling, occur (see Section 4.2).

Analysis and interpretation of paramagnetic NMR spectra. A straightforward method to distinguish
between diamagnetic (S = 0) and paramagnetic (S ≥ 1/2) synthetic complexes or metalloproteins is by record-
ing their NMR spectra (see the example of Figure 4.14 and Chapter 16).

The NMR spectra of paramagnetic species, in which the NMR active nucleus is part of the paramagnetic
molecule, differ significantly from the corresponding diamagnetic spectra in two respects:

1. Much broader lines (102–103 Hz) are observed with no J-coupling, due to fast nuclear relaxation induced
by the electronic spin. This makes the assignment of signals, which is a prerequisite for identification of
the electronic spin state, challenging. However, this issue becomes less important for metal ions whose
electronic spin relaxes much faster than NMR-active nuclei being observed (𝜏S ≤ 10−10 s), such as Fe(II)
or high-spin Co(II).

2. Resonance frequencies often lie out of the typical range for a given nucleus. This is due to large param-
agnetic shifts (𝛿), which originate from different contributions, see equation (4.13) and Figure 4.14.

𝛿 = 𝛿diam + 𝛿FC + 𝛿PC (4.13)

Here, 𝛿diam is the diamagnetic chemical shift, 𝛿FC is the Fermi contact (or hyperfine) shift, and 𝛿PC is the
pseudocontact shift. The isotropic Fermi contact shift is caused by the magnetic field generated by the electron
in an orbital centered at the nucleus with nonzero electron density. It can be written as in equation (4.14):

𝛿FC = 2𝜋
𝛾

g𝜇BA
S(S + 1)

3kBT
(4.14)
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Figure 4.14 Comparison between the 1H NMR spectra of diamagnetic [Zn(bpy)3]2+ and paramagnetic
[Co(bpy)3]2+ (bpy = 2,2′-bipyridine).

where 𝛾 = (2𝜋gn𝜇n)/h is the magnetogyric ratio of the nucleus I (gn is defined in equation (4.A.6)) and A is the
isotropic hyperfine coupling constant (in frequency units) of equation (4.A.2). Generally, the isotropic Fermi
contact shift is the dominant term, so that in many instances, the pseudocontact shift 𝛿PC can be neglected
(while 𝛿diam can be estimated from the NMR spectrum of a parent diamagnetic compound). The 𝛿FC values
for the different nuclei (generally, protons) can be estimated from DFT calculations carried out on optimized
structures of the complex in different spin states. The comparison of these calculated values with experimen-
tally observed paramagnetic shifts should permit, in principle, the determination of the actual spin state of the
system. This approach has been recently validated for some Fe(II) and Fe(III) complexes [28]. In any case,
trends in paramagnetic shifts are not predictable in an intuitive way, that is, without the support of appropriate
theoretical models. An exception is the case of the unusual phenomenon of admixture of S = 3/2 and 5/2 spin
states in Fe(III) porphyrins. A tetragonal ligand field makes these spin states very close in energy, so that the
two states mix completely. The magnetic properties of these admixed states lie along a continuum between
the extremes of the pure S = 3/2 and S = 5/2 states. In this specific case, it is known that the 1H NMR param-
agnetic signals of the eight pyrrole protons on the periphery of the porphyrin macrocycle shift dramatically
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upfield with increasing S = 3/2 character, thus allowing the spin state in these spin-admixed complexes to be
probed [29].

4.7 Other Techniques

Heat capacity measurements. The interaction between the magnetic moment of a paramagnetic system and
an external magnetic field involves an energy, which is exchanged with the surroundings as heat. As a con-
sequence, the heat capacity of a paramagnetic substance, in the presence of a homogeneous magnetic field,
comprises a magnetic component in addition to lattice, electronic, and rotational contributions, among oth-
ers. It is far from trivial to isolate this magnetic term: in this respect, a good strategy is based on performing
reference measurements, for example, in the absence of a magnetic field or on a diamagnetic derivative of the
sample. In principle, measurements of the magnetic contribution to the molar heat capacity (Cm) as a func-
tion of temperature allow access to the overall magnetic entropy, as the area under the Cm(T) curve (equation
4.15):

ΔSm = ∫
Cm

T
dT (4.15)

Most importantly, ΔSm should give indications about the spin state of the sample molecule, as ΔSm is
proportional to ln(2S + 1). In addition, magnetic phase transitions produce a characteristic peak in Cm versus
T graphs.

X-ray magnetic circular dichroism. X-ray magnetic circular dichroism (XMCD) measures the difference
in the absorption intensity between left and right circular polarized X-ray light; Δ𝜀 = 𝜀1 − 𝜀r in the presence
of a longitudinal magnetic field (relative to the light beam). Compared to classical UV–vis MCD, XMCD
has the advantage of elemental specificity that comes with all core electron spectroscopies. In this way,
XMCD allows the local magnetic properties of each element to be individually probed. Potentially, XMCD
is able to reveal the distribution of spin and orbital angular moments, the strength of magnetic coupling
between different centers, and the total magnetic moment in transition metal complexes or biological metal
sites.

Inelastic neutron scattering and spin-polarized neutron diffraction. Neutrons carry a spin (S = 1/2) and
thus a magnetic moment, so that they interact with unpaired electrons and constitute an efficient probe for
the study of paramagnetic compounds. In the case of inelastic neutron scattering (INS), a monochromatic
neutron beam irradiates the sample with a given kinetic energy, and the scattered neutrons lose or gain some
energy by interacting with the sample. By monitoring this energy-transfer process as a function of an applied
magnetic field and temperature, the energy differences between thermally populated and excited unpopulated
spin states can be determined.

In the case of spin polarized neutron diffraction (PND), a polarized neutron beam, with the neutron spin
aligned either parallel or antiparallel to an external magnetic field, hits a single crystal of a paramagnetic
compound. As a result, a diffraction pattern is obtained that permits the determination of the molecular spin
density distribution of the sample.

IR and UV-vis absorption, X-ray diffraction. A combination of single crystal X-ray diffraction (XRD), UV-
visible, and IR absorption data is often very useful for detecting spin transition phenomena. In the case of
octahedral complexes, the transition from high spin to low spin causes a reduction or depletion of occupancy
of antibonding eg orbitals. This implies a shortening of metal–ligand bond distances (from XRD), an increase
in metal–donor atom IR vibrational frequencies (in the ∼250–500 cm−1 range) and major changes in visible
absorption ligand field bands.
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4.A Appendix

4.A.1 Theoretical Background

PART 1. When the electronic spin is a pertinent parameter of the system (no or weak orbital momentum and
spin–orbit coupling), the interactions of S with its physical/chemical environment or with other spins can be
described by a convenient phenomenological spin Hamiltonian, with different specific contributions (In the
following expressions, the ˆ and ∼ symbols indicate operators and tensors, respectively. Tensors are used to
describe anisotropic properties.):

� the electronic Zeeman (EZ) Hamiltonian:

ĤEZ = 𝜇BB0g̃Ŝ (4.A1)

HEZ describes the interaction of the electronic magnetic moment due to the electronic spin S with an
external magnetic field (B0). The g-factor contains information about the “chemical environment” (orbital
contributions, symmetry, etc.) of the electronic spin.

� the hyperfine (HF) Hamiltonian:

ĤHF = ÎÃŜ (4.A2)

The electron–nucleus hyperfine interaction describes, via the hyperfine coupling constant A, the inter-
action of the magnetic moment of S with that of the surrounding nuclei (with nuclear spin I > 0).

� the zfs Hamiltonian:

Ĥzfs = ŜD̃Ŝ = D(Ŝ2
z −

1
3

S(S + 1)) + E(Ŝ2
x − Ŝ2

y ) (4.A3)

Hzfs describes the removal of spin level degeneracy for systems with S > 1/2 in the absence of an applied
magnetic field, as a consequence of crystal field effects in combination with spin–orbit coupling. The D
and E terms represent the axial and rhombic parts of zfs, respectively.

� the isotropic exchange coupling or Heisenberg–Dirac–Van Vleck Hamiltonian:

ĤHDVV = −J12
ex Ŝ1Ŝ2 (4.A4)

HHDVV describes the isotropic (i.e., depending only on the mutual orientation between spins) magnetic
exchange interaction between two spins, S1 and S2. Different conventions can be adopted for the sign
of Jex (exchange coupling constant) and for the possible presence of the factor two. Here, a positive Jex
corresponds to a ferromagnetic interaction, while a negative Jex to an antiferromagnetic coupling.

When spin–orbit coupling becomes strong, the Spin Hamiltonian approach is no more suitable, and a more
general theoretical model must be used, including the spin–orbit interaction:

ĤSO = 𝜆L̂Ŝ (4.A5)

where 𝜆 is related to the spin–orbit coupling constant 𝜁 (𝜆 = 𝜁 /±2S), and L is the orbital momentum.

PART 2. Concerning nuclear interactions, the most significant ones are:

– the nuclear Zeeman effect, described by:

ĤNZ = −𝜇BgnB0 Î (4.A6)
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This effect is due to the interaction of the nuclear magnetic moment (due to a nuclear spin I > 0) with
an external magnetic field (gn is the nuclear g-factor). Note that nuclear Zeeman effect is three orders of
magnitude smaller than the electronic Zeeman interaction (as gn ≪ g).

– the nuclear electric quadrupole effect, described by:

ĤNQ = ÎQ̃Î (4.A7)

This Hamiltonian describes the interaction between the electric quadrupole moment (Q) of the nucleus
(with spin I ≥ 1) and the electric field gradient (efg) that arises from the surrounding asymmetric electronic
distribution.

4.A.2 List of Symbols

Symbols Quantity SI value

H Planck constant 6.6260693 × 10−34 J s
E Elementary charge 1.60217653 × 10−19 C
kB Boltzmann constant 1.3806505 × 10−23 J K−1

NA Avogadro’s number 6.0221415 × 1023 mol−1

𝜇0 Permeability of vacuum 4𝜋 × 10−7 H m−1

𝜇B Bohr magneton 9.27400949 × 10−24 J T−1

𝜇n Nuclear magneton 5.05078343 × 10−27 J T−1

T Temperature
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5.1 Introduction

Spin crossover (SCO) is a fascinating feature of coordination chemistry [1]. Transition metal (TM) centers
with d-electron configurations d2 to d8 generate multiplets with at least two different values of the total spin,
S. The observed spin state depends on the balance between maximizing the number of parallel spins/unpaired
electrons (Hund’s rule) versus having the lowest electronic energy by populating the lowest energy orbitals.
These two situations are called high spin (HS) and low spin (LS), respectively. Under favorable conditions,
it is possible to switch reversibly between the LS and HS states by, for example, varying the temperature or
pressure or irradiating the material with light. In the solid state, cooperative intermolecular interactions may
further lead to hysteresis effects and thus confer bistability on the system. The latter is a particularly attractive
feature for the potential development of electronic devices such as computer displays or memory [2].

This chapter attempts to provide an overview of the development of SCO, its current status, and possible
future developments. We will focus mainly on mononuclear systems and, given the enormous amount of
literature on the topic, the coverage will be neither completely comprehensive nor wholly objective. Entire
books could be, and have been, devoted to the topic and the interested reader will find more detail in the recent
article edited by Malcolm Halcrow [1].

5.2 Theoretical Background

The most widely studied SCO materials involve six-coordinate TM centers. In octahedral Oh symmetry, the
configurations from d4 to d7 have two possible spin ground states, which are, respectively, 5Eg, 6A1g, 5T2g,
and 4T1g for HS and 3T1g, 2T2g, 1A1g, and 2Eg for LS (Figure 5.1). Note that for octahedral systems, the LS
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Figure 5.1 Octahedral electron configurations and Russell–Saunders coupling term symbols for high-spin and
low-spin complexes with d4 to d7 configurations.

state for d4 species does not correspond to the lowest possible value of S for that configuration (i.e., zero) but
we will refer to the triplet state as the LS form, since this is in common usage.

Generally, six-coordinate complexes of d4 to d7 TM ions maintain a single spin state under experimentally
attainable conditions. However, with the right choice of ligand set, the HS and LS states can be sufficiently
close in energy such that relatively small external perturbations can cause the spin state to change. The change
is reversible and was first reported in the 1930s by Cambi and Szegö [3]. Magnetic moment measurements on
d5 Fe(III) dithiocarbamate complexes at different temperatures revealed values consistent with one unpaired
electron at low temperatures changing to five unpaired electrons at higher temperatures. The authors described
this phenomenon as a spin equilibrium and concluded that it was probably a general phenomenon, or at least
likely to be found in other iron complexes, and promised a continued search for them [4].

Meanwhile, Van Vleck had provided a theoretical treatment of the magnetic properties of coordination
complexes in terms of crystal field theory (CFT) [5]. Weak-field ligands with small crystal field splitting
yield the same spin state as the free ion while strong-field ligands with large crystal field splitting cause one
or more electrons to “pair” leading to LS states. It was also recognized that the HS states have higher orbital
and spin degeneracies, and hence greater entropy, than the LS states. Thus, if the LS state has an enthalpy
lower than the HS state, LS will be the ground state on the free energy surface at low temperatures but the
entropic contribution will result in the HS state having a lower free energy at high temperatures. If the energy
difference is of the order of a few hundred wave numbers, then the spin transition (ST) will be completed at
room temperature.

The Tanabe–Sugano diagrams also show the change from HS to LS as the cubic ligand field splitting
parameter, Δ, increases relative to the Racah d–d interelectron repulsion parameter, B. This is illustrated by
the partial Tanabe–Sugano diagram for octahedral d6 (and tetrahedral d4) shown in Figure 5.2.

For the free ion (Δ = 0), the ground state has S = 2. In the Oh symmetry, the LS 1A1g state is present in the
excited 1I term and as Δ/B increases, the 1A1g term rapidly descends toward the HS 5T2g state and at Δ/B =
20, the HS and LS states are equienergetic. For Δ/B values greater than 20, the LS state is the ground state.
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Figure 5.2 Partial Tanabe–Sugano diagram for a d6 octahedral/d4 tetrahedral system. Only the lowest free-ion
terms for each possible spin multiplicity are displayed. The gerade symmetry labels for the term symbols in Oh
have been omitted.

The SCO point, Δ/B = 20, does not correspond to a local minimum energy structure but rather describes
the minimum energy crossing point (MECP) between the HS and LS energy surfaces (Figure 5.3) [6]. Ligand
field theory (LFT) thus cannot provide more than a phenomenological description of SCO since LFT does
not describe the total energy of the complex, merely the energy differences between the ground state and the
ligand field excited states. The important point is that for a d6 complex, for example, the change in spin state is
associated with changes in the eg orbital populations from LS t2g

6 to HS t2g
4eg

2, which leads to a significant

change in the M–L bond length (∼0.2 Å for a typical Fe(II) SCO complex, see Figure 5.3) and hence very
different Δ values for HS and LS. Given that the Racah parameters correlate with metal–ligand covalency, the
B values will also be different for HS and LS. Thus, independent sets of ligand field parameters are required
for HS and LS and LFT cannot be used to compute the energy difference between HS and LS, ΔEHL (Figure
5.3). Instead, ΔEHL becomes a parameter of a ligand field treatment whose value is determined by fitting to
experimental data [5].

It was not until the 1960s that a new class of SCO complexes was discovered. Baker and Bobonich
[7] reported the temperature dependence of the magnetic moments for a series of complexes of formula
[Fe(phen)2X2] (phen = 1,10-phenanthroline; X = Cl−, Br−, I−, N3

−, SCN−, and SeCN−). All the complexes
were HS at room temperature and the moments were independent of temperature in the range 100–300 K
except for the thio- and selenocyanates where the moment decreased sharply from about 5 Bohr Magnetons
(BM) at room temperature to ∼1.5 BM at lower temperatures. The authors ascribed the changes to structural
effects such as dimerization. However, 3 years later, König and Madeja [6] extended the temperature range
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Figure 5.3 Qualitative energy curves for spin crossover in octahedral d6 Fe(II) systems.

of the magnetic moment measurements to 440–77 K and also measured Mössbauer spectra, which allowed
them to demonstrate that the magnetic behavior was due to the thermal equilibrium between the nominally
diamagnetic LS and paramagnetic HS states. These results sparked a significant expansion of interest, espe-
cially in Fe(II) SCO compounds, but also in other metal centers. The literature on Fe(III), Co(II), Mn(II),
Mn(III), Cr(II), and Co(III) was summarized in 2004 [8–10] and further recent developments were published
in 2013 [1].

5.2.1 Spin Transition Curves

Several different types of SCO behavior have been identified, each with its characteristic ST curve [11].
Three of the most common ST curves are displayed in Figure 5.4. Figure 5.4(a) shows a gradual change
in the fraction of HS centers in the sample (𝛾HS) as a function of temperature, T, with T1/2 corresponding
to the temperature at which half the metal centers are HS. The change in spin-state populations obeys a
simple Boltzmann law. This behavior is common for spin equilibria in solution. Figure 5.4(b) shows an abrupt
change in spin state and is typical of crystalline materials showing cooperative intermolecular interactions.
Under favorable circumstances, these cooperative effects can lead to T1/2 for the warming phase (T1/2

↑) being
different to that of the cooling phase (T1/2

↓) (Figure 5.4(c)). The resulting hysteresis confers bistability, or a

Figure 5.4 Typical spin transition curves. (a) gradual; (b) abrupt; and (c) abrupt with hysteresis.
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Figure 5.5 Schematic representation of [Fe(S1)(imidazole)2].

“memory effect,” in that the spin state for temperatures between the two limiting T1/2 values depends on how
the sample was treated.

For practical device applications, it is desirable to have a wide hysteresis loop (∼40 K) centered
at room temperature. Weber has reported a 70 K wide hysteresis loop for the Fe(II) Schiff-base-like
complex trans-[Fe(S1)(imidazole)2] (S1 = (E,E)-[diethyl 2,2′-[1,2-phenylenebis(iminomethylidyne)]bis(3-
oxobutanoato)(2–)-N,N′,O3,O3′] (Figure 5.5) with a T1/2

↑ of 314 K and T1/2
↓ of 244 K, the largest hysteresis

width so far (2008) for a structurally characterized Fe(II) complex [12].
Other types of ST curve have been observed such as multistep processes [13] or cases where the low

temperature value of 𝛾HS is significantly above zero indicating an incomplete transition to LS or, equivalently,
a significant residual HS component at low temperature, which may be a result of surface effects as the size
of the SCO particle is reduced [14].

5.2.2 Light-Induced Excited Spin State Trapping

Spin crossover is not an exclusively thermal process. The serendipitous discovery of light-induced excited
spin state trapping (LIESST) was first reported in 1984 [15]. During their pioneering studies on thermal
SCO, Gütlich, Hauser and co-workers studied the spectroscopic properties of 1-alkyltetrazole (Rtz) Fe(II)
complexes such as [Fe(Rtz)6](BF4)2 (R = C3H7). This type of complex undergoes an ST at low temperature,
with T1/2 typically around 150 K [16]. Spin crossover is also accompanied by a pronounced color change from
colorless in the HS form to strongly colored (usually purple) in the LS form. What they observed was that if
the system was cooled to below ∼50 K and then excited with light in the singlet–singlet transition (left side
of Figure 5.6), the 5T2 state slowly became populated until the entire sample was trapped in the metastable
HS state (right side of Figure 5.6).

The barrier to relaxation back to the LS state is low and the rate at which this occurs depends on the
temperature, varying from a tunneling process to a thermal relaxation as the temperature is increased up to
the critical temperature, TLIESST, at which the HS state becomes depopulated. However, provided the sample
is kept sufficiently cold, the HS state is very long-lived (∼40 days at 10 K). Moreover, having achieved the
metastable HS state at low temperature, it is also possible to reverse the process by irradiating the sample
with a different frequency of light to recover the LS state – reverse LIESST. These results offered the exciting
possibility of using SCO materials in light-activated switching devices although practical applications are still
limited by very low critical temperatures.

Hauser has provided a comprehensive experimental and theoretical analysis of LIESST and reverse LIESST
(i.e., converting from the metastable HS-state back to the LS state) [17] while Létard et al. have proposed
a set of guidelines for generating consistent LIESST measurements to aid the design of suitable materials
[18]. Their analysis points to a direct relationship between the thermal SCO transition temperature, T1/2,
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Figure 5.6 Qualitative diagram of the light-induced excited spin state trapping effect for octahedral Fe(II) com-
plexes. Based on Figure 24 of [11].

and T(LIESST) where the latter is “the limiting temperature above which the light-induced magnetic HS
information is erased in a SQUID cavity.” [19]

There is a general inverse relationship between T1/2 and T(LIESST) as shown in equation (5.1):

T (LIESST) = T0 − 0.3T1∕2 (5.1)

where T0 represents the limiting case of the T(LIESST) temperature as the thermal SCO T1/2 value goes to
zero. Different classes of compound have different T0 values. Prussian blue compounds have T0 = 200 K
while complexes of general formula [FeL2(NCX)2] (L = aromatic unit, X = S or Se) have a much lower
value of T0 = 100 K. The current state of LIESST is reviewed in Chapter 19 of Reference 1. As of 2013,
the record T(LIESST) is ∼180 K for the Co/Fe Prussian blue analogue (PBA) although the transition is more
of an internal redox process associated with the transformation FeIII

LS–CN–CoII
HS → FeII

LS–CN–CoIII
LS .

While a T(LIESST) of 180 K is still too low, the prognosis for further increase seems favorable.

5.3 Thermal SCO Systems: Fe(II)

Despite the enormous potential for TM centers to support multiple spin states, the number of actual SCO types
is relatively small. By far, the most numerous are based on the FeIIN6 paradigm, as exhaustively documented
by Halcrow [16, 20]. Although rarer, Fe(II) can also support SCO with N4O2 [21], N4S2[22], or N4C2[23]
donor sets.

A major theme of SCO research is the quest for hysteretic materials with transitions centered around room
temperature. Extensive research on Fe(II) systems has lead to the discovery of a number of materials with
these desirable thermal SCO properties. Probably, the two most widely developed examples are the 1D coor-
dination polymers based on bridging triazole ligands and the Hoffman structures comprising extended planes
of cyanide ligands bridging FeII ions to low-spin d8 centers with the Fe coordination completed by nitro-
gen donors (Figure 5.7). When the latter are ditopic, such as pyrazine, the layers are connected to form a
metal–organic framework (MOF) where the pore size depends on the Fe spin state [24].
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Figure 5.7 Representative examples of 1D [Fe(4-R-1,2,4-triazole)3]X2 coordination polymers (top, R = NH2) and
3D-Hoffmann metal–organic frameworks (bottom, Fe(pyrazine)[Ni(CN)4]). All hydrogens have been removed for
clarity. Colors: Fe, purple; N, blue; C, grey; and Ni, green. (See colour plate section)

For both types of material, strong cooperativity is achieved by directly coupling the SCO-active Fe(II)
centers via bridging ligands.

Cooperativity is a crucial feature but, as reviewed by Real et al. [20] and Halcrow [25], it is extremely diffi-
cult to control or predict. Both the width of any hysteresis loop and its attendant T1/2 values can be extremely
sensitive to apparently minor changes in chemical structure, crystal packing, counterions, and degree of sol-
vent molecules incorporated in the structure.

Sometimes, there is a clear link between structure and SCO behavior. The three complexes of general
formula [Fe(L)2(NCS)2] (L = 2,2′-bithiazoline (btz); 1,10-phenanthroline (phen); and dipyrido[3,2-a:2′3′-
c]phenazine (dppz), Figure 5.8) display the types of ST curve shown in Figure 5.4. For L = btz, there is a
gradual change in 𝜒M T versus T (𝜒M is the molar magnetic susceptibility) with a T1/2 around 220 K; for L =
phen, there is an abrupt change at ∼180 K, while for L = bttz, the change is also abrupt but with a hysteresis
loop of ∼40 K wide centered at ∼140 K. These data have been interpreted in terms of intermolecular 𝜋–𝜋
stacking interactions with the increasing size and degree of aromaticity from btz to phen to dppz leading to
greater intermolecular interactions and thus an increase in cooperativity which, in turn, leads first to an abrupt
ST and finally to hysteresis.

Figure 5.8 The [Fe(L)2(NCS)2] complexes of these ligands show different spin transition curves, which corre-
late with increasing intermolecular 𝜋–𝜋 stacking interactions. btz: gradual; phen: abrupt; and dppz: abrupt with
hysteresis.
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However, while this example appears straightforward, there are others which are more difficult to ratio-
nalize. There are six-mer-[Fe(pic)3]Cl2.ROH (pic = 2-(aminomethyl)pyridine) solvate structures with vari-
ous aliphatic or allyl alcohols. The crystal structures are roughly isostructural and have the same hydrogen-
bonding network topology. The structures of the cations are also very similar. Nevertheless, four display SCO
behavior, with similar T1/2 values but quite different degrees of cooperativity, while the n-propyl and tert-butyl
solvates are HS. Halcrow goes on to summarize many other problem cases [20].

A theme that emerges strongly from these studies is the crucial role played by experimental crystal struc-
ture analysis. Variable temperature, single crystal X-ray diffraction studies are incredibly valuable for trying
to connect structural chemistry to SCO behavior. However, such studies are necessarily ex post facto ratio-
nalizations. True prediction of SCO implies being able to predict both the molecular structure and spin-state
energetics of the isolated active metal species and then how they pack in the crystal. As described later, the for-
mer aspect can be achieved via computational chemistry. Unfortunately, predicting crystal structures, which
should also encompass polymorphism and solvate inclusion, remains largely an unsolved problem for SCO
materials.

Another major issue for practical applications of SCO materials such as electronic devices is the require-
ment for nano-sized objects. Nanoparticles may behave substantially differently to the bulk material to which
the single-crystal X-ray structure is related [26]. In particular, for potential SCO nanoparticles, a hysteretic
behavior may depend strongly on surface effects which become increasingly important as the particle size
decreases. Bousseksou and co-workers have made extensive investigations on SCO nanoparticles and reported
that the particles of the 1D polymeric [Fe(4-NH2-1,2,4-triazole)3](tos)2 (tos = p-toluene sulfonate anion) sys-
tem (Figure 5.7, top) with dimensions of 3–4 nm may be grown in reverse micelles [27, 28]. The particles
continue to display a first-order, reversible SCO transition. In contrast, Mallah and co-workers focused on the
3D-pillared Hoffmann systems (Figure 5.7, bottom) such as Fe(pyrazine)[Pt(CN)4] [29]. Nanoparticles also
grown in reverse micelles stop showing hysteretic behavior and the residual fraction of HS centers increases
as the particle size decreases. The ∼20 K hysteresis loop width of the bulk material reduces to ∼6 K for the
14 nm particles and disappears completely for 7 nm particles.

Surface effects will clearly be of increasing significance as the size of the nanoparticle decreases. The ter-
mination of periodic systems is significant. In principle, the 1D triazole coordination polymers can terminate
with monodentate triazole ligands, thus retaining the same coordination sphere as the bulk and SCO behavior
remains down to very small sizes. In contrast, terminating the 3D-Hoffman lattice is much more complicated
and likely to lead to surface reconstruction and/or completing the local coordination spheres with other lig-
ands such as water. The substitution of cyanide groups by much weaker donors, low-symmetry Fe surface
sites and/or coordination numbers less than six would all favor HS, consistent with the observation of loss of
cooperativity and elevated residual high-spin contributions at low temperatures.

The potential application of SCO materials spans molecular electronics, data storage, and display devices.
Létard et al. summarized the state of the art in a chapter [30] of the comprehensive series of volumes devoted
to SCO published in 2004. While acknowledging that “at the present early stages, only rudimentary examples
of practical applications are known” [30], the authors paint a positive outlook for future fundamental studies
and development. A decade on, some progress, has been made.

A significant aspect of using nanoscale SCO materials is understanding how the material might interact
with the supporting substrate. Having developed the means to fabricate small SCO nanoparticles, making
new devices requires them to be deposited on a suitable surface. Unsurprisingly, the introduction of particle–
substrate interactions can have a major effect on SCO behavior. Bousseksou and co-workers have made sub-
stantial contributions to the synthesis of nanoscale SCO objects, such as thin films and other assemblies,
together with their experimental and theoretical characterization [14, 27, 31–35].

Grohman et al. [36] use current-imaging tunneling spectroscopy (CITS) to generate some interesting
images of strings of both single molecules and oligonuclear, bead-like complex aggregates adsorbed on highly
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Figure 5.9 Structural diagram of [Fe(4-pybpp)2]2+ (left) and a schematic representation of the experimental
circuit setup for the electron transport measurements as reported in [37]. (After Figure 5 of [37])

oriented pyrolytic graphite. Current-imaging tunneling spectroscopy measurements show two different states
for the complexes which they interpret in terms of HS and LS. The dimensions of the aggregates correspond
to 2–3 molecules each of [FeII(L)2](X)2 (L = 2,6-di(1H-pyrazol-1-yl)pyridine; X: tetrafluoroborate or hex-
afluorophosphate), and the images of the same set of clusters taken within 5 min of each other show changing
spin states. This observation provides some encouragement that SCO materials are viable switches and that
even the goal of a true single-molecule switch may be attainable.

It has already been demonstrated that it is possible to exert electrical control over a single SCO com-
plex. Meded et al. [37] were able to trap single complexes of [Fe(4-pybpp)2]2+ (4-pybpp = 4′-(4′′-pyridyl)-
1,2:6′1′′-bis-(pyrazolyl)pyridine) between gold electrodes made using the thin gold wire deposited on top of
an oxidized aluminum gate (Figure 5.9).

The differential conductance versus source–drain (Vb) and gate (Vg) voltages obtained at 1.5 K were inter-
preted in terms of single electron transport through a nano-object with an ST controlled by an electrical field.

Another impressive example of single-molecule switching is provided by Gopakumar et al. who use
scanning tunneling microscopy to achieve single-molecule switching of [Fe(bpz)2phen] (phen = 1,10-
phenanthroline, bpz = dihydrobis(pyrazolyl)borate) [38]. They deposited a bilayer of the Fe complex onto
a Au(111) surface and showed reversible and selective spin-state switching of single molecules of the com-
plex in a densely packed layer. According to Gütlich in his 2013 retrospective, this result represents “a real
breakthrough with high potential for future applications.” [39]

5.4 SCO in Non-d6 Systems

The most common SCO systems after d6 Fe(II) are d5 Fe(III) [8] and, to a lesser extent, d7 Co(II) [9]. There
are also examples of d4 Cr(II), d4 Mn(III), d5 Mn(II), and d6 Co(III) [10].

Garcia and Gütlich [10] rationalize the difficulty of obtaining SCO in non-d6 systems via simple LFT
arguments. Table 5.1 shows the mean spin-pairing energy, 𝜋, for selected free TM ions and the octahedral
crystal field splitting parameter, Δoct, for the corresponding hexa-aqua complexes. The 𝜋 values in com-
plexes will be lower than those mentioned in the table by virtue of the Nephelauxetic effect while the d-
orbital splitting can be varied substantially by changing the ligands. The relatively low 𝜋 value for Fe(II)
means that a fairly small increase in ligand field strength gets us into the thermal SCO regime. A similar
difference (∼7000 cm−1) between 𝜋 and Δoct for Mn(III) suggests that it too should be a good candidate for
SCO.

For thermal SCO, Co(II) complexes tend to have ligands sets comparable to Fe(II) SCO complexes,
that is, CoIIN6 is the common paradigm. For example, both Fe and Co complexes of the tbta ligand
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Table 5.1 Crystal field splitting, Δoct, and mean spin-pairing energy, 𝜋, for [M(H2O)6]n+ complexes. After
Table 2 in [10].

Ion (𝜋/cm−1)a Δoct/cm−1

d4 Cr(II) 23,500 13,900
Mn(III) 28,000 21,000

d5 Mn(II) 25,500 7800
Fe(III) 30,000 13,700

d6 Fe(II) 17,600 10,400
d7 Co(II) 22,500 9300

aThese data refer to the free ions.

(tbta = tris[(1-benzyl-1H-1,2,3-triazol-4-yl)methyl]amine, Figure 5.10) can show SCO behavior if crystal-
lized free of solvent [40].

The first d4 Mn(III) SCO complex ([Mn(TRP), TRP = tris(2-((pyrrol-2-yl)methyleneamino)ethyl)amine,
Figure 5.11) was reported in 1981 [41] and also contained six nitrogen donors.

More recently, Morgan and co-workers have published a number of articles on Mn(III) systems based
on an O2N4 donor set such as L1 and L2 illustrated in Figure 5.12 [42–44]. [MnL1](NO3)⋅EtOH is HS
between 80 and 300 K while [MnL2](NO3) shows a strong temperature-dependent magnetic moment.
The O2N4 donor set is also common for Fe(III) [45] and served as a near precedent for the Mn(II)
systems.

While it is possible to observe thermal SCO in d4 and d7 systems, hysteresis is less common and when
present at all, quite small. This behavior correlates with a reduction in cooperative effects since the ST involves
only one electron and hence the associated structural changes are smaller than in Fe(II) SCO where two
electrons change spin. Nevertheless, there is a handful of Co(II) systems, which do show abrupt ST curves.
Brooker and co-workers have analyzed them and focused, in particular, on [Co(dpzca)] to illustrate how
the shape, position, and width of the hysteresis loop can be affected by the experimental scan setup [46]. The
potential influence on hysteresis arising from the details of the experimental measurement and the concern that
artifacts may be introduced is a general issue and care should be exercised when interpreting the experimental
data.

Figure 5.10 Structure of tris[(1-benzyl-1H-1,2,3-triazol-4-yl)methyl]amine (tbta).
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Figure 5.11 Single crystal X-ray structure of [Mn(TRP)] (TRP = tris(2-((pyrrol-2-yl)methyleneamino)ethyl)amine
[41]. (See colour plate section)

5.5 Computational Methods

In principle, any metal center with an electron configuration from d2 through to d8 could support SCO if only
we knew the correct set and arrangement of ligands. In practice, new types of SCO systems are generally
discovered accidentally. This, plus the extreme sensitivity of T1/2 to seemingly minor variations in structure,
solvation, crystal packing, etc., results in a very conservative experimental approach to SCO materials’ dis-
covery. The big problem is that if a new material does not display SCO, it can be extremely difficult to decide
how to modify it since the location of the other spin state is unknown. This is where theory should play a
crucial role.

Modern quantum chemical methods allow us to compute many properties of TM complexes. For SCO com-
plexes, we need to know the structures and spin-state energies for both HS and LS states. Accurate structures
are readily obtainable via density functional theory (DFT). However, DFT spin-state energetics are notori-
ously variable.

Extensive studies have shown that “pure” density functionals tend to artificially stabilize the LS state. In
contrast, wave function methods such as Hartree–Fock (HF) theory favor the HS state. Thus, hybrid func-
tionals, such as the popular B3LYP method, which combine DFT exchange with “exact” HF exchange, fall
somewhere in between. The final result depends critically both on the system and the amount of HF exchange
in the hybrid functional.

Reiher et al. [47] showed for [Fe(NHS4)L] complexes (NHS4 = bis(2-((2-mercaptophenyl)thio)ethyl)amine,
L=NH3, N2H4, CO, NO+, PH3, and PMe3, Figure 5.13) that the 20% HF exchange found in “normal” B3LYP
overstabilized the HS state. A modified functional B3LYP∗ with 15% HF exchange performed better. There

Figure 5.12 Examples of O2N4 used for synthesizing potential Mn(III) SCO complexes.
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Figure 5.13 Structural diagrams for [Fe(NHS4)L] complexes (NHS4 = bis(2-((2-mercaptophenyl)thio)
ethyl)amine, L = NH3, N2H4, CO, NO+, PH3, and PMe3).

have been a number of alternative suggestions. For pure functionals, Swart advocates OPBE [48, 49] while
Conradie et al. [50] favor OLYP. Kepp argues for TPSSh with 10% HF exchange [51] while Ye and Neese
suggest the double-hybrid functional B2PLYP with 57% HF exchange [52]. However, none of these choices
provides a “universal functional” applicable under all circumstances and the absolute spin-state energetics
via DFT methods must be carefully validated [53].

Such validation could use experimental or high-level quantum chemical data. The former has some issues
since experiment will inherently deliver free energies and will automatically account for the prevailing envi-
ronmental effects. However, building a credible computational model which can also deliver accurate free
energies and environmental effects is very challenging. For example, the SCO transition temperature, T1/2,
is given by the ratio of the enthalpy difference between the HS and LS states, ΔHHL, divided by the entropy
difference between the HS and LS states, ΔSHL:

T1∕2 = ΔHHL∕ΔSHL (5.2)

To a reasonable approximation, the difference in total computed electronic energies, corrected for the zero-
point energy (ZPE), ΔEHL, is a decent measure of the enthalpy difference but the entropy contributions are
much harder to compute and the absolute theoretical estimates for T1/2 are not especially reliable [54, 55]. This
is particularly so since many computational studies focus solely on a single complex and, apart from perhaps
embedding the complex in a polarizable continuum solvation field, do not explicitly include the effects of the
solid-state lattice. In the PBA CsFeCrCN6, for example, the phonon contribution to the entropy arising from
the low-frequency acoustic modes of the lattice Cs+ ions has a substantial effect on the calculated T1/2 value
[56].

Ideally, we not only wish to carry out calculations for the full periodic system but also the explicit inclusion
of temperature and pressure effects is desirable. This implies some form of dynamics simulation which is
extremely time-consuming if based on quantum mechanical methods. The alternative is to develop classical
force field (FF) approaches such as the author’s ligand field molecular mechanics (LFMM) approach [57, 58].

The LFMM combines conventional molecular mechanics for the “organic” parts of a metal complex with
a LFT treatment of d-electron effects. The latter are parameterized using the angular overlap model (AOM)
scheme described by Schäffer and Jørgensen [59]. Spin crossover is an inherently “ligand field” problem and
is ideally suited to LFMM [60, 61]. Of course, the method is only as good as its parameters so some care
must be exercised when constructing training sets for FF parameter development. However, given that we
are generally interested in a specific metal–ligand combination, it is possible to find a suitable DFT protocol
although different systems may require different protocols.

Nevertheless, armed with a reasonable LFMM force field, it is possible to screen large numbers of poten-
tial SCO complexes very rapidly. This screening also includes conformational searches for each complex,
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which generates hundreds of thousands of individual optimizations but LFMM is efficient enough to complete
the calculations in a few hours on a relatively modest machine. The LFMM is also fast enough to consider
molecular dynamics (MD) simulations and some preliminary data were reported for [Fe(tacn)2]2+, which
suggested that the entropic contributions were modeled satisfactorily. However, these applications of LFMM
were to individual metal complexes. More recently, Cirera et al. [62] have implemented LFMM within the
DL_POLY MD simulation code and have reported a study on the SCO behavior of the pillared Hoffmann
system Fe(pz)Pt(CN)4. Using a hybrid Monte Carlo/MD method, they obtain good agreement with the exper-
imental T1/2 value. A well-parameterized LFMM-type approach promises further insights into other SCO
systems.

The use of parameterized methods brings us back to the issue of validation. In contrast to DFT, wave
function methods have well-defined pathways for systematic improvement. There is a not inconsiderable
computational cost involved but the benefits are more reliable absolute spin-state energetics.

The main issue with wave function methods is that the starting point is the mean field Hartree–Fock approx-
imation which ignores instantaneous electron–electron correlation. The missing correlation energy, Ecorr, is
the difference between the lowest energy obtainable by HF at its basis set limit, EHF, and the “true” total
energy, E0. Ecorr comprises a static part and a dynamic part.

Dynamic or short-range correlation is present whenever there are more than two electrons and can be
thought in terms of a classical electrostatic picture wherein the instantaneous movement of a given electron
influences, and is influenced by, the movement of any other electron. Dynamic correlation clearly will get
worse if there are large numbers of electrons concentrated in a small region.

Static correlation arises when two or more energy states become close in energy such that a single electronic
configuration such as that employed in the HF method is unable to describe the actual situation. Such near-
degeneracy effects are common during bond-making/bond-breaking process as well as in many open-shell
TM systems.

The “cure” for including electron correlation is configuration interaction (CI). In principle, if every possible
electronic configuration arising from an infinite basis-set HF calculation could be suitably mixed together,
the true total energy would emerge. Clearly, an infinite basis set is not practical but so-called full CI (FCI)
calculations use very large basis sets and are very expensive. The TM complexes are beyond the scope of
FCI but there are two popular alternatives which attempt to recover most of the correlation error. On the one
hand, there is the complete active space (CAS) method while on the other hand, we have coupled cluster (CC)
theory.

Roughly speaking, CAS considers all possible configurations but for a restricted set of electrons and orbitals
– the active space. Complete active space can be further extended by adding an additional second-order pertur-
bation treatment for dynamical correlation, CASPT2. CASPT2 is an excellent method but requires a careful
selection of the active space [63]. In practical terms, the way to test whether the active space is complete is
to enlarge it progressively until the desired property converges. However, one may run out of computational
resources before this point can be reached. Extended CAS methods which allow for a larger active space are
currently being developed [64].

The CC approach generates all possible configurations for a limited number of electronic excita-
tions. It turns out that double excitations are the most important but single excitations are also usually
included since they are already available. Triple excitations are also important but rather than include
them explicitly and thus generate an extremely large number of excited configurations, the effect of the
triple excitations can be included perturbatively. These features combine to give the CCSD(T) method.
CCSD(T) generates accurate energies but requires large basis sets and is computationally expensive. How-
ever, the recent F12 extensions have enabled the use of much smaller basis sets and CCSD(T)-F12
promises to become an extremely valuable computational tool for validating DFT methods and for FF
design.
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Both CAS and CC methods have been applied to TM systems although not necessarily SCO ones.
Pierloot and coworkers report results for some simple Fe(II) complexes [Fe(OH2)6]2+, [Fe(NH3)6]2+, and
Fe(bipy)3]2+ [65] as well as the NHS4 complexes shown in Figure 5.13 [66]. The CASPT2 results suggest
that OLYP gives a good description of ΔEHL although, even here, there are issues about the size of the active
space for the larger, less symmetrical systems.

In contrast, in a study of the spin-state energy differences in [M(NCH)6]2+ (M = Fe, Co) species where
CCSD(T), CASPT2, and DFT methods are compared, Daku et al. conclude that CCSD(T) is better than
CASPT2 and suggest that, after some reparameterization, the range-separated CAM–PBE0 hybrid is a suit-
able, cheaper alternative [67]. However, other work has queried whether this good performance of a range-
separated hybrid is general [68].

Extending computational studies to periodic systems and nanoparticles provides even more challenges. The
most obvious is that, in general, the unit cell contains more than just the SCO TM complex so the calculations
take more computing resource. However, if we are to get an atomistic-level description of those all-important
intermolecular cooperative interactions, there seems little alternative. Fortunately, many of the lessons learnt
from single TM complexes carry over to the periodic systems. For example, Middlemiss et al. [55] have
shown that for Fe(II) center in the SCO PBA CsFeCr(CN)6, the “optimal” amount of HF exchange in the
hybrid B3LYP functional is 14% which compares well with the 15% advocated by Reiher for molecular
Fe(II) systems [47]. Solid-state calculations also allow for a better treatment of entropy effects. The phonon
modes of the crystal can have a significant impact on T1/2. For the PBA described above, the translational
modes of the lattice Cs+ ions contribute ∼30% to the total entropy. These modes also significantly affect the
dielectric properties of the material. The latter could play an important role in optical detection of SCO. This
emphasizes the need for simulation methods which go beyond a single TM complex.

In order to model the dynamics of the lattice, atomistic quantum mechanical methods become too expen-
sive and we resort to classical approaches. Phenomenological Ising models, often coupled with Monte Carlo
sampling techniques, have been used to model the hysteresis in nanoparticles and thus shed light on possible
size effects [69–72]. Felix et al. [34] describe an interesting theoretical study on a model 2D core–shell system
where hysteresis can be induced in the shell by inducing SCO in the core region.

Ultimately, these methods are limited since they cannot provide atomistic-level detail plus care must be
taken so that the calculated hysteresis is not an artifact of using an equilibrium Monte Carlo sampling pro-
cedure which is not allowed to equilibrate. An alternative is to perform fully atomistic periodic simulations.
Cirera et al. [62] have implemented the author’s LFMM method into the classical simulation code DL_POLY
and compute the magnetic moments as a function of temperature for HS and LS states of the Hoffmann
[Fe(pz)2Pt(CN)4] structure. The derived T1/2 value is in good agreement with experiment. Given that the FF
was based on relatively simple model systems which can, in turn, be validated with respect to higher level
quantum chemical calculations, this study suggests that a classical approach can be extended to other SCO
systems and may offer the possibility of modeling the complete SCO transition including all the relevant
cooperative effects.

5.6 Outlook

The SCO phenomenon continues to attract substantial academic interest. However, despite many fundamental
advances in synthesis, characterization and modeling of SCO materials much remains to be done.

On the one hand, the extreme sensitivity of SCO to seemingly minor variations in crystal packing, counter
ion, and solvation make it difficult to engineer SCO materials. Thus, while it is well established for d6 Fe(II),
for example, that six nitrogen donors generate about the right ligand field, it is still not possible to predict
with any certainty the precise T1/2 and hysteresis width of a novel crystalline complex. These problems are
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compounded as the size of the crystal decreases toward the nanoscale where surface effects become signifi-
cant, and yet further exacerbated for devices where the nanoparticles need to be deposited on a surface with
which they will subsequently interact. The SCO behavior can be significantly altered by such particle/substrate
interactions.

On the other hand, discovering completely new types of SCO materials is even more challenging. The TM
centers which are known to support SCO have largely been found accidentally and are currently restricted to
a few special combinations of metal and ligands dominated by six-coordinate complexes of Fe(II), Fe(III),
Co(II), and Mn(III) with exclusively, or at least predominantly, nitrogen donors.

Given that, in principle, any metal center with a d-configuration from d2 through to d8 could theoretically
support SCO if only we knew the details of the ligand set, once can speculate as to how we have arrived at
the current situation and how we might proceed forward.

In the author’s opinion, progress has largely faltered through lack of theoretical support. In the period
1960–1990, when many of the fundamental experimental studies on SCO were carried out, the theoretical
interpretation of SCO largely relied on LFT. Since LFT is both phenomenological and parametric, it might
provide a useful basis for interpreting data but is not much use for discovery. Thus, while Tanabe–Sugano
diagrams could be used to help rationalize SCO and, at least, suggest where else to look, the nature of these
diagrams emphasized octahedral symmetry. In any case, by 1990, LFT had become very unfashionable and
had been supplanted by quantum methods, most notably, by DFT. The DFT promised a revolution and, to a
large degree, DFT has delivered. However, the situation for SCO was less satisfactory. Spin-state energetics
are very sensitive to the choice of functional and we spent the next few decades searching for, and failing to
find, that “universal functional” which would deliver accurate spin-state energetics in all situations. However,
we believe the tide is turning.

Recent developments in high-level wave function methods promise to deliver accurate spin-state energetics
for “real” systems. These methods can then provide the data against which DFT and/or classical methods such
as LFMM can be validated. Thus, we can use the cheaper faster methods to deliver high accuracy for solid-
state atomistic simulations. At the other end of the length scale, further improvements in the elastic models and
extension of Monte Carlo sampling to kinetic Monte Carlo will facilitate modeling lattice dynamics including
the nucleation and propagation of the ST. These computational developments will need to be strongly coupled
with the experiment. Together, a combined approach will reveal the fundamentals of how SCO materials
change spin state and, perhaps even more significantly, provide a powerful tool to discover new metal–ligand
combinations which hitherto have not been considered capable of spin-state switching.
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6.1 Introduction

The influence of spin-state changes on reaction mechanisms involving transition metals is a topic that has
received increasing interest over the past 20 years. The rapid development of computational methods uncov-
ered new mechanisms which proceed through multiple spin states and helped in understanding why some
multi-state reactions proceed slowly while others are fast. It also explained some rate anomalies in reactions
of transition metal complexes (or ions) for which the substrates and the products have the same spin state but
proceed via a spin-crossing reaction pathway leading to an unexpected product distribution. Understanding
multi-state reactivity of organometallic compounds is of particular importance for the development of new
base-metal catalysts. Whereas the noble second and third row transition metal complexes (e.g., Ru, Rh, Pd)
are mainly low spin due to the large energy splitting of their d-orbitals, first row transition metal complexes
(e.g., Fe, Co, Ni) often exist in multiple spin states with similar energies. Since the stability of their high-,
intermediate- and low-spin configurations depends on both the coordination number and the donor strength
of the ligands, it is not uncommon that elementary steps such as migratory insertion, oxidative addition or
reductive elimination lead to a change in the spin state of the metal along a catalytic reaction pathway. This
can (but does not necessarily have to) lead to “spin blocking” of the reaction of a coordination compound if
the barrier for spin-crossing between the different spin states is high, in which the reaction proceeds slowly
or not at all. Spin transitions can also lead to unexpectedly fast reactions (spin acceleration) when a facile
spin-crossing opens a lower energy pathway.

Spin States in Biochemistry and Inorganic Chemistry: Influence on Structure and Reactivity, First Edition.
Edited by Marcel Swart and Miquel Costas.
© 2016 John Wiley & Sons, Ltd. Published 2016 by John Wiley & Sons, Ltd.



104 Spin States in Biochemistry and Inorganic Chemistry

In this chapter, we give an overview of the different spin-state crossing scenarios affecting the reactivity of
organometallic compounds. For clarity, we excluded any open-shell reactivity introduced by single-electron
oxidation or reduction of organometallic complexes producing metallo- or ligand-centered radicals. Such
scenarios are covered extensively in a number of other recent reviews and book chapters (an example would be
Chapter 11 of this book) [1, 2]. Here we focus on the effects of crossing spin states in a number of elementary
reactions typically observed for organometallic compounds, such as ligand exchange, oxidative addition,
reductive elimination, migration/insertion, 𝛽-hydride elimination, C–H bond activation and intramolecular
electron transfer between a transition metal and a coordinated redox active ligand. These processes are highly
relevant for catalysis, which is the final topic covered in this chapter. We did not attempt to write a full
comprehensive review, including all reactions reported to involve spin-crossing processes. Instead, we aimed
to exemplify the important principles and effects of spin-crossing in reactions on the basis of illustrative
examples, covering the most important reaction types in organometallic chemistry. In Section 6.2, we start by
giving a brief overview of the existing theories of reactions involving spin-state changes, which we explain
in a manner accessible to a broad readership.

6.2 “Spin-Forbidden” Reactions and Two-State Reactivity

The majority of chemical reactions proceed (or are thought to proceed) on single potential energy surfaces
(PES) with uniform spin multiplicity: all the intermediates and transition states (TS) have the same spin state
as the reactants and the products. The reaction rate depends on the energy of the (highest) transition state,
which is a saddle point (SP) on the PES. The reactions in which the total electronic spin state changes are
named “spin-forbidden.” However, as pointed out by Poli and Harvey, a more appropriate statement would be
that such changes are associated with a certain extent of spin-forbiddenness depending on the magnitude of the
spin-orbit coupling (SOC) [3]. As a result, for light atoms the change in the spin state is accompanied by a large
barrier (more spin forbidden; an example being the slow reaction of organic molecules with triplet oxygen,
as compared with the fast spin-allowed reaction with singlet oxygen) [4], while for transition metals such
spin changes are generally quite facile (i.e., less spin forbidden; examples being spin-crossover compounds).
Therefore, one should always consider the possible influence of the change of the spin state when considering
organometallic chemistry reactivity patterns.

To address the influence of the spin-crossing on the reaction rate, Schröder et al. introduced the two-state
reactivity (TSR) concept [5], which applies if the overall kinetics for product formation results from an inter-
play between the barriers for the spin-inversion and the barriers on the high- and low-spin surfaces (see Figure
6.1). In principle, TSR pathways provide short-cut routes for processes which are otherwise difficult when
proceeding at a single-spin surface (single-state reactivity (SSR)) [5, 6]. In general, TSR is only relevant if it
has an influence on the kinetics of the reaction (i.e., if it lowers the barrier). For a spin-state change to occur,
the two spin-state surfaces with different spin-multiplicity have to be separated by a sufficiently small energy
gap. This is often the case in coordinatively unsaturated (bare) organometallic and inorganic compounds, in
particular for first row transition metals. In addition, the probability of TSR participating in chemical reactions
depends on the magnitude of the SOC constant [7].

The smaller the energy gap between two spin states and the larger the SOC contributions, the greater the
probability of a spin-crossing process [5, 7, 8]. Different spin states of a molecule are orthogonal. Hence,
in zero-order approximation, a transition from one spin surface to another is “forbidden.” To enable spin-
crossing, a (spin) state mixing mechanism is required, such as (vibronically induced) SOC. If SOC is small
(i.e., for molecules built from light atoms), the transition from one spin surface to another can only occur if
the spin surfaces are close in energy. This means, the point close to the exact crossing point of spin surfaces
is defined as the minimum energy crossing point (MECP, see Figure 6.2) [3]. At this point, level mixing of
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(a) (b)
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Figure 6.1 Reaction energy profiles of (a) single-state reactivity (SSR) and (b) two-state reactivity (TSR) pro-
cesses. At the crossing point between the two energy surfaces, spin inversion occurs, providing a short-cut lower
energy pathway. Reproduced from [5] with permission from American Chemical Society.

the spin surfaces through SOC leads to a low (but non-zero!) probability for spin-crossing. In the weak SOC
limit, low spin-crossing probabilities can have a substantial influence on the spin-crossing rates.

The rate of “spin-forbidden reactions” can be described with the Eyring rate equation modified with a
surface-hopping probability factor (psh). The latter is in fact a measure for the magnitude of SOC. See equation
(6.1) [7],

k(T) =
kBT

h
exp

(
−ΔH‡

RT

)
× psh × exp

(
−ΔS‡

R

)
. (6.1)

Since SOC is a relativistic effect, heavier atoms typically have larger SOC constants (l). As a result, SOC in
metal complexes (especially for the heavier metals) is much larger than in organic molecules, thus leading to

Figure 6.2 Potential energy surfaces (PES) in spin-forbidden reactions. Reactants cross from spin surface 1 to spin
surface 2. The probability for crossing from one spin surface to another is highest when the energy gap between
the surfaces is small (MECP). The spin-crossing probability increases with the magnitude of SOC. Reproduced
from [8] with permission from Royal Society of Chemistry.



106 Spin States in Biochemistry and Inorganic Chemistry

(a) (b)1-p

p

Figure 6.3 (a) Weak SOC limit and (b) strong SOC limits of “spin-forbidden” reactions. Reproduced from [3]
with permission from Royal Society of Chemistry.

stronger avoided crossing behavior close to the MECP. Hence, the probability for spin-crossing (psh) increases
substantially, and typically much faster spin-transitions are observed for metal complexes compared to those
in molecules built from lighter atoms. Figure 6.3 shows the spin-state change behavior at low and high SOC
limits. At the weak SOC limit, near-crossing of the spin surfaces (induced by motion of the atoms) is possible,
and only around the MECP, vibronically induced SOC enables surface hopping with a certain (nonzero, but
limited) probability (Figure 6.3a). In the strong SOC limit, as is the case for many transition metals, the
system reveals strong avoided crossing behavior around the MECP. This lowers the barrier, and in addition in
this region of the PES the probability for spin-transition is high, thus allowing a smooth transition from one
spin surface to another (Figure 6.3b). The heavier the atoms, the larger the SOCs, and hence the smoother
the spin-crossing proceeds. Therefore, the degree of “spin-forbiddenness” gradually decreases going down
the periodic table [3], and for many transition metals the barriers for spin-transitions are similar or lower
than those observed for spin-conserving reactions. For the heavy third row transition metals, spin transitions
become particularly facile. In that sense, geometric distortions required to bring the spin surfaces closer in
energy are often the most important contributions to the spin transition barriers of transition metal complexes
(i.e., similar to the electron transfer Marcus theory). In addition to geometrical distortions associated with a
spin transition, an intrinsic low spin-crossing probability, psh, factor (i.e., crossing of the spin surfaces occurs
without a spin transition, despite having an optimal geometry for a spin-crossing) might further contribute
to lowering the spin-crossing rates. How relevant low probability, psh, factors really are for transition metal
complexes is not so clear, as evaluating SOC effects typically requires expensive relativistic calculations.
Hence, such reports are not (yet) widely available.

For many first row transition metal complexes, SOC is still relatively weak [9], and as a result the level
of mixing around the MECP is also limited and the resulting barrier at the avoided crossing region is ener-
getically not much lower than the MECP. Therefore, the energy barrier for spin-crossing can be estimated
by calculating the crossing point of the potential energy surfaces. These surfaces are multidimensional, and
therefore cross in many different points. In order to get some insight into the energy profile of a spin-forbidden
reaction, the MECP between two surfaces can be evaluated computationally [3]. Such methods have been used
extensively to identify spin-crossing behavior of many different compounds and reactions in organometallic
chemistry.

It has to be noted that finding the MECP and SOC considerations are not sufficient when looking at the
reactivity of spin-forbidden reactions. The shape of the potential energy surface is of equal importance, as
demonstrated in several studies [3]. Figure 6.4 shows a few possible scenarios of reaction pathways involving
species having close-lying spin surfaces. If the spin surfaces do not cross (Figure 6.4a), SSR dominates.
Crossing of the potential energy surfaces after the saddle point is possible (Figure 6.4b) but does not affect
the overall rate. When the potential energy surfaces cross before the saddle point (Figure 6.4c), or both before
and after the saddle point (Figure 6.4d), TSR can truly affect the overall rate (provided SOC, and therewith
psh, is large enough) [5].

As pointed out by Poli and Harvey, some reactions which seemingly appear to proceed at a single spin
surface can be accelerated by following a TSR pathway. This is the concept of spin acceleration [3]. Spin
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Figure 6.4 Spin-state scenarios in chemical reactions. Reproduced from [5] with permission from American
Chemical Society.

acceleration can only occur with a large psh transmission factor and if the MECP occurs at a lower energy
than the saddle point of the SSR transition state. In this manner a spin-state change gives access to a lower
energy pathway (Figure 6.4d).

A representative example of a reaction showing TSR involves the reaction of FeO+ with H2, which has been
recognized in two independent studies (Figure 6.5) [10]. The reaction is overall spin-conserving. However,
the sextet reactants (FeO+, H2) undergo spin-crossing to a low-lying quartet transition state ([HFeOH]+) (see
also Chapter 8 in this book). In this case the reaction can take place in a concerted manner and bond activation
is energetically less demanding [11].

6.3 Spin-State Changes in Transition Metal Complexes

During a chemical transformation of a transition metal complex (e.g., ligand association/dissociation, reduc-
tive elimination/oxidative addition or migratory insertion/elimination reaction), the coordination number
and/or electron count on the metal changes. In many cases, this results in a situation where the electronic
spin ground state of the educt and the product differ. Low coordinate metal complexes often have high spin,
while higher coordination numbers frequently lead to low-spin complexes. Obviously, the ligand field strength
as well as the steric requirements of the ligands will also have an influence on the relative stability of the high-
and low-spin configurations. Therefore, one can expect that ligand association and oxidative addition reac-
tions should proceed smoother on the low-spin surface, while ligand dissociation and reductive elimination
reactions should be more facile on the high-spin surface.
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Figure 6.5 Energy profile for the reaction of FeO+ and H2 in the gas phase. MECP1 and MECP2 reflect the
spin-crossing points of the reaction. Upon changing the spin-state of the intermediates in this reaction, a low-lying
energy pathway becomes accessible [11]. Reproduced from [5] with permission from American Chemical Society.

6.3.1 Influence of the Spin State on the Kinetics of Ligand Exchange

The simplest cases in which the spin state of the metal influences the reactivity are ligand exchange reactions.
Addition or removal of a ligand leads to a change of the geometry around the metal and of the electron count
on the metal. In general, low coordinate complexes have a higher tendency to form high-spin complexes,
while coordinatively saturated species are more often low spin. Therefore, the reactants, intermediates and
products formed in a ligand exchange reaction can have ground states with a different spin state. In such
cases the spin-crossing that needs to occur along the reaction pathway might influence the overall kinetics
of the ligand exchange, in extreme case leading to the so-called “spin blocking” effect, which occurs if the
probability of surface hopping is close to zero (equation 6.1).

An illustrative example of this phenomenon is the large difference in the reaction rate constants of the
addition of CO to (photo-generated) [Fe(CO)3] and [Fe(CO)4] in the gas phase (equations 6.2 and 6.3) [12]:

3[Fe(CO)3] + CO → 3[Fe(CO)4] k= 2.2 × 10−11 cm3 s−1 molecule−1 spin-allowed (6.2)

3[Fe(CO)4] + CO → 1[Fe(CO)5] k= 5.2 × 10−14 cm3 s−1 molecule−1 spin-forbidden (6.3)

The first CO addition is spin-allowed and proceeds on the triplet surface, while the latter reaction yields a
singlet product and is hence “spin-forbidden.” The rate constant of the spin-forbidden reaction was measured
to be over 400 times smaller than that of the spin-allowed reaction. This reaction has been investigated com-
putationally, and the MECP could be located, giving a relatively good agreement with the experimental rate
[13].

The change of the spin state along the reaction pathway can also have an influence on the relative rates of
addition of various ligands to the transition metal center. This is illustrated by the N2 and CO additions to
[Cp∗Mo(Cl)(PMe3)2], which in both cases proceeds via a triplet-to-singlet spin-state change. CO addition to
this complex is faster by three orders of magnitude than N2 addition, while the rates of addition of these ligands
to related 16 valence electron (VE) species with a singlet ground state are within the same order of magnitude
[14]. According to DFT studies, the difference in relative rates are the result of a different location of the
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Scheme 6.1 Fast phosphine exchange for [CpMo(Cl)2(PR3)n] complexes (n = 1, 2) occurs via a doublet-to-
quartet spin-state change.

spin change event (MECP) along the reaction coordinate. Due to the repulsive Mo–N2 interaction in a triplet
state, the high-barrier spin change has to occur before the Mo–N bond can be formed. In comparison with
N2, CO has more diffuse orbitals and interacts more strongly with the metal already at large Mo–C distances,
resulting in the stabilization of the singlet state. This leads to an easier high-spin to low-spin transition, and
as a result a lower activation barrier for CO binding [14].

The change of the spin state can lead to spin acceleration as in the case of 17 electron [CpMo(Cl)2(PR3)2]
(R=Me, Et, Ph) complexes which have a doublet ground state. These complexes show unexpectedly fast
dissociative phosphine exchange kinetics [15]. DFT calculations revealed that the ligand dissociation is
accelerated by a spin-state change [16]. According to this study, the ground state of the model inter-
mediate [CpMo(Cl)2(PH3)] formed after initial phosphine dissociation has a quartet ground state which
lies 8.5 kcal mol−1 higher in energy than the starting complex [CpMo(Cl)2(PH3)2] but 8.4 kcal mol−1

lower than the asymptote of the doublet dissociation product. The MECP between the doublet and quar-
tet state was located 4.8 kcal mol−1 lower than the doublet dissociation asymptote, which is in accord
with the observed ligand exchange rate. The SOC constant (250 cm−1) was shown to be high enough
to enable surface hopping close to the MECP (see Scheme 6.1). Overall, the spin-state change facili-
tated the ligand dissociation process by lowering the activation enthalpy compared to the spin-allowed
pathway.

The occurrence of multiple spin states can be used to explain the different reactivity patterns of transi-
tion metals from the same group. Already in 1975, Brintzinger and coworkers proposed that the low stability
of the CO adduct to chromocene was a result of a high spin-pairing energy for Cr upon formation of sin-
glet [Cp2Cr(CO)] [17] from triplet [Cp2Cr] [18]. The heavier analogues [Cp2Mo] and [Cp2W], which have
a singlet ground state, thus form much stronger CO adducts. Analogously, the high stability of the triplet
configuration of photo-generated [CpCo(CO)] prevents the formation of its adducts with alkanes, and hence
also oxidative addition reactions of C–H bonds to the metal, while such reactivity is facile for [CpRh(CO)]
and [CpIr(CO)] [19]. However, in analogy to [Cp∗Mo(Cl)(PMe3)2] [14], the more strongly binding ligand
CO can trigger the spin-orbit-induced spin-crossing to the singlet state, and as a result the binding of CO to
[CpCo(CO)] is fast. A reverse reaction – fast CO dissociation from singlet [(Tpi-Pr,Me)Co(CO)2] to form a
triplet [(Tpi-Pr,Me)Co(CO)] complex has also been reported [20]. The equilibrium reaction involves a triplet-
to-singlet spin-state change, fast enough to rule out any “intrinsic” activation barrier for spin-state change.
This observation showed that the reactions involving different spin multiplicities of educts and products do
not always lead to “spin blocking.”

6.3.2 Stoichiometric Bond Making and Breaking Reactions

6.3.2.1 Reactivity in the Gas Phase

The first investigations leading to the development of the TSR concept were based on gas phase reactivity
studies of transition metal ions with alkanes [5]. The mechanistic insight gained from these studies helped
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Figure 6.6 Influence of the high-spin–low-spin separation of the metal center on the rate of methane activation.

in understanding the reactivity of condensed phase systems involving a spin-state change. The gas-phase
reactivity of transition metal ions toward alkanes has been extensively reviewed (see also Chapter 8 of this
book), and in many of these examples two- or multi-state reactivity has been proposed [21]. Here we describe
some of the representative examples.

During C–H bond oxidative addition to a transition metal, both the coordination number and the oxidation
state of the metal increase. Hence, for many first row (3d) transition metal complexes, this transformation
will be accompanied by a high-spin to low-spin transition, in which case the reaction follows a two-state (or
multistate) pathway. In some cases, spin acceleration is observed as well. A representative example is the
activation of methane by FeH+, CoH+ and NiH+ (equation 6.4):

[M−H]+ + CH4 → [M−CH3]+ + H2 (6.4)

While NiH+ activates methane at room temperature in the gas phase, FeH+ and CoH+ do not [22]. DFT
calculations revealed that the enthalpic barriers along the high-spin potential energy surface are prohibitively
high for all three metal hydrides, but spin-crossing substantially reduces the activation barrier. As a result,
these reactions are spin-accelerated. The reactivity order NiH+

> CoH+
> FeH+ is a result of differences in

the energy separation between the high- and low-spin configurations of these metals. In the case of NiH+,
both the MECPs and the transition state of oxidative addition of methane on the low-spin PES lie below the
energy of the reactants, which allows this reaction to proceed without any external activation (Figure 6.6).

The concept of multi-state reactivity also helped in the understanding of the reaction of metal oxides with
alkanes, which is a model reaction, e.g. for methanol synthesis from natural gas (equation 6.5):

[M=O]+ + R−H → [M]+ + ROH (6.5)

Two mechanistic pathways were considered: (i) hydrogen atom transfer from the alkane substrate to the
oxo-ligand to form a hydroxide complex and an alkyl radical, which attacks the hydroxide ligand in a radical
rebound mechanism to form the alcohol product, and (ii) insertion of the metal oxo into the R–H bond to
form [R–M–OH] followed by reductive elimination of the alcohol. In the first mechanism, the overall spin
is conserved, while the situation in the second mechanism is more complex. Bare late transition metal ions
and many of their oxides typically have a high-spin ground state, and the insertion product [R–M–OH] is
often low spin. Therefore, two spin-state changes can be expected along the reaction pathway associated with
the alkane insertion and reductive elimination steps to form the high-spin bare metal ion and the alcohol
product [5].
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Figure 6.7 Energy profile for methane activation by FeO+ [23].

A nice illustration of a pathway involving such TSR is the reaction of the FeO+ cation with methane [23].
According to DFT, two spin inversions between the sextet and quartet states occur in the course of the reaction.
The first change (from sextet to quartet) is prior to the four-centered transition state in which the C–H bond
of methane is being broken. This significantly decreases the barrier height from 31.1 to 22.1 kcal mol−1 (at
the B3LYP level). The final release of methanol again invokes a spin-state change, back from the quartet to
the sextet surface, which decreases the energy for methanol dissociation from 57.2 to 37.4 kcal mol−1 (Figure
6.7). Other late transition metal oxide cations, for example CoO+ and NiO+, show reactivity patterns similar
to that reported for FeO+. Early transition metal oxides such as ScO+, TiO+, VO+, CrO+ and MnO+ have,
however, low-spin ground states and as a consequence only one spin-state change takes place after reductive
elimination of the alcohol.

Another gas phase reaction that helped in the understanding of how spin-state changes can lead to accel-
eration of a reaction is the reversible 𝛽-hydrogen transfer of the iron alkyl species [Fe(C2H5)]+ to form the
ethane hydride species [HFe(C2H4)]+ [24]. Both compounds exist in the quintet state, while the transition
state with the lowest barrier between them lies on the triplet surface (according to DFT). This transition state
has an agostic interaction of the C–H bond, which requires an empty metal orbital. As such, according to
DFT (B3LYP), the intermediacy of this (intermediate-spin) triplet transition structure lowered the activation
energy of the 𝛽-hydride elimination by 8 kcal mol−1 compared to the reaction that would proceed solely on
the quintet surface (Figure 6.8).

6.3.2.2 Reactivity in the Condensed Phase

The gas phase reactions described above greatly added to our understanding of “spin-forbidden” reactions
in general, also to those proceeding in the condensed phase, for which substrates and products are isolable
compounds. Insight into such elementary reactions is important, as they often determine the rate of a catalytic
process. Spin-state changes can further be of influence on the selectivity of a reaction. For reactions proceeding
on a single potential energy surface, the selectivity is typically determined by the relative heights of the
transition state energy barriers leading to any accessible product (reactions involving bifurcated transition
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Figure 6.8 Reversible 𝛽-hydrogen transfer between Fe(C2H5)+ and HFe(C2H4)+.

states being exceptions [25]). However, this picture becomes more complicated when multi-state reactivity
is at play, in which case not only the relative transition state barriers but also MECPs can be of influence. In
the next section, some examples of synthetically relevant elementary reactions proceeding at different spin
surfaces and involving spin-transitions are presented.

6.3.2.2.1 C–H Bond Activation An illustrative example showing how the relative barriers related to transi-
tion states and MECPs have an influence on product distribution of a chemical reaction proceeding in solution
is the binding of ethylene to the unsaturated complex [Cp∗Ir(PMe3)]. Reacting the in situ generated triplet
species [Cp∗Ir(PMe3)] with ethylene yields two singlet products in an approximate 1:2 ratio: the ethylene
adduct [Cp∗Ir(PMe3)(𝜂2-C2H4)] and the vinyl hydride complex [Cp∗Ir(PMe3)(C2H3)(H)] resulting from the
C–H bond activation of ethylene [26]. Thermolysis of the vinyl hydride species leads to the clean formation
of the ethylene adduct [Cp∗Ir(PMe3)(𝜂2-C2H4)], which is the thermodynamic product and thus cannot be
an intermediate in the formation of the vinyl hydride species [Cp∗Ir(PMe3)(C2H3)(H)]. Thus, the formation
of the kinetic C–H addition product cannot be explained by considering only the singlet potential energy
surface (PES). Extensive DFT (B3LYP) calculations on [CpIr(PH3)] model revealed that this intriguing reac-
tivity can only be explained by considering a TSR pathway. The first intermediate, a triplet Van der Waals
complex [CpIr(PH3)(𝜂1-H-C2H3)] can undergo a transformation into a triplet di-radical [CpIr(PH3)(C2H4)]
species through a transition state with a lower barrier than the first MECP (MECP1) to the singlet PES. This
di-radical can subsequently transform into the triplet ethylene adduct [CpIr(PH3)(𝜂2-C2H4)] over a transition
state with a slightly higher barrier than the second MECP (MECP2). PES crossing can actually occur before
(MECP2) or after (MECP3) this transition state, in both cases leading to the formation of the singlet ethy-
lene adduct [CpIr(PH3)(𝜂2-C2H4)] via a lower barrier process than its formation from vinyl hydride species
[Cp∗Ir(PMe3)(C2H3)(H)] on the singlet surface. The kinetic product distribution is therefore determined by
the relative barriers of the transition states at the triplet surface, combined with the barriers for PES crossing
over the MECPs to the singlet products (Figure 6.9) [27].

Another example of a C–H activation reaction involving multistate reactivity is the activation of arenes
by [Cp∗Fe(CO)(NCMe)Ph] [28]. This complex was shown to activate the C–H bonds of benzene, furan,
thiophene, thiazole and 2-methylfuran through sigma-bond metathesis. DFT (M06) calculations revealed that
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Figure 6.9 The products distribution in the reaction of triplet [CpIr(PH3)] with ethylene is determined by both
the transition state barriers at the triplet surface and the MECPs connecting the triplet and singlet PES. Reproduced
from [27] with permission from John Wiley & Sons.

the initial dissociation of the acetonitrile ligand is spin-forbidden and two pathways leading to the triplet
[Cp∗Fe(CO)Ph] intermediate were found (Figure 6.10). In the first pathway, the dissociation of MeCN occurs
first, which leads to a high energy (ΔH = 27.1 kcal mol−1) singlet species [Cp∗Fe(CO)Ph], followed by
a spin-state change to triplet [Cp∗Fe(CO)Ph] over MECP1. In the second pathway, the spin change over
MECP2 occurs during partial dissociation of MeCN, with further dissociation leading to the formation of
triplet [Cp∗Fe(CO)Ph]. The second pathway has a calculated barrier of only 9 kcal mol−1, leading to a triplet
species with a weakly bound MeCN adduct, which is 𝜋-coordinated. Subsequent loss of MeCN is only slightly
endergonic, producing the triplet [Cp∗Fe(CO)Ph] species. The 𝜂2-C–H-coordinated benzene complex formed
prior to the actual C–H activation event has a singlet state; therefore, another spin-crossing step is required
for the reaction to proceed. This can proceed either by the conversion of triplet [Cp∗Fe(CO)Ph] to singlet
via MECP1 followed by coordination of the aromatic substrate, or through an intersystem crossing along
with benzene coordination through MECP3. The latter route is calculated to be lower in energy and therefore
most likely to occur. Finally, the C–H bond cleavage occurs via a four-centered sigma-bond metathesis-type
pathway, which leads to the release of benzene. According to the calculations, the rate-limiting step is the
sigma-bond metathesis between the phenyl-iron complex and the arene (which is in accord with the observed
kinetic isotope effect), therefore the spin-crossing does not seem to have a major influence on the rate (or the
kinetic isotope effect) in this case.

6.3.2.2.2 𝜷-hydride Elimination Fast 𝛽-hydride elimination reactions typically require the presence of
both an empty and a doubly filled d-orbital. Therefore, this process is formally “spin-forbidden” for high-
spin alkyl complexes with more than five d-electrons. Hence, high-spin metal-alkyls should be more stabilized
compared to their low-spin analogues. This theory allowed the isolation of some remarkably stable high-spin
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Figure 6.10 Energy profile for aromatic C–H bond activation by [Cp∗Fe(CO)(NCMe)Ph] [28].

manganese(II)-alkyls containing 𝛽-hydrogen atoms [29], and proved to have a large impact on catalyst design.
The spin-forbiddenness of 𝛽-hydride elimination is a likely factor in lowering the chain-transfer rate of olefin
polymerization reactions catalyzed by paramagnetic, high-spin iron or cobalt complexes compared to related
diamagnetic palladium(II) or nickel(II) catalysts [30], and as a result, higher linearity of polyethylene and
longer polymer chains could be obtained. However, this does not always need to be the case, and facile,
reversible 𝛽-hydride elimination at high-spin iron(II) centers of 𝛽-diketiminate complexes has been reported
(Scheme 6.2) [31].

In order to get a better understanding on the factors that govern the 𝛽-hydride elimination reactions on
high-spin metal centers, detailed DFT (B3LYP) calculations were performed on the model iron and cobalt
𝛽-diketiminate complexes [32]. In agreement with the experiments, the iron alkyl and the iron alkene hydride
species were found to be most stable in the high-spin (quintet) state. For the iron species, both quintet and
triplet 𝛽-hydrogen elimination transition states that lead to the C–H bond breaking and Fe–H bond formation
were found. The triplet transition state was found to be lower than the respective quintet transition state by
10.7 kcal mol−1, which pointed to a mechanism involving the spin-crossing. The first MECP (16.6 kcal mol−1)
lies 2.4 kcal mol−1 lower than the triplet transition state (Figure 6.11). The mechanism involves rotation about
the Fe–C bond to form a planar complex featuring an agostic C–H interaction that is favorable on the triplet
surface, while on the quintet surface, this interaction is repulsive. The vacant orbital (depopulated during the
spin-crossing) accepts the electrons from the 𝛽-hydride moiety, leading to the formation of the Fe–H bond.
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Scheme 6.2 Alkyl group exchange on 𝛽-diketiminate iron(II) complexes.
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Figure 6.11 (a) MECP for the 𝛽-hydrogen elimination step in diketiminate-supported iron–ethyl complexes and
(b) diketiminate-supported cobalt–ethyl complexes [32].

After crossing the transition state, a quartet alkene hydride species is formed (the second MECP has not been
calculated), which has a high (13.7 kcal mol−1) energy compared to the iron alkyl species, which is in accord
with the fact that the alkene hydride species has not been experimentally observed. This spin acceleration
for 𝛽-hydrogen elimination is in agreement with the gas-phase reactivity of [Fe(C2H5)]+ reported by Fiedler
and coworkers [24]. In addition, the calculations revealed that with increasing steric bulk of the diketoiminate
ligand, the ability of the complex to form a square-planar intermediate decreases, which results in lower rates
for 𝛽-hydride elimination. This reaction is a clear example of spin acceleration. Quite similar results were
described for some high-spin pyridinediimine-supported Fe complexes [33].

The authors arrived at similar conclusions regarding the spin-state change for the diketiminate-supported
cobalt–ethyl complexes (Figure 6.11b). The reaction proceeds via a low-spin (doublet) planar transition state
starting from a high-spin (quartet) ground state. The MECP has a similar barrier as the transition state, and
according to the calculations, the resulting alkene hydride species remains on the doublet surface.

In addition, DFT calculations on the tris-pyrazolylborate alkyl iron species, [Tp(iPr,iPr)FeEt] and
[Tp(tBu,Me)FeEt], which are not prone to 𝛽-hydrogen elimination reaction, were performed. The inertness of
these complexes was explained by the high steric bulk of the ligand which hampers the formation of the low-
spin intermediate with agostic bonding. These observations obviously challenge the true “spin-forbiddenness”
of 𝛽-hydride elimination reactions for high-spin alkyl complexes with more than five d-electrons.

6.3.3 Spin-State Situations Involving Redox-Active Ligands

All the above examples of spin-crossing occurring during a chemical transformation dealt with changing the
spin configuration of the transition metal. However, when the metal- and ligand-based orbital energies are
similar, the spin-state change can in principle also be accompanied with electron transfer from the metal
to the ligand (or vice versa), giving access to ferro- or antiferromagnetic coupling between the unpaired
electrons at the metal and those on the ligand. Such behavior has been recognized by Xu and co-workers
for the triplet cylopentadienyl cobaltacyclopentadiene complex [CpCo(C4H4)], which is an active species in
acetylene oligomerization (see also Section 6.4) [34].
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Scheme 6.3 Dimerization of acetylene proceeding via a triplet intermediate containing a one-electron-reduced
carbon ring.

The single electron transfer from cobalt(I) to the cobaltacyclopentadienyl moiety has likely an extra stabi-
lizing factor for the triplet [CpCo(C4H4)]. This can easily react with unsaturated compounds (e.g., alkynes,
alkenes, nitriles) after prior spin-crossing to a singlet species, which is triggered by substrate coordination.
However, in the absence of a suitable substrate, the cobaltacyclopentadiene ring collapses through a triplet
transition state to form a cyclobutadiene species [CpCo(𝜂4-C4H4)], which is the most stable species in its
singlet configuration [34]. The involvement of redox non-innocent ligands in altering chemical reaction path-
ways in organometallic chemistry and catalysis has been recognized in many cases [1, 2], but the behavior
of the system displayed in Scheme 6.3 is quite unique in the sense that metal to ligand electron transfer is
coupled with spin switching.

There are also situations in which the redox active ligand prevents the occurrence of spin-crossing, leading
to kinetic stabilization of a reactive intermediate. In this case, locating an unpaired electron on a light element
(e.g., oxygen) which has a low SOC prevents the spin-crossing. An example is the gas-phase reactivity of
[NiIII(H)(OH)]+. This compound activates methane under thermal conditions to form [NiIII(CH3)(OH)]+

and H2. Notably, the low-energy doublet state (which at the CASSCF level has a 12–17 kcal mol−1 lower
energy than the quartet state) [35] is not responsible for this reactivity as it undergoes reductive elimination
of water to form [NiI(OH2)]+, which is inert toward methane [36]. The calculated activation pathway occurs
via the quartet state, which needs to have a sufficiently long lifetime to react. The calculated MECP has a
geometry very similar to the one of the quartet state and has an energy which is only 0.3–1.1 kcal mol−1 higher
(depending on the method used). This suggests that the kinetic stabilization of the quartet versus doublet state
is not energy based. The calculated SOC constants of the quartet and doublet states was found to be 16.8 and
8.0 cm−1 at the CAS(11,11)/6-311+G(d,p) and CAS(13,13)/cc-pVTZ levels respectively. The SOC constant
values can range from a few tens to few hundreds of cm−1 for light nonmetals and reach thousands for the
late first-row transition metals [9]. Analysis of molecular orbitals revealed that in the quartet state only two
unpaired electrons are located on the nickel center, while the third one is located on the oxygen atom of the
hydroxyl group (see also Chapter 8 of this book). Thus, the electronic structure of the quartet species is best
described as a one-electron-reduced nickel center coordinated to a hydroxyl radical – 4[NiII(H)(OH∙)]+. As
a result, a direct spin-flip to the doublet 2[NiIII(H)(OH)]+ configuration is not feasible due to the electronic
state mismatch and the low SOC constant of oxygen. An alternative spin-crossing pathway in which the spin-
crossing proceeds on the nickel center (forming a doublet excited state 2[NiII(H)(OH∙)]+, which could relax
to the ground state doublet species 2[NiIII(H)(OH)]+) proceeds via an MECP that has energy high enough to
significantly retard the spin-crossing, despite the much higher SOC constant of the nickel atom (Figure 6.12).
This means that the 4[NiII(H)(OH∙)]+ species cannot easily relax to the doublet ground state via a simple
spin-state change, giving it a long enough lifetime to activate small molecules (see also Figures 6.2 and 6.3).

A “non-organometallic” example in which redox active ligands facilitate overcoming a spin-transition is
the “spin-forbidden” reaction of PPh3 with O2, catalyzed by a rhenium(V) complex that in the process does
not seem to change the oxidation state of the metal. Rhenium complexes are powerful oxo-transfer reagents
[37]. However, closed-shell rhenium complexes do not easily react with triplet oxygen, probably due to the
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Figure 6.12 Stabilization of the high-spin hydroxyl-radical species 4[NiII(H)(OH∙)]+ by virtue of the low SOC
constant of the oxygen atom [35]. (See colour plate section)

spin-forbidden nature of this reaction (Figure 6.13a), and therefore mostly oxidants other than O2 are used as
the oxygen atom sources. Other closed-shell metal complexes (e.g., Pd, Rh, Ru) have been reported to react
with oxygen, circumventing the “spin-forbidden” nature of the reaction by undergoing a one-electron redox
step to form an end-on superoxo M-O-O∙ intermediate [38]. Subsequent homolysis of the O–O bond then
gives rise to the metal-oxo compound (Figure 6.13b). Closed-shell d2 Re(V) complexes have the tendency to
react via a two-electron process (rather than one-electron process) and the formation of a superoxide M-O-O∙
intermediate is deemed unlikely. However, the redox active catechol ligands bound to the Re complex can
facilitate the reaction by delivering the required electrons for O2 reduction in two consecutive one-electron
processes oxidizing two catechol ligands to semi-quinone ligands and reducing O2 to peroxide via a super-
oxide intermediate while the metal stays in the +5 oxidation state. Only in the subsequent O-O breaking
step, the redox equivalents of the two metal are used, reducing the peroxide to two oxo fragments and the
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(a)

(b)

Figure 6.13 (a) Spin-forbidden triplet oxygen activation and (b) di-oxygen activation by closed-shell transition
metal complexes involving a one-electron redox step to form an end-on superoxide M-O-O∙ intermediate [38].

two redox active semiquinone ligands back to their catecholate redox state (see Figure 6.14) [39]. In this
way the redox noninnocent ligands do not only act as electron reservoirs but they also actively lower the
exchange interactions through delocalization of the unpaired electrons that were generated in the first step of
the mechanism.

Overall, spin-forbidden reactions involving redox non-innocent ligands are known but very often they are
studied for a different purpose. The fact that these ligands can actively participate in reactions is used in many
processes. The avoidance of uncommon oxidation states during reactions is one of the most important recent
discoveries in the field. Electrons are taken up by the ligands or donated to the substrates; this implies that
spin-forbidden transitions in the ligand system are unavoidable. Research into this behavior, however, is still
scarce and very often it involves bioinorganic systems and processes. On the other hand, there is a growing
awareness of the influence of spin-forbidden transitions in ligands on the reactivity of certain reactions. In
principle, the effects should be similar, except for the fact that most ligands are built from light atoms and
hence do not have electron occupancy of d- or f-orbitals that can account for large SOC factors.

Figure 6.14 Triplet oxygen activation by catechol ligands allowing Re to stay in its stable +5 oxidation state [39].
Reproduced from [1c] with permission from American Chemical Society.
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6.4 Spin-State Changes in Catalysis

Although most studies on spin-forbidden reactions deal with single elementary steps, the topic of TSR in
catalysis is gaining more attention. The growing field of computational chemistry and methods such as DFT
especially provide the right tools to study more complex systems. Spin-forbidden elementary steps can intro-
duce a lower energy pathway and sometimes spin-forbidden processes are involved in the rate-determining
step. As discussed in the previous sections, the relatively slow 𝛽-hydride elimination proceeding on high-spin
transition metal centers rendered paramagnetic first-row transition complexes good catalysts for olefin poly-
merization reactions. In the following section we will discuss examples of homogeneous first-row transition
metal systems that catalyze (cyclo)oligomerization reactions of alkynes and alkenes, and which undergo a
spin-crossing during the catalytic turnover.

6.4.1 Catalytic (Cyclo)oligomerizations

6.4.1.1 Cobalt-Catalyzed Cyclotrimerizations

The CoCp system is effective in cyclotrimerization of alkynes with unsaturated compounds (e.g., alkynes,
alkenes, cyanides; Scheme 6.4). The importance of the spin-state change during these catalytic reactions was
first addressed by Dahy and co-workers in the context of trimerization of acetylene [40]. They presented
DFT (B3LYP) calculations which revealed that the reaction of a triplet cobaltacyclopentadiene complex with
acetylene to form a triplet cobalt 𝜂6-benzene complex proceeds via a low-lying singlet transition state with
easily accessible MECPs. In follow-up studies, Agenet et al. investigated the TSR pathways for both the
[2 + 2 + 2] cyclotrimerization of alkynes [41] and the coupling of two alkynes with alkenes [42].

The first spin-crossing event occurs after the oxidative coupling of the two acetylene molecules bound to
the cobalt center (Figure 6.15). This coupling proceeds on the singlet surface with energies of activation in
the range of 11–13 kcal mol−1 [40, 42]. The thus formed cobaltacyclopentadiene species [CpCo(C4H4)] (B)
relaxes to a triplet state through an MECP located at ∼0.1–1.1 kcal mol−1 relative to the singlet complex
(depending on the method used). This behavior was also described for substituted acetylenes with the triplet
states being energetically favored by 13–16 kcal mol−1 and the MECPs leading to them being in the range
of 0–1.3 kcal mol−1 compared with the singlet state [41]. The subsequent Diels–Alder cyclo-addition of
acetylene proceeds on the singlet surface through a barrierless process. The MECP to the singlet state has a
low energy (6.5 kcal mol−1), and the thus formed singlet benzene adduct relaxes to the triplet state through a
very low-energy MECP (Figure 6.15).

The reaction of the [CpCo(C4H4)] species with ethene proceeds via a seven-membered metallocyclic inter-
mediate (D), which is accessed on the singlet surface (Figure 6.16). The reductive elimination was found to
proceed on the triplet surface, leading to the formation of a cyclohexadiene cobalt complex [CpCo(C6H8)]
(E) which relaxes to the singlet state through a low-energy MECP (MECP5). The relatively easy crossing
from the singlet to the triplet surface (MECP3) of the metallacycle D prevents the formation of a singlet
complex G with agostic C–H interaction which could undergo 𝛽-hydride elimination, leading to the forma-
tion of hexatriene as a side product [42]. This study clearly shows that the spin-crossing pathway allows a
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X
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Scheme 6.4 Cyclotrimerization of acetylene and other unsaturated compounds catalyzed by CoCp.
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Figure 6.15 Mechanism of cyclopentadiene cobalt-catalyzed trimerization of acetylene.

smooth sequence of elementary steps, in which the species alternates between different spin surfaces. The
coordination of alkene requires a low-spin configuration, while the transition to the high-spin configuration
favors reductive elimination of the cyclic product over 𝛽-hydride elimination (see Section 6.3), which would
lead to a linear product (Figure 6.16).

The cyclopentadienyl cobalt system is also a powerful catalyst for the synthesis of substituted heterocycles.
Dahy and co-workers studied computationally the reaction of the cobaltacyclopentadiene with nitriles [43, 44]
and found that in this case the most favorable mechanism involves multistate reactivity pathways.

Addition of acetonitrile has a mechanism similar to the addition of acetylene, that is, it proceeds via a
cyclo-addition mechanism proceeding on a singlet surface (through an easily accessible MECP from triplet
surface). In the first step, the acetonitrile molecule coordinates with the singlet metal center. The formation of
the 𝜂4-coordinated 2-methylpyridine complex is followed by another spin-crossing to form the 𝜂6-coordinated
species (Figure 6.17, left).

Electron withdrawing groups (H, CF3) have a strong influence on the C–C bond-forming step proceeding on
the singlet surface. A seven-membered azacobaltacycloheptatriene ring is formed, analogously to the reaction
of the cobaltacyclopentadiene with olefins. Reductive elimination of the pyridine can proceed on both low-
and high-spin surfaces. The final product is a triplet cyclopentadienyl cobalt pyridine complex (Figure 6.17,
right).

The formation of a pyridin-2-one cobalt complex from cobaltacyclopentadiene and isocyanate was also
shown to proceed via a multistate pathway (Figure 6.18) [45]. In line with the previously investigated
mechanisms, the cobalt complex undergoes a singlet-to-triplet spin-crossing, which allows for coordination
of the isocyanate. The coordination can occur either at the nitrogen or at the carbon atom. The most favorable
pathway involves coordination of isocyanate at the nitrogen atom (1C). Subsequently, the coordinated iso-
cyanate inserts into the cyclopentadiene-metallacycle, forming a bicyclic intermediate (1D), which can rear-
range to two different intermediates: a triplet metallacycle (through a rather high-energy MECP), in which
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Figure 6.16 Mechanism of cyclopentadiene cobalt-catalyzed co-oligomerization of ethylene with acetylene.

isocyanate is incorporated (3E), or a singlet 𝜂4-coordinated pyridin-2-one complex (1G), which undergoes
a spin-crossing to form the triplet 𝜂2-coordinated species (3H). The former pathway involves spin-crossing
before the intermediate is formed. The latter pathway is the most favorable one and it shows spin-crossing to
take place as a driving force for product formation.

6.4.2 Phillips Cr(II)/SiO2 Catalyst

The Phillips catalyst is one of the most important industrial catalysts for polyethylene production. Several
mechanisms of the initiation steps have been proposed for this catalyst, and since the operando investigations
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Figure 6.17 The catalytic two-state reactivity mechanism for the [4+2]-cycloaddition of acetonitrile (left) and
trifluoroacetonitrile (right) to cyclopentadiene involving a cobaltacyclopentadiene complex [44].

of heterogeneous systems are often difficult, the exact mechanism of ethylene polymerization still remains
under debate. In the context of the investigations of the induction period of ethylene polymerization, Zhong
and co-workers investigated the mechanism of ethylene dimerization at the CrII centers of the Phillips catalyst
(Figure 6.19) [46]. The DFT (B3LYP) studies revealed that the formation of the triplet chromocyclopentane

Figure 6.18 Catalytic cycle in the formation of pyridin-2-one by the CpCo catalyst [45].
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Figure 6.19 Two-state reactivity in the oligomerization of ethylene by the Phillips catalyst [46].

from quintet diethene chromium species proceeds via a triplet transition state. The MECP (23.7 mol−1) for
spin-crossing from the quintet surface to the triplet surface, prior to the triplet transition state (19.2 kcal mol−1)
is associated with a relatively low-energy penalty. The rate-limiting step of reductive elimination of 1-butene
is also facilitated by a spin-state change with the MECP (43.9 kcal mol−1) located before the transition state.
The calculated barrier is thus lowered from 63.7 (triplet) to 55.5 kcal mol−1 (quintet), but the overall calculated
barrier remains very high.

A related mechanism was found for trimerization of acetylene with the Phillips catalyst. The DFT-computed
(modified B3PW91 functional with 28% Hartree–Fock exchange energy) reaction pathway involves spin-state
changes and is shown in Figure 6.20 [47]. Coordination of acetylene to the CrII center results in the formation
of the adduct with a quintet ground state (5A → 5B). A spin-state transition through a 9.4 kcal mol−1 MECP
to a (higher energy) triplet state (3B), which has a structure that is best described as a chromocyclopropene.
This allows the reaction to proceed at the triplet PES, which has substantially lower energy barriers for the
subsequent insertion steps of the acetylene molecules. Coordination of a second acetylene molecule to the
chromium center (3C) allows for the formation of the chromocyclopentadiene intermediate (3D) over a low-
energy transition state (12.5 kcal mol−1 vs. 27 kcal mol−1 on the quintet PES). The third acetylene binds via
hydrogen bond formation with the oxygen atom bound to chromium (3E) and undergoes a [4 + 2] cycload-
dition to metallacycle. The final steps involve spin-crossing back to the quartet PES (3F → 5F), followed by
elimination of benzene, completing the catalytic cycle.

Similar pathways were disclosed for cyclotrimerization of methylacetylene over the same Cr(II)-catalyst
[48], suggesting that spin-crossing mechanisms might be quite general in C–C bond forming reactions with
Phillips catalysts.

6.4.3 SNS–CrCl3 Catalyst

The SNS–CrCl3–MAO catalyst system (SNS=EtS(CH2)2NH(CH2)2SEt, MAO=methylaluminoxane) can
trimerize ethylene to 1-hexene with high activity and selectivity. Although the structure of the actual cat-
alyst and the oxidation state of the chromium center are still under debate, a computational study (B3LYP) by
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Figure 6.20 The most feasible reaction profile for the cyclotrimerization of acetylene by the Cr(II)/SiO2 cluster
model [47].

Yang and co-workers suggests that this system is another important example of spin acceleration in catalysis
[49].

The putative [CrI(SNS)(C2H4)]+ species [under the experimental conditions, containing an excess of
MAO, deprotonation of the ligand NH moiety might actually occur, see ref. 50] coordinates another ethylene
molecule to form a high-spin (sextet) diethylene complex. The coupling of the two ethane moieties to form
the chromocyclopentane intermediate has a prohibitively high barrier on the sextet PES (38.4 kcal mol−1).
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Figure 6.21 The lowest energy pathway for the trimerization of ethylene with the SNS–CrCl3 catalyst involves
spin-state changes between the sextet and quartet surfaces.

However, a low-energy MECP allows for a change to a quartet PES, which lowers the effective barrier to
24.0 kcal mol−1. The subsequent coordination of a second ethylene followed by insertion into one of the
Cr–C bonds yields a chromocycloheptane intermediate which transforms through a quartet transition state
followed by the MECP to the sextet 1-hexene-coordinated chromium species (Figure 6.21).

6.5 Concluding Remarks

In contrast to “purely” organic transformations, which involve light elements, “spin-forbidden” transitions
cannot be disregarded in chemistry proceeding within the coordination sphere of transition metals. Whether
the spin state can change on the course of the reaction depends on the energy of the crossing point between
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two potential energy surfaces of different spin state, that is, its MECP, and on the magnitude of SOC. In cases
where the energy of the MECP is too high, or the SOC is too low, the system cannot easily change its spin
state and the so-called “spin blocking” of the reaction can occur. However, this is often not the case and the
formally spin-forbidden reactions can proceed smoothly, even with unexpectedly high rates.

Reactions involving spin-crossing are easily recognized when the substrates and products of the reaction
have a different spin state. However, in cases where the spin state for substrates and products remains the
same, only a detailed quantum chemical analysis of the possible reaction pathways can confirm a spin-
crossing mechanism. In many cases, the use of the multi-state reactivity concept was able to explain the
unexpected kinetics or selectivity. We are still far from predicting which reaction would proceed via a spin-
crossing and how to rationally design catalysts for certain selectivity and how to increase activity. The gen-
eral expectations are, however, that ligand association, oxidative addition, migratory insertion and 𝛽-hydride
elimination reactions should be promoted by low-spin metal centers, while ligand dissociation and reduc-
tive elimination reactions should proceed more easily on high-spin metal centers. In addition, redox-active
ligands can be used to prevent spin-crossing by locating an unpaired electron on a nucleus with low SOC
constant.

Many spin-forbidden gas-phase reactions have been studied. These systems allowed the identification of
anomalies during the rates of elementary steps and product distributions. These relatively simple systems were
thoroughly investigated using various quantum chemical methods, building the foundations for the multistate
reactivity concept and revealing the general patterns for spin-state change during the course of a chemical
reaction. This methodology was later translated to the studies of reactions in the condensed phase and ulti-
mately led to a better understanding of the action modes of several (industrially) important catalysts. This
proved especially useful in understanding the propagation and termination steps of poly- or oligomerization
of unsaturated compounds proceeding on iron, cobalt and chromium centers. It is to be expected that we
will soon be able to accurately predict spin-state changes in multispin-state catalytic reactions and to use
this information to fine-tune spin-crossing reactivity by rational design. This is important, because by spin
accelerating (or spin blocking) specific reaction pathways over others, selectivity can be induced. Rapid devel-
opments in relativistic calculations and advanced multireference post-Hartree–Fock methods will certainly
advance the field in the near future. Another important development is the involvement of redox active ligands
in spin-crossing reactions, as these can facilitate or retard the spin-forbidden reactions (which is of interest
for catalysis as well).

In summary, spin-crossings can be important in determining the rate, reactivity and selectivity in crucial
rate-determining steps in catalytic mechanisms involving (first-row) transition metal complexes. The assump-
tion that reactions involving multiple spin states are always slow is disproven, and an increased awareness
of importance of spin-crossing in organometallic chemistry has arisen. However, proving its existence on a
mechanistic level is often complicated. DFT calculations have proven to be very efficient in investigations of
possible spin-crossing reaction pathways, but more advanced computational methods should be used in the
future to properly predict relative spin-state energies for which multireference systems are often required (e.g.,
in case of open-shell singlet systems). Future research into spin-forbidden reactions will likely be focused on
more complex systems, such as full catalytic cycles and systems containing redox-active ligands. Overall,
spin-state changes are very important in many commonly known reactions and their influence can, without
any doubt, be used in the future to create selective and sustainable catalysts.
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7.1 Introduction

Elucidating what happens when molecules react and what governs activation barriers, reaction mechanisms,
and reactivity patterns constitutes a major challenge in chemistry. This quest in understanding chemical
reactivity has led to the development of concepts and principles, which have been derived from both
experimental observations and theoretical analyses, and which have guided experimentalists and theoreti-
cians. For example, reactivity principles such as rate–equilibrium relationships [1], the Bell–Evans–Polanyi
(BEP) principle [2, 3], the Woodward–Hoffmann rules [4], Fukui’s frontier-orbital theory [5], the hard–soft
acids/bases principle [6], and so on, have been extremely useful for organizing known reactivity patterns,
making predictions, and developing new and meaningful experiments.

These concepts and principles have sprung by and large in organic and main group chemistry, where the
majority of the reactions involve either closed-shell molecules or molecules with at most one unpaired elec-
tron, as in radical reactions. In comparison, organometallic and bioinorganic chemical reactions involve tran-
sition metal complexes, which often possess several unpaired electrons on the metal center, giving rise to a
few closely lying spin states, which may participate in reactivity.

Do these unpaired electrons play any role in reactivity? Nature has given us a partial answer to this question.
It utilizes nonheme enzymes such as methane monooxygenase (MMO), taurine:𝛼-ketoglutarate dioxygenase

Spin States in Biochemistry and Inorganic Chemistry: Influenc on Structure and Reactivity, First Edition.
Edited by Marcel Swart and Miquel Costas.
© 2016 John Wiley & Sons, Ltd. Published 2016 by John Wiley & Sons, Ltd.



132 Spin States in Biochemistry and Inorganic Chemistry

(TauD), and an entire family of desaturases, which employ iron(IV)-oxo active species that possess high-
spin (HS) states with four unpaired electrons on the transition metal and activate strong C–H bonds [7–10].
Thus, Nature seems to “like” many unpaired electrons and multi-state situations. However, how do these
unpaired electrons and multi-state situations affect chemical reactivity? Answering these questions requires
new concepts.

This chapter focuses on describing these concepts, and on showing that unpaired electrons and multi-state
situations have a profound impact on chemical reactivity. That multi-state situations might have unique effects
on chemical reactivity was indicated from gas-phase experiments on transition metal cations that activated
the bonds of small molecular species [11, 12]. One of these crucial reactions in this respect has been H–
H/C–H bond activation by the FeO+ cation [13] (see also Chapter 8 of this book), which is a small molecular
analog of the active species of heme and nonheme iron-oxo enzymes. As the title of this paper, “Surprisingly
Low Reactivity of Bare FeO+ in Its Spin-Allowed, Highly Exothermic Reaction with Molecular Hydrogen
to Generate Fe+ and Water,” indicates, the reactivity patterns of this reaction were highly intriguing, and
thereby voiced a call for new concepts. Trying to understand this reaction led to the development of new
concepts such as single-state reactivity (SSR) and two-state reactivity (TSR) [14–17]. These new concepts
were found to be far-reaching [18, 19], and they quickly spread to heme enzymes [20, 21], where the notion
of multi-state reactivity (MSR) [22] was formulated, and subsequently to the reactivity of nonheme metal-
oxo complexes, which led to the development of the exchange-enhanced reactivity (EER) principle, which
accounts for TSR, MSR, and spin-state selectivity [23–25]. These concepts have resolved reactivity puzzles
and have steered interest among experimentalists who tested these ideas [26–30] or used them for organizing
the known experimental data [31]. However, as for any concept, the notion of MSR and the importance of
spin state in bond activation reactions were questioned [32]. This is, therefore, a good moment to provide a
bird’s eye view of the field, by comparing the new concepts with traditional reactivity concepts, and to provide
suggestions for experimental probes of spin-state selectivity, and TSR and MSR prospects. First, a brief history
and the reactivity paradigms of different spin states will be introduced with a variety of examples. Next, the
theoretical EER concept that explains the underpinnings of spin selective reactivity will be presented. Finally,
the various ways to probe spin-state effects by theory and experiment will be discussed.

7.2 Spin-States Reactivity

Even though it is practically impossible to do any justice to all the excellent contributions to spin-state reactiv-
ity, we nevertheless provide here a brief history of the topic without any pretension of presenting an exhaustive
coverage. The Wigner–Witmer rules [33] had formulated already in 1928 the notion of spin conservation, by
which chemical reactions could be classified as “allowed” when they proceeded on a single spin-state surface,
or as “forbidden” when they had to involve spin-state changes along the course of the reaction. The role of
spin-forbiddenness has been amply demonstrated in spectroscopy and photodissociative processes in small
molecules [34–36]. The understanding that spin-orbit coupling (SOC) [34–42] and spin–spin interactions
remove the forbiddenness was followed by the development of means to calculate the seam of crossing and
the minimum energy crossing point (MECP) between different spin states [43–50]. Salem and Roland [51] for
the first time discussed the SOC conditions for spin inversion in organic diradicals. Subsequently, Shaik and
Epiotis extended the ideas to the triplet-state photoreactivity of organic molecules and derived selection rules
for spin inversion [52–56]. During the 1990s, Armentrout [11] and Weisshaar [57] highlighted the impor-
tance of excited spin states for the ground-state reactivity of “bare” metal ions with small molecules such as
molecular hydrogen and alkanes. The extensive review of the field by Schwarz [18] showed the ubiquity of
these multi-state situations in gas-phase reactivity. Understanding the spin conservation and spin inversion
phenomena in gas-phase reactions ultimately gave birth to the TSR concept, whereby two different spin states
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are involved over the course of a reaction [14–17, 58–60]. Subsequently, Poli and Harvey [61] discussed sim-
ilar multi-state situations in organometallic chemistry. Over time, it was shown that this concept carried over
to heme chemistry [20], where MSR situations were soon unraveled by computational means as well as to
nonheme chemistry and to the corresponding biomimetic chemistry [25, 62]. The subsequent section further
discusses these concepts in a variety of heme and nonheme systems.

7.2.1 Two-State and Multi-State Reactivity

7.2.1.1 The Puzzle That Triggered the Formulation of TSR

As noted before, the TSR concept originated in response to puzzling data on the reactivity of FeO+ with H2
[13]. The reaction is shown in equation (7.1) and is seen to be formally spin-conserving, as the reactants and
products have ground states of the same spin multiplicities:

FeO+(6Σ+) + H2 → Fe+(6D) + H2O (7.1)

At the same time, the reaction is highly exothermic (−38.5 kcal mol–1), and constraints for orbital overlap
or interaction between the two small diatomic reagents do not seem to exist. Despite all these rosy prospects,
the reaction efficiency was merely 0.6% or even smaller [14, 21, 60]. Additional observations could not be
explained in terms of conventional mechanistic concepts, (i) at small thermal energies, the rate of reaction
exhibited an inverse temperature dependence. Also, (ii) at slightly elevated energies, a second channel was
found to compete with the production of Fe+ and water and led to the production of FeOH+ [60].

The resolution of these puzzling facts [14–17, 59] is illustrated in the density functional theory (DFT)-
computed energy profiles in Figure 7.1. It is seen that the reaction starts and ends on the sextet spin surface
and is seemingly spin-allowed, but it involves double spin-state crossing with the quartet-spin excited state.
The energy barrier on the sextet state surface is large and well above the threshold energy of the reactants,
and as such, a sextet-state reaction is “forbidden” by having a prohibitively high barrier. What enables the
reaction to occur at all is the excited quartet-spin state, which crosses below the sextet in the transition state
(see Figure 7.1), and mediates the transformation. Initially, it was reasoned that the observed small efficiency
originates in poor SOC interaction [17]. However, more sophisticated statistical treatments traced the limited
efficiency to an “effective free energy barrier” [63, 64]. But the details of this issue are of lesser importance
here, since without the spin-state crossing there would be no reaction at all [14–16]. Thus, the quartet state
catalyzes activation of the H–H bond and enables it to transpire. This is a chemically important mechanistic
feature of TSR and spin-state crossing.

Another key aspect of TSR is that the kinetic isotope effect (KIE) should be a probe of the reactive spin state.
In the present case, if the TSR scenario constitutes a correct mechanism, then the measured KIE should fit the
value corresponding to the quartet-state reaction, rather than the sextet-state process. Indeed, DFT calculations
[16] revealed that the computed KIE for the quartet-state reaction matched the experimental value, in contrast
to the KIE computed for the sextet-state reaction, which was significantly higher than the experimental data
value (for H2 vs. HD and D2). Finally, another feature of the TSR scenario is that, at elevated energies, one
may still see some sextet-state reactivity, which prefers [16] hydrogen atom abstraction (H-abstraction) over
the addition of H2 across the FeO bond, as in the quartet state. Indeed, this theoretical prediction matched
with the experimental observation of Fe-OH+ at elevated energies [60].

Using the TSR scenario, it became easy to describe many other reactivity patterns of metal-oxo cations
and related species with H2 and alkanes [15, 58, 65, 66]. Soon enough, TSR became a widely used concept
in bioinorganic and metalloenzymatic chemistry.
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Figure 7.1 Computed DFT energy profiles reveal a TSR scenario for the gas-phase oxygenation of H2 with FeO+

(equation 7.1) [16].

7.2.1.2 Spin-State Reactivity Scenarios in Various Bond Activation Reactions

Figures 7.2 and 7.3 display a collage of TSR/MSR scenarios in several heme, nonheme, and biomimetic
models. Many of these cases, with the exception of Figure 7.3d (to be discussed later), share one
common feature: they involve energy profiles featuring at least two spin states that either crisscross
or remain in proximity. This is a fundamental feature of the TSR/MSR scenario, whereby differ-
ent states produce different reaction intermediates and products in a given process. The figures also
exhibit differences, which we would like to understand and thereby generalize the spin-state reactivity
principle.

Figure 7.2a shows a C–H hydroxylation reaction catalyzed by the active species of the enzyme cytochrome
P450, the so-called Compound I (Cpd I), an iron(IV) porphyrin cation radical. Computations show that the
doublet- and quartet-state profiles are roughly isoenergetic throughout the H-abstraction step. Subsequently,
the doublet intermediate “rebounds” and forms an alcohol complex (Por-FeIII(ROH)) in a barrier-free man-
ner, while the quartet intermediate encounters a barrier to rebound. There is also a higher-lying sextet-state
surface that, like the quartet surface, has also a finite rebound barrier. Although not shown in Figure 7.2, the H-
abstraction transition states (TSH) come in different electromeric varieties 2,4TSH(IV,III) [62, 70–74], where
the Roman numerals indicate the different oxidation states of the iron center (i.e. electromeric states). As such,
C–H hydroxylation by cytochrome P450 involves MSR, where several spin and electromeric states seem to
influence the reactivity and the product distribution. Based on the presence or absence of the rebound barri-
ers, it is possible to construct a scenario wherein the quartet-state mechanisms are stepwise with sufficiently
long-lived intermediates, while the doublet-state mechanisms are effectively concerted with ultra-short-lived
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Figure 7.2 Calculated TSR/MSR scenarios during the oxidation of substrates by high-valent metal-oxo com-
plexes: (a) Compound I of P450 reacting with propene (represented as R–H) [22], (b) PorMnV(O)Cl reacting
with toluene [67], (c) corrolazine–MnVO reacting with dihydroanthracene (DHA) [68], (d) manganese–oxo of a
polyoxometalate cluster, [PW11O39MnVO]4–, reacting with propene [69].
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Figure 7.3 Calculated reactivity scenarios for various oxidation reactions by high-valent iron(IV)–oxo complexes:
(a) TSR in the reaction of [FeIVN4Py(O)](ClO4)2 with C6H8 (CHD) [92], (b) TSR during the intramolecular decay
of [FeIVTMC(O)]2+ [84], (c) TSR in the reaction of [FeIV(NH3)5O]2+ with CH4 [85], (d) the SSR of TauD–FeIVO
with C2H6 [93]. Gg/Gsolv corresponds to free energy data in the gas phase/with solvent correction, respectively.

intermediates. Indeed, the interplay of these states has reasonably accounted for the experimental observa-
tion of rearranged alcohol products (due to long-lived alkyl radicals), along with stereochemically conserved
products [31, 71, 73–75]. These features are archetypal of oxidation reactions of organic substrates with a
variety of other heme systems.

Figure 7.2b depicts energy profiles on different spin states for the H-abstraction step during toluene hydrox-
ylation by a PorMnV(O)Cl reagent [67]. Here too a TSR scenario operates. One notes that the singlet spin state
(S = 0) possesses a high H-abstraction barrier, while the actual reaction is mediated through the triplet-spin
(S = 1) state, which is initially an excited state but becomes the ground state at the TSH geometry.

Note that, unlike with P450s, here in Figure 7.2b, the spin-state crossover occurs during the H-abstraction
step. This energy profile for H-abstraction is typical of other cases as well, for example in epoxidation by
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salen–MnV=O [76], in C–H activation of DHA by corrolazine–MnV=O (see Figure 7.2c) [68] as well as in
the allylic hydroxylation of propene by a polyoxometalate–MnV=O complex (Figure 7.2d). These TSR/MSR
scenarios are also common to C=C epoxidation by other metal–oxo complexes [77–79].

7.2.1.3 Spin-State Reactivity Patterns in Nonheme-Type Metal–Oxo Complexes

Having surveyed the wide scope of the reactivity of different spin states in heme systems and related species,
we will now explore nonheme iron–oxo C–H activation reactions in order to better understand how the effect
of spin manifests itself in these systems, which are ubiquitous in enzymatic and biomimetic chemistry [80–
83].

Figure 7.3 depicts various reactivity scenarios of synthetic nonheme iron(IV)–oxo complexes activating
C–H bonds. Figure 7.3a shows the DFT-computed energy profiles for C H bond activation of 1,4-
cyclohexadiene (CHD) by the nonheme complex, [FeIVN4Py(O)](ClO4)2, which is typical of many synthetic
iron(IV)–oxo complexes [80–83]. The complex has a triplet (S = 1) ground state and a quintet (S = 2) excited
state. During the C–H bond activation phase, the quintet state cuts below the barrier of the ground triplet state
and mediates the transformation via the transition state species 5TSH. Figure 7.3b reveals that the same TSR
scenario holds for the decay reaction of an iron(IV)–oxo complex, [FeIVTMC(O)]2+, via two intramolecular
H-abstraction steps [84]. Figure 7.3c proves that the TSR feature is not an artifact of DFT theory, as a similar
TSR scenario has been observed using sophisticated CCSD(T) calculations of methane and ethane oxidation
by [FeIV(NH3)5(O)]2+ [85, 86]. In fact, this TSR scenario abounds, and it has been encountered in numerous
studies [28, 87–92] of a great variety of synthetic L5FeIVO oxidants and similar species, where L is generally
a nitrogenous ligand. In all the cases, the S = 2 state crosses below the S = 1 ground state and mediates the
bond activation reaction with a very small energy barrier.

Finally, Figure 7.3d shows the H-abstraction process in the reaction of the model iron(IV)–oxo active
species of the enzyme TauD with ethane [93]. It is seen that this enzyme makes direct use of the quintet state
to activate ethane. Thus, Nature has selected the S = 2 state as the ground state of the active species because
this state can accomplish C–H bond activation directly and with a low energy barrier.

7.2.2 Origins of Spin-Selective Reactivity: Exchange-Enhanced Reactivity and Orbital Selection
Rules

The ubiquity of TSR in the oxidative reactions performed by high-valent metal–oxo complexes raises a
set of intriguing questions: (a) How come a spin state, which is initially an excited state, becomes the
ground state at the TS geometry and beyond? (b) What is the reason for the spin-state selectivity in TSR
scenarios? For example, MnVO prefers triplet- over singlet-state reactivity (Figures 7.2b–d), and the S =
5/2 state of FeO+ exhibits a higher barrier compared with the S = 3/2 state (Figure 7.1), whereas the
S = 5/2 state of Por∙+FeIVO (Figure 7.2a) exhibits a tiny HAT barrier compared with the S = 3/2 state
[22]. In addition, (c) What is so special about the S = 2 state of nonheme L–FeIVO oxidants that Nature
has selected this state to carry out these transformations? Finally, (d) Why do all the hydroxylation reac-
tions proceed in a stepwise manner via an endothermic H-abstraction step followed by rebound [94] if they
have an alternative pathway for the alcohol by direct O-insertion into the C–H bond via a very exothermic
reaction?

What is missing in order to answer these questions is the consideration of the exchange interaction, a
quantum mechanical phenomenon, which is brought about by having identical-spin electrons on the metal
center. It is the interplay of this exchange interaction vis-à-vis the orbital promotion energies for a given
oxidant species [23–25] that provides the necessary background to comprehend the foregoing reactivity
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patterns. Applying these considerations constitutes, in fact, a Hund’s rule of chemical reactivity. In the
subsequent section we will introduce exchange interactions and their impact on H-abstraction, then apply
the EER rule to the quintet and triplet states of FeIVO species to further explain the origin of spin selec-
tive reactivity, and lastly demonstrate its implications and manifestations of the concept in a variety of
systems.

7.2.2.1 Consideration of Exchange Interactions

Electronic exchange in the d-block orbitals measures the decrease in electron–electron repulsion between
d-electrons that possess identical spins vis-à-vis d-electrons with opposite spins. The reduction of electron–
electron repulsion for a pair of identical-spin electrons in the d-block is gauged by the exchange interaction
term, Kdd. For n identical-spin electrons on the transition metal center, the number N of exchange interactions
becomes

N = 1∕2 [n (n − 1)]Kdd n: number of identical−spin electrons (7.2)

This quadratic dependence of the exchange stabilization on the number of identical-spin electrons basically
means that the total exchange interaction energy can be quite large. For example, 7Mn+ in its 4s13d5 ground
state has six identical-spin electrons, which bring about 10 Kdd + 5 Kds units of exchange, which lower the
electron–electron repulsion of 7Mn+ by well over 250 kcal mol–1.

An important feature of all C–H hydroxylation reactions by metal–oxo complexes is the enrichment of the
metal center by two electrons, one during the H-abstraction step, and the second during rebound. As such,
over the course of the reaction, there will be a variable number of identical-spin electrons with due impact on
the energies of the species along the reaction path (the same considerations apply to C=C epoxidation). As
shall be seen, this variable exchange stabilization is the factor responsible for the spin-state selectivity that
was observed in the above figures.

7.2.2.2 The Impact of Variable Exchange Interactions During H-Abstraction

To illustrate the role of variable exchange, consider the following H-abstraction step by the transition metal
(TM)–oxo complex having a general ligand system, L:

L−TMz+=O + H−R → L−TM(z−1)+−OH + R ∙ (z is positive) (7.3)

It is seen that during the H-abstraction step, the oxidation state of the TM center is reduced from z+ to
(z – 1)+. This means that the TM center is enriched by one electron during the oxidative process. In a partially
filled d-shell of the TM, the added electron can enter into a vacant d-orbital, or into a singly occupied one, in
which case the added electron will pair up with the already present electron. In the first scenario, the added
electron will enrich the exchange on the metal center; if there were initially n identical-spin electrons on the
TM center, the exchange will be enriched by n new units of Kdd. In the second scenario, the total exchange
on the TM will be depleted (by n – 1 Kdd units).

The factor that determines which of the two options is energetically preferred is the spacing of the d-
orbitals’ energy levels. Thus, since the d-orbitals of transition metal complexes are not degenerate, placing
the so gained electron in a vacant orbital will require an orbital promotion energy (ΔEorb) vis-à-vis the option
of pairing the electron in an already singly occupied d-orbital. Therefore, for any given TM oxidant, we have
to weigh the relative exchange stabilization (ΔKdd) term versus the orbital promotion (ΔEorb) energy term.
In the case where exchange is the dominant factor, the first option will be preferred and will lead to EER. In
the case where the orbital gaps are large, the ΔEorb term will be the dominant factor and will lead to orbital-
controlled reactivity (OCR). The balance between these two factors will determine the spin-state selectivity
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Scheme 7.1 Orbital energy diagram for a hexacoordinate metal–oxo complex, showing schematic drawings and
labels of the d-orbitals. The occupancy of FeIV=O in the S = 2 state is used as an example.

and identity of the lowest energy transition state for H-abstraction. Whenever the exchange enrichment wins
out, the lowest energy TSH species will have a higher spin state and will enjoy EER. On the other hand,
whenever the ΔEorb term wins out, the lowest energy TSH species will possess a LS state. Some of these
considerations constitute the Hund’s rule of chemical reactivity [23–25].

To be able to apply these principles, we should better understand values of the Kdd and ΔEorb parame-
ters for metal–oxo complexes. Ultimately, these quantities will depend on the identity of the TM and the
extent of orbital delocalization, and the energy splitting of the d-block orbitals, which in turn depends on the
ligand sphere. Let us use for discussion the orbital energy diagram in Scheme 7.1, which corresponds to a
hexacoordinate FeIVO complex in the quintet spin state.

ComputedKdd values for FeO complexes are typically 9.3–13.6 kcal mol–1 [24, 25], that is, ∼12 kcal mol–1

on average. The parameter will be larger for CrO, which possesses orbitals more localized on the TM center.
The value will also be larger for the late TMs, Co and Ni, which have more compact d-orbitals. Smaller values
are expected for second row TMs; for example, the Kdd value for RuO will be significantly smaller than the
corresponding value for FeO [24, 25].

The values of ΔEorb (𝜋∗
xz/yz→𝜎

∗
z2 ; 𝛿xy→𝜎

∗
x2–y2) are sensitive to the ligand sphere. For FeIVO species with

N5 ligands, ΔEorb (𝜋∗
xz/yz→𝜎

∗
z2 ) has been computed to have values of 49.9, 56.8, and 65.1 kcal mol–1 [24,

95], while ΔEorb (𝜋∗
xz/yz→𝜎

∗
z2) for TauD’s FeIVO (with weaker-field carboxylate ligands) has been com-

puted to be 28.6 kcal mol–1 [25]. Computed ΔEorb(𝛿xy→𝜎
∗
x2–y2) values of 49.5, 51.4, and 65.4 kcal mol–1

have been reported for FeIVO compounds with N5 ligands [24, 95]. Given this data, we will assign both
ΔEorb(𝜋∗

xz/yz→𝜎
∗
z2) and ΔEorb(𝛿xy→𝜎

∗
x2–y2) a value of 50 kcal mol–1 on average. For FeIIIOH/R∙ species,

where the Fe–O bond is long, ΔEorb decreases by 10–20 kcal mol–1 [25]. Thus, as long as we realize that
there will be cases that will deviate from these average values, we can, for simplicity, use the average values
to predict the energy ordering for the transition states and intermediates in Figures 7.2 and 7.3.
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7.2.3 Considerations of Exchange-Enhanced Reactivity versus Orbital-Controlled Reactivity

To exemplify the usage of the ΔKdd − ΔEorb interplay in EER versus OCR, let us consider the activation
of an alkane R–H by the L–FeIVO complex in its S = 2 state. As we demonstrated in equation (7.3), during
H-abstraction the iron d-orbital block gains one electron. This enrichment may be viewed as a concerted
proton-coupled electron transfer [24, 25], whereby the electron of H∙ shifts to a d-orbital, while the H+ species
forms a bond to a lone pair on the oxo ligand. A useful tool for tracking this electronic reorganization is the
electron-shift diagram [23–25, 62, 86], which is depicted in Scheme 7.2 and shows that the d-block orbitals
gain one electron during the H-abstraction step.

The diagram considers two alternative pathways from the reactant cluster (5RC) to the one electron-reduced
H-abstraction intermediate 5IH. However, as we amply demonstrated [25], the electron-shift diagram pro-
vides a reliable count of the identical-spin electrons in the transition state (5TSH) as well. The diagram
enables us also to predict the structure of the transition state and to gain insights into the preferred path-
way of H-abstraction. Thus, the diagram is laden with information, so we shall proceed gradually with the
discussion.

7.2.3.1 Usage of Electron-Shift Diagrams to Predict the Preferred Pathway and Transition State
Structures for H-Abstraction

Scheme 7.2 considers two alternative electron shifts, which, depending on the identity of the d orbital
that accepts the extra electron, are labeled as either the 𝜎-pathway or the 𝜋-pathway. The 𝜎-pathway is

Scheme 7.2 Electron-shift diagrams describing two alternative electronic reorganization modes in the d and 𝜎CH
orbitals in the S = 2 state during the H-abstraction step from an alkane, R–H, by L–FeIVO: (a) The 𝜎 path, which
is also the EER pathway. (b) The 𝜋 path, which is also the OCR pathway. RC and IH are, respectively, the reactant
cluster and the H-abstracted intermediate. The right-hand panels show the predicted orbital interactions, which
steer the orientation of the alkane relative to the oxidant in the TSH species of the 𝜎 and 𝜋 pathways. (See colour
plate section)
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shown in Scheme 7.2a, where a spin-up 𝛼-electron shifts to the 𝜎
∗
z2 orbital, thus generating 6FeIIIOH anti-

ferromagnetically coupled to the spin-down 𝛽-electron of the radical (in 𝜙C). In the alternative 𝜋-path, in
Scheme 7.2b, a spin-down 𝛽-electron shifts to the 𝜋

∗
xz/yz orbital, generating 4FeIIIOH, which is ferromagnet-

ically coupled to a spin-up 𝛼-electron of the radical (in 𝜙C).
Inspection of the L–FeIIIOH moieties in the two alternative pathways shows that, in the 𝜎-path in Scheme

7.2a, the electron shift increases the number of exchange interactions on the metal center from 6 Kdd units
in the reactant cluster, 5RC, to 10 Kdd units in the intermediate, 5IH, while in Scheme 7.2b the electron shift
depletes the exchange stabilization by 3 Kdd units. Considering only the exchange terms, we can see that the
𝜎 pathway’s intermediate is stabilized by 7 Kdd units more than the 𝜋 pathway’s intermediate. Based on the
averaged values given above, 7 Kdd units confer ∼84 kcal mol–1 of exchange stabilization on the 𝜎 pathway.
However, compared with the 𝜋 pathway, which is the OCR path, the 𝜎 pathway has to involve a ΔEorb term
due to promotion of an electron to 𝜎

∗
z2 from the 𝜋

∗
xz/yz d-orbital, which has an energetic cost, on average, of

50 kcal mol–1 [24, 25]. It is clear therefore that the preferred pathway for the S = 2 state is the 𝜎 pathway,
which is also the EER path.

As mentioned earlier, the electron-shift diagram also enables one to predict the stereochemical orientation
of the TS through orbital selection rules. The rule is very simple: The preferred orientation of a given TSH
species will be the one that optimizes the overlap between the orbitals that participate in the electron shift.

These predictions are illustrated by the cartoons of orbital interactions in the right-hand panels of Scheme
7.2. Thus, in the EER pathway in Scheme 7.2a, the electron shifts from the 𝜎CH orbital of the alkane to the
𝜎
∗
z2 d-orbital of the iron(IV)–oxo complex. The overlap of these two orbitals will be optimized in an upright

conformation, which is what we predict the structure of the 5TSH,𝜎 species will be. Similarly, the electron
shift in the exchange-depleted path in Scheme 7.2b is predicted to proceed by optimizing the 𝜎CH – 𝜋

∗
xz/yz

overlap, and hence to prefer a sideways orientation with a corresponding 5TSH,𝜋 species.

7.2.3.2 The Predicted Pathway Is Typified by EER and an Upright 5TSH Species

All these predictions are corroborated by DFT computations [92, 96] as depicted in Figure 7.4. The figure
also exhibits the exchange-enriched 5TSH species for the reaction of [FeIVN4Py(O)](ClO4)2 with CHD. It is

Figure 7.4 (a) Spin natural orbitals (SNOs) of the 5TSH,𝜎 species in the EER pathway for the reaction of
[FeIVN4Py(O)](ClO4)2 with CHD [92]. Alongside the orbitals, we show the computed geometry of 5TSH,𝜎 . The
numbers in parentheses represent orbital occupancies. (b) The computed relative energies (kcal mol–1, Gsolv) of
the 5TSH,𝜎 and 5TSH,𝜋 species.
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seen that this TS possesses five identical-spin electrons in the d-block orbitals of the FeO—H—R moiety, as
predicted by the electron-shift diagram. Furthermore, the preferred 5TSH geometry is upright with a FeOH
angle close to 180◦. This is the 5TSH,𝜎 species in the EER pathway, which is seen to be ca. 10 kcal mol–1

lower than the 5TSH,𝜋 species in the exchange-depleted pathway [86, 92, 96]. Thus, as predicted above, H-
abstraction in the S = 2 state is exchange-controlled, leading to EER via a specifically oriented 5TS structure
that obeys the orbital selection rules in Scheme 7.2a. Similar considerations can be employed to show that
here the S = 1 state prefers the 𝜋-pathway, since the exchange enhancement in the S = 1 𝜎-path is smaller
(there is an increase of only 2 Kdd units’ worth of exchange) and thus is overridden by the orbital promotion
energy term [25, 92].

7.2.4 Consideration of Spin-State Selectivity in H-Abstraction: The Power of EER

Usage of the above considerations enables us to comprehend the factors that determine spin-state selectivity
during H-abstraction by metal–oxo complexes. Let us again refer to the example of [L–FeIVO]2+ + R–H
(Scheme 7.2), considering the triplet state alongside the quintet state, and attempt to comprehend two impor-
tant features of the corresponding EER pathway: First, (a) why does the EER pathway, S = 2, have a much
smaller reactant cluster to transition-state barrier than the S = 1 pathway (see Figure 7.3)? Second, (b) can
we predict why 5TSH lies below 3TSH, while the state ordering in the reacting oxidants is the opposite?

To answer these questions, let us consider Scheme 7.3, which depicts the electron-shift diagrams for the
favored pathways in the S = 1 and S = 2 states. By comparing the 2S+1TSH with the corresponding reactant

Scheme 7.3 Electron-shift diagrams describing the electronic reorganization modes in the 𝜎CH and d-orbitals in
the S = 1 and S = 2 states during the H-abstraction from an alkane, R–H, by L–FeIVO. The changes in the number
of exchange interactions are indicated by the arrows: (a) During the S = 1 reaction, the electronic reorganization
in the 3TSH,𝜋 species depletes the exchange by one Kdd unit. (b) During the S = 2 reaction, the exchange in the
5TSH,𝜎 species is enriched by four Kdd units, leading to EER. The vertical arrows from S = 1 to S = 2 show that
5RC has five Kdd units′ worth of exchange stabilization more than 3RC, whereas 5TSH,𝜎 has 10 Kdd units′ worth of
exchange stabilization more than 3TSH,𝜋 . (See colour plate section)
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cluster 2S+1RC, it is seen that in the S = 1 state in Scheme 7.3a, the shifted spin-down 𝛽-electron to the 𝜋∗
xz/yz

orbital lowers the number of identical-spin electrons in the d-block orbitals and depletes the exchange by
1 Kdd unit. On the other hand, in the S = 2 state in Scheme 7.3b, the shifted spin-up 𝛼-electron to the 𝜎

∗
z2

orbital increases the number of identical-spin electrons in the d-block orbitals and enriches the exchange by
four Kdd units. Consequently, the exchange depletion in the S = 1 state results in a significant barrier, whereas
the exchange enhancement in the S = 2 state stabilizes 5TSH and creates a rather flat energy profile with a
tiny barrier. As can be seen from Figure 7.3a, our simple reasoning predicts the computational results for the
H-abstraction reaction of [FeIVN4Py(O)](ClO4)2 with CHD (the barrier for S = 2 is only 5.6/2.8 kcal mol–1

vs 16.9/14.4 kcal mol–1 for S = 1).
To answer the second question, we compare the exchange balance in the two 2S+1RC clusters with that

in the corresponding 2S+1TSH transition states. The vertical arrows in Scheme 7.3 show the corresponding
changes in the number of exchange interactions. Thus, 5RC possesses five Kdd units’ worth of exchange more
than 3RC. Apparently, the five Kdd units’ worth of excess exchange (at the geometry of this complex Kdd is
9.3 kcal mol–1 [24]) is still insufficient to override the orbital promotion energy (𝛿xy→𝜎

∗
x2–y2 ) value [24, 95].

Thus, the S = 2 5RC species, instead of being the ground state, is rather a low-lying excited state slightly
above the S = 1 3RC species (by, e.g., 6.7 kcal mol–1 for [FeIVN4Py(O)](ClO4)2 reacting with CHD [92]).
In contrast, 5TSH,𝜎 possesses 10 Kdd units of exchange stabilization more than 3TSH,𝜋! This added extra
stabilization of five Kdd units is sufficient now to invert the state ordering, and to make 5TSH,𝜎 the lowest
transition state. Hence, the reaction is exchange-controlled and it proceeds via the S = 2 𝜎-pathway, which is
the EER pathway.

7.2.4.1 The Strength of the EER Rule

Exchange enhancement in the H-abstraction reactions of the S = 2 states of L–FeIVO2+ oxidants appears
therefore as a strong energetic effect that steers the spin-state selectivity of the reaction. This importance
of EER allows us to understand the observation of TSR in the intramolecular decay of [FeIVTMC(O)]2+,
described in Figure 7.3b [84]. Despite the fact that the Fe-O-H angle for H-abstraction is constrained to
∼102◦, and the transition state cannot adopt the preferred geometry of the S = 2 𝜎-pathway, the 5TSH is
still significantly lower in energy than 3TSH. But more so, despite the geometric constraints, the electronic
structure of the 5TSH species conforms to the “𝜎-pathway,” involving an electron shift to 𝜎

∗
z2 and maintaining

five identical spin electrons in the d-block orbitals, as Figure 7.5 reveals. Thus, the reaction proceeds via the
EER pathway that maximizes the exchange, and the somewhat high S = 2 barrier (compared to Figure 7.3a),
is due to the partial loss of the favored 𝜎CH-𝜎∗z2 orbital interaction in the constrained 5TSH species. This result
is one of the many similar ones reported in a recent experimental–theoretical study [84].

7.2.4.2 Frontier Orbital Interactions as Alternative Rationales for Spin-State Selectivity

The origins of the spin-state selectivity in the reactions between L–FeIVO and substrates possessing C–H
bonds were also rationalized based on the favored frontier molecular orbital interactions in the two spin
states: 𝜎CH-𝜋∗

xz/yz in the S = 1 state versus 𝜎CH-𝜎∗z2 in the S = 2 state [97–100]. It has been argued that the
𝜎 pathway in the S = 2 state is preferred because: (a) the lowest unoccupied molecular orbital (LUMO) of
the iron(IV)–oxo complex in the S = 1 state is 𝜋∗

xz/yz, whereas in the S = 2 state, the exchange (four unpaired
electrons) stabilizes the 𝜎∗z2 orbital, which becomes the LUMO of the complex; (b) the 𝜎∗z2 orbital has a better
overlap capability with the 𝜎CH orbital of the substrate, thus making the 𝜎CH–𝜎∗z2 interaction stronger than
the 𝜎CH-𝜋∗

xz/yz interaction; and (c) the upright trajectory for 5TSH,𝜎 suffers lesser steric repulsion between the
substrate and the ligand sphere, compared with the sideways trajectory of 3TSH,𝜋 . Based on all these factors,
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Figure 7.5 The Fe–O–H bond angle and SNOs of 5TSH,𝜎 for the intramolecular decay of [FeIVTMC(O)]2+ (consult
Figure 7.3b). The numbers in parentheses are orbital occupancies [25].

it was reasoned that the barrier associated with the S = 2 pathway is generally lower than the one in the
S = 1 pathway.

While this frontier orbital approach has the same rationalizing power as the EER rule, it is not as definitively
predictive. For example, it cannot account for the above findings (Figure 7.5) in the intramolecular decay of
iron(IV)–oxo complexes [84]. In these complexes, where the Fe–O–H angle of the TSH is constrained to
∼102◦, one still finds that the reaction is mediated by an S = 2 5TSH species (see Figure 7.5) that adopts
the EER pathway, with five identical-spin electrons as in a 5TSH,𝜎 species [84]. Thus, despite the fact that
the constrained Fe–O–H angle prefers a 𝜎CH-𝜋∗

xz/yz interaction, still the transition state is neither the 3TSH,𝜋

species (Scheme 7.3a), which would be expected from a favored 𝜎CH-𝜋∗
xz/yz orbital interaction, nor the 5TSH,𝜋

species with only three identical-spin electrons on iron (Scheme 7.2b), as is indeed reported for some cases
[89, 100, 101]. In fact, all the intramolecular decay processes were found to transpire via transition states
that followed the EER rule, with five identical-spin electrons [84]. This in turn means that the nature of
the transition state is steered by exchange-enhanced stabilization that overrides effects of frontier-orbital
interactions. EER is a strong rule, and it predicts clearly the origin of spin-selective reactivity.
Exchange-Enhanced Reactivity may be the reason for the abundance of nonheme enzymes, which possess

S = 2 oxoiron(IV) active species. Experimental studies [27, 87, 102–104] convincingly demonstrated the
superiority of S = 2 FeIVO centers.

7.2.4.3 Dependence of EER and Spin-State Selectivity on the Transition Metal and the d-Electron
Count

The dependence of EER on the d-electron count and the nature of the TM and the ligand is a broad topic,
which was discussed in some detail in the original literature [24, 25]. What follows here is a brief description
of a few cases.
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Scheme 7.4 Schematic representation of electronic states for: (a) S = 5/2 state of FeO+, (b) S = 5/2 state of
Compound I of P450, (c) S = 2 state of Compound II of P450, and (d) S = 1 state of PorMnVO(Cl).

Scheme 7.4 shows several examples, which reveal the dependencies of exchange enhancement on the num-
ber of unpaired d-electrons of the TM. Scheme 7.4a shows the case of FeO+ in its S = 5/2 ground state, where
all the d-orbitals are singly occupied, and the d-block is exchange-saturated. As such, further addition of a
spin-down 𝛽 electron to the d-block during bond activation will result in exchange depletion by four Kdd
units. Consequently, the sextet-state barrier is rather high, as shown in Figure 7.1, while the reaction proceeds
through the lower spin state, the S = 3/2 quartet state. It is seen that the availability of a vacant d-orbital in
the S = 3/2 spin state will lead to EER.

Generally, therefore, we do not expect exchange-saturated states to engage in efficien H-abstraction reac-
tions [105]. Some experimental evidence, for the effect of exchange saturation on the course of the reaction,
is provided by recent findings in the chemistry of alkane activation by synthetic nonheme–FeIVO complexes
[106]. These complexes abstract hydrogen atoms from alkanes quite efficiently (due to EER), and produce
the FeIIIOH/R∙ intermediate. But subsequently, the alkyl radical diffuses away instead of rebounding because
the latter step has a barrier [92]. The origin of the rebound barrier is the exchange saturation in FeIIIOH that
has an S = 5/2 electronic structure. Hence, the shift during rebound of a spin-down electron into the d-block
depletes the exchange interactions (by four Kdd units) and introduces a barrier despite the very high exother-
micity/exergonicity of alcohol formation during the rebound step [92]. In contrast, the rebound process is
commonly observed in heme oxidation (see e.g. Figure 7.2a), since here the rebound in the S = 1/2 state has
little, if any, exchange depletion and is barrier-free.

By contrast with FeO+, the S = 5/2 state of P450 Compound I has a tiny barrier for H-abstraction as shown
in Figure 7.2a. Inspection of Scheme 7.4b shows that, in this state, the FeIVO moiety possesses the same
d-orbital population as the S = 2 state of nonheme L–FeIVO complexes. Hence, as this state gains an electron
during H-abstraction, it will acquire four new Kdd units of exchange stabilization, which reduces the barrier
drastically. Indeed, Figure 7.2a reveals that the resulting H-abstraction barrier for this state is tiny, compared
with those observed along the S = 3/2 and S = 1/2 pathways. Nevertheless, this highly favored EER pathway
does not occur, since the S = 5/2 state remains an excited state, while the reaction is mediated by the lower-
energy S = 3/2 and S = 1/2 states [22]. These states, which are the closely lying ground states of Compound I,
remain lowest in the TSH geometry, since the orbital promotion energy (70.4 kcal mol–1, from 𝛿xy to 𝜎

∗
x2–y2)

in such porphyrin complexes is higher than in nonheme complexes (65.4 kcal mol–1) [24]. As such, in the



146 Spin States in Biochemistry and Inorganic Chemistry

end, the observed spin-state selectivity of the S = 3/2 and S = 1/2 states is due to OCR, while the potential
EER pathway is not taken.

Another interesting case is Compound II of P450, which is the one electron-reduced species of Compound
I. Its ground state is a triplet (S = 1), and it has also a quintet S = 2 excited state shown in Scheme 7.4c, which
is much like in nonheme iron(IV)–oxo complexes and could have potentially conferred EER on Compound
II [107]. This, however, does not occur, since Compound II is known to be significantly less reactive than
Compound I [108] and to perform the H-abstraction processes on the triplet S = 1 state [108, 109]. Here too
the 𝜎

∗
z2 is raised in energy due to the thiolate axial ligand such that the orbital promotion energy term (from

𝜋
∗
xz/yz to 𝜎

∗
z2 ) overrides the potential exchange enrichment conferred by the S = 2 state. Indeed, the most

recent quantum mechanics/molecular mechanics (QM/MM) calculations [109] show that the S = 2 energy
profile constitutes an excited state throughout the H-abstraction process. It remains, therefore, a challenge to
tweak the ligand field of Compounds I and II and bring about EER in both. Our most recent results show that
this is possible!

Finally, Scheme 7.4d illustrates the interesting case of a MnVO complex. As shown in Figure 7.2, the ground
state of this complex is S = 0, but the reactive state is S = 1 (with the d-block occupancy: 𝛿1

xy𝜋
∗
xz/yz

1). As this

state gains one electron during H-abstraction (to the occupancy 𝛿
1
xy𝜋

∗
xz

1
𝜋
∗
yz

1), the exchange interaction in

the d-block of the corresponding 3TSH species increases by three Kdd units compared with the 1TSH species
(having the occupancy 𝛿

2
xy𝜋

∗
xz/yz

1). For example, for manganese-oxo corrolazine species, this total exchange

advantage (3Kdd ∼ 36 kcal mol–1) overrides the orbital promotion term (ΔEorb ∼ 26 kcal mol–1) and stabilizes
the 3TSH species relative to 1TSH [68] such that the reaction is mediated via the S = 1 state, which is the EER
pathway.

As we already noted, a somewhat more detailed account of the dependence of EER and spin-state selectivity
on the nature of the TM and its electron count, as well as applications to other bond activation reactions, for
example, C=C epoxidation, O-transfer to heteroatoms, and reductive reactions, may be found in the original
literature [24, 25].

7.2.5 The Origins of Mechanistic Selection – Why Are C–H Hydroxylations Stepwise Processes?

One of the intriguing features of C–H hydroxylation, and other bond-activation reactions (e.g. C=C epoxi-
dation [79]), is that the reactions transpire in a stepwise rather than a concerted manner. Thus, C–H hydrox-
ylation proceeds via initial H-abstraction followed by radical rebound rather than by a concerted O-insertion
into the C–H bond. A mere inspection of the reactions in Figures 7.2 and 7.3, and many other reactions
in the literature, reveals that the H-abstraction steps are by and large endothermic to slightly exothermic,
while the formation of the alcohol product is highly exothermic. Straightforward naı̈ve application of the
BEP principle [2, 3], which is widely used in bioinorganic chemistry [32], would suggest that the reac-
tion should proceed in a concerted manner, whereby the corresponding TS may be lowered in energy as
it is leading directly to the stable alcohol product. However, as Figure 7.6 shows, this is not the case for
camphor hydroxylation by Compound I of cytochrome P450 [70, 73, 109]. The 2,4TSCH insertion tran-
sition states are much higher than the H-abstraction 2,4,6TSH transition states, even though the former
reaction is exothermic by as much as 40–45 kcal mol–1, while the latter are all endothermic by ∼9–14
kcal mol–1. Why are the reactions stepwise despite the huge thermodynamic advantage of the concerted
pathway?

The C–H insertion transition states are generally higher-order saddle points and behave much like TSs for
“forbidden reactions” [4], which cannot adopt structures that correspond to concerted reactions but rather
proceed in a stepwise manner. Indeed, if we consider the Fe=O moiety approaching the midpoint of a C–H
bond, as in an insertion TS, we find that there is a large destabilizing four-electron interaction between the
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Figure 7.6 QM/MM-computed energy profile for stepwise and concerted hydroxylation mechanisms in the
reaction between Por+⋅FeIVO and camphor (represented by R–H). Note that doublet and quartet energies are
represented on the same energy profile. The data are collected from three sources [70, 73, 109].

oxygen lone pair along the Fe–O axis and the 𝜎CH orbital, and at the same time, the interaction of this lone pair
with the vacant 𝜎∗CH orbital is nearly zero by pseudo-symmetry of the interacting orbitals. As can be seen in
Figure 7.6, this “forbiddenness” of the insertion 2,4TSCH species overrides any stabilization energy that might
have been introduced by the exothermicity effect as envisioned in the BEP principle. By contrast, the quartet-
and doublet-state processes have moderately small barriers, despite their endothermicity. Furthermore, the
sextet-state process (in Figure 7.6) that proceeds via the EER pathway has a tiny barrier (8.7 kcal mol–1) and
a low-energy transition state species 6TSH.

Indeed, the BEP principle cannot answer broader questions that may involve kinetic control effects, and
it will fail frequently. As we explained recently [105, 110], within a family of H-abstraction reactions, the
BEP principle would usually be useful for making predictions [32], but even then, it suffers from fundamental
problems.



148 Spin States in Biochemistry and Inorganic Chemistry

7.3 Prospects of Two-State Reactivity and Multi-State Reactivity

One of the major questions regarding any concept is whether it makes predictions that can be probed exper-
imentally. As we argued in the past [62], the participating states in TSR/MSR have different transition-state
structures with different stereochemical or regiochemical preferences and different lifetimes of intermedi-
ates, and all these features can in principle be probed by experimental means. Below, we describe a few such
probes.

7.3.1 Probing Spin-State Reactivity

7.3.1.1 Direct Evaluation of Spin-State Reactivity

In a very beautiful recent experiment, Que and coworkers [27] managed to generate two oxidants with dif-
ferent local spin multiplicities of the reactive iron(IV)–oxo moieties. As shown in Figure 7.7, these dinuclear
oxidants involved one FeIVO center and another either FeIV–OH or FeIII–OH center, with the first com-
plex having a charge of 3+ and the second a charge of 2+. Nevertheless, the authors found that the oxidant
O=FeIV–O–FeIII–OH2+ is 1000 times more reactive than the O=FeIV–O–FeIV–OH3+ oxidant, despite the
higher oxidation state of the latter (which should make it more electrophilic, and hence, presumably, a better
H-abstractor). Que et al. further showed that the root cause of this high reactivity was that the FeIVO center of
the O=FeIV–O–FeIII–OH2+ complex had a local S = 2 state, compared with an S = 1 state for the FeIVO cen-
ter of O=FeIV–O–FeIV–OH3+. This constitutes direct proof of the importance of the spin state of the FeIVO
moiety for reactivity. Other possibilities are to access the S = 2 state directly and observe its reactivity.

7.3.1.2 Usage of Kinetic Isotope Effect as a Probe of Spin-State Reactivity

As we discussed before, KIE measurement is one of the key techniques for probing H-abstraction reactivity.
Since a KIE is sensitive to the structure of the TS, and at the same time different spin states have different
transition state structures, one can use KIEs to identify the reactive spin state [111–114]. Figure 7.8 shows a
few examples of using the KIE as a probe for the reactive spin state.

Figure 7.7 The two oxidants used [27] to probe the spin-state reactivity of FeIVO centers.
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Figure 7.8 Experimental and theoretical kinetic isotopic effects considering various iron oxo spin states for C–
H bond activations of: (a) norbornane by FeIIIO+. The data are given as KIEexp/KIEHS for the C–Hexo bond and
KIEexp/KIELS for the C–Hendo bond [115, 116]. (b) para-substituted N,N-dimethylanilines by Por+⋅FeIVO [114]. The
plot adjacent to the table indicates the correlation of mixed calculated KIEs of HS and LS states with experimental
ones.

Figure 7.8a shows the gas-phase C–H bond activation of norbornane by FeO+, with specification of the
experimental (KIEexp) [115] and computational [62, 116] KIE values for the HS and LS states of the oxidant
(hence, KIEHS and KIELS) near the corresponding C–H moieties. Experimentally, it was found that the acti-
vation of the C–Hendo bond involved a KIEexp value of 2.4, while the C–Hexo bond activation gave a KIEexp
value of 7.7 [115]. This spectacular product isotope effect was demonstrated (computationally) [116] to result
from the operation of two different spin states for the activation of two different C–H bonds. Thus, activation
of the C–Hexo bond proceeded via a more open structure, and the reaction took place preferentially through
the HS 6TSH species, having a KIEHS value of 6.1. On the other hand, the C–Hendo bond was activated via
a four-centered TS, and the reaction transpired selectively through the LS 4TSH species, with a KIELS value
of 2.8. These two KIE values match reasonably well with the corresponding KIEexp values. As such, theory
showed that the puzzling different KIE values for the different C–H bonds of norbornane [115] originate in
the different spin-state selectivity of the corresponding bond activation reactions.
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Figure 7.8b lists the KIEexp values alongside those computed for the LS (S= 1/2) and HS (S= 3/2) processes
of H-abstraction by Compound I of P450, from a series of para-substituted N,N-dimethylaniline (DMA)
substrates [113, 114]. Inspection of the KIE values in the table in Figure 7.8b reveals that all the KIEHS values
are high and almost identical to one another. These high values reflect the findings that the HS TSs are typified
by greater amounts of C–H bond elongation, compared to the LS TSs. Indeed, the KIELS values are small,
variable, and quite close to the experimental values. This match can already indicate that KIE measurements
seem to identify the reactive spin state, and in this series, it is primarily the LS state of Compound I.

However, as shown in the right-hand panel of Figure 7.8b, a perfect match could be obtained using a blended
KIELS/HS value that reflects the relative energies of the corresponding LS 2TSH and HS 4TSH species. Thus,
the perfect match in the plot suggests that DMA and p-Cl DMA were oxidized selectively and exclusively
via the LS state, while the reactions of p-CN-DMA and p-NO2-DMA underwent TSR oxidation through
both states in the ratios of 70/30% and 50/50% LS/HS, respectively [114]. All these examples show that KIE
measurement can be a useful probe for the identity of reactive spin state(s).

7.3.2 Are Spin Inversion Probabilities Useful for Analyzing TSR?

How does the spin inversion event affect reactivity? Scheme 7.5 shows two scenarios of TSR using the
S = 1 and S = 2 states of a generic iron(IV)–oxo complex [25, 117, 118]. Scheme 7.5a describes a case
where the small initial spin-state gap results in a fast spin pre-equilibrium. Consequently, the reaction pro-
ceeds via 5TSH, and the spin crossing confers EER catalysis on the H-abstraction process. In this case, the
spin crossing has a mechanistic significance, and a profound impact on the rate of the H-abstraction vis-à-vis
a case where the S = 1 state is the only reactive state.

Scheme 7.5b describes a case with a large spin-state gap, where spin pre-equilibrium is likely to be slow, and
the spin crossing will occur en route to 5TSH, along the intrinsic reaction coordinate (IRC), with some spin-
inversion probability (SIP), which is less than 1. Clearly, this TSR scenario, were it to happen, would downsize
the EER effect by downsizing the reaction rate (by factors as small as 0.1–0.001) [17, 119]. Importantly, in
cases where 5TSH and 3TSH are close in energy, SIP < 1 will make both of them accessible, and will thereby
lead to blended spin-state reactivity. Identifying such cases is a challenge that will require the interplay of
theory and experiment. Such interplay may enable one to extract SIP values from experiment. Very recent
results show that this effort is likely to bear fruits (see Note Added in Proof).

Scheme 7.5 Spin-crossover scenarios: (a) spin pre-equilibrium and (b) crossing en route to the 5TSH with SIP <

1 marked as a dashed arrow [25].
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7.4 Concluding Remarks

Consideration of TSR and MSR scenarios enriches the scope of chemical reactivity patterns and opens up a
new mechanistic territory concerning the role of spin states in chemical reactivity.

The EER concept appears to be a key principle for understanding the origins of spin-state selectivity and the
reason why Nature has selected nonheme enzymes with an S = 2 state, which proceeds via the EER pathway.
While harnessing the EER principle sheds light on many other reactivity-related phenomena and on many
other (FeIV–nitrido and FeIV–sulfido) complexes [120], tantalizing frontiers for further exploration also exist.
Can Compound I of P450 proceed via the EER pathway? Can Compound II become a powerful oxidant due
to the accessibility of the EER pathway? These are some of the challenges posed in this chapter. Other issues
include probing spin-state reactivity by KIE measurements and extracting SIPs from experiment. Finally,
the energies of spin states, and their crossovers, can be tweaked by the usage of external electric (and/or
magnetic) fields [62] in much the same ways as spin-crossover compounds undergo a change in spin state
when subjected to exposure to light, a change in temperature or pressure, or another environmental effect
(including a change in magnetic field) [121, 122]. Applying such concepts to the oxidants explored in this
chapter may constitute another way to harness the remarkable power of spin-state reactivity and selectivity.
Finally, it has been recently demonstrated [123] that H-tunneling can serve as a diagnostic probe of the reactive
spin state.
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Note Added in Proof

Extraction of SIPs from experimental data was achieved in: Y. H. Kwon, B. K. Mai, Y.-M. Lee, S. N. Dhuri, D.
Mandal, K.-B. Cho, Y. Kim, S. Shaik and W. Nam, Determination of spin inversion probability, H-tunneling
correction, and regioselectivity in the two-state reactivity of nonheme iron(IV)-oxo complexes, J. Phys. Chem.
Lett. 6(8), 1472–1476 (2015).
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8.1 Introduction

In a classical view of chemical reactions, reactivity on a single potential energy surface is commonly consid-
ered. This is true for most of the organic reactions that usually make up the initial knowledge of chemists and
thus shape our views, feelings, and understanding in chemistry. Among the first reactions to be investigated
in detail in terms of state-to-state reactivity were reactions important for atmospheric chemistry. It was shown
that spin-allowed reactions proceed much faster than spin-forbidden reactions. For example, while both reac-
tions (8.1) and (8.2) are strongly exothermic, reaction (8.1) is spin-allowed and is thus much faster than the
spin-forbidden reaction (8.2) [1, 2]. Such results are perfectly in line with a basic understanding of chemistry,
but looking deeper into the reactivity of small molecules and ions reveals “exceptions.” For example, spin-
forbidden reaction (8.3) proceeds essentially with a collision rate [3]. The discovery of a growing number of
these exceptions finally led to a reevaluation of our view of spin-forbidden reactions. In the following chapter,
the effects of spin-changes in various gas-phase reactions will be discussed with the focus on reactions where
spin-changes actually accelerate the observed reactions or allow them thermodynamically [4]. The examples
originate from the chemistry of transition metals and their complexes in the gas phase, because these are
typical representatives of species involved in multi-state reactivity [5],

C+(2P) + O2(3Σ) → CO+(2Σ) + O(3P) + 3.27 eV k = 1.9 10−9cm3s−1 (8.1)

NO+(1Σ) + O3(1A) → NO+
2 (1Σ) + O2(3Σ) + 1.5 eV k < 10−14cm3s−1 (8.2)

O+(4P) + CO2(1Σ) → O+
2 (2Π) + CO(1Σ) + 1.5 eV k = 1.2 ± 0.4 10−9cm3s−1 (8.3)

Spin States in Biochemistry and Inorganic Chemistry: Influence on Structure and Reactivity, First Edition.
Edited by Marcel Swart and Miquel Costas.
© 2016 John Wiley & Sons, Ltd. Published 2016 by John Wiley & Sons, Ltd.
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8.2 Experimental Methods for the Investigation of Metal-Ion Reactions

Chemistry in the gas phase may involve reactivity of neutral as well as charged species. Only the reactivity of
primary charged species with neutral species will be discussed here. The advantage of working with ions is
that all of the tools of mass spectrometry can be utilized. This allows the mass selection of reactants, and also
control of the energy available for reaction with neutrals. Details of the instruments used in the highlighted
examples in this chapter can be found in the original literature. Here only the key points and principles will
be summarized.

The key components of mass-spectrometric instrumentation are an ion source in which the charged species
of interest are prepared from appropriate precursor(s), a device for mass selection of primary reactant ions, a
cell for the investigation of unimolecular processes or interactions of the ions with neutral gases at thermal or
higher collision energies, and the mass analyzer and a detector for the formed ion products. Various types of
mass analyzers exist in which the mass-selection steps are either separated in space or time and the various
devices can also be combined.

A modern tandem mass spectrometer (Figure 8.1) may be considered as molecular-level instrumentation
that is analogous to the equipment in a synthetic laboratory. The ion source and the first mass analyzer corre-
spond to the preparation and purification of a reactive species. Mixing of this species with a neutral reagent in
the interaction region at variable conditions (time, pressure, energy, etc.) corresponds to mixing chemicals in
a flask. While the second mass analyzer together with the detector parallel the purification and characteriza-
tion of products. Asides from the lack of any effects from the environment (solvent, counterions, aggregation,
etc.), which is not a limitation but one of the goals of gas-phase experiments, two major differences between
the macroscopic world of laboratory synthesis and microscopic studies in a mass spectrometer can be pointed
out: (i) The absence of solvation etc. leads to much more reactive species and much faster reactions in the gas
phase, which is in part compensated by much shorter reaction times, but should be taken into consideration
in comparisons. (ii) The amount of species handled greatly differs, i.e. at least about a micromol in synthesis
(1018 molecules), whereas gaseous ion experiments are typically limited to about 106 charged species.

Figure 8.1 Sketch of a tandem mass spectrometer setup that allows for the investigation of ion/molecule reac-
tions. In the ion source (IS; left), various means of ionization (EI: electron ionization; CI: chemical ionization;
PI: photoionization; LM: various laser-based methods; ESI: electrospray ionization) provide a mixture of precursor
ions of which one particular cation or anion, [M]+/−, is selected by the first mass analyzer (MS1). This is then
transferred to a collision cell in which it can react with a neutral reagent AB for variable times at different reagent
pressures and collision energies, and the precursor ion as well as the ionic product(s), here [MA]+/−, are analyzed
by means of MS2 and detected. The product yields as a function of either reaction time (tr), reagent pressure
(pN), or collision energy (Ecoll) directly provide rate constants (kr) and reaction thresholds (E0). EI, CI, and PI
require volatile samples, ESI starts from solution, and LM are applied to solids. Reprinted with permission from
[78], Copyright (2010) American Chemical Society.
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Figure 8.2 Hypothetical potential energy surface for two competing channels of a reaction between A+ and B.
While the formation of C1+ + D1 would be thermodynamically preferred, only the pathway leading to C2+ + D2
would be observed in an experiment performed at thermal energy. No additional supply of energy is available in
the gas phase that would be necessary to surmount the energy barrier associated with TS1.

The major methods that were used for the investigations of the reactions discussed in this chapter are as
follows:

i. Trapping techniques. The main trapping techniques involve Fourier-transform ion-cyclotron resonance
(ICR) [6] and linear or quadrupolar ion traps [7]. A precursor ion made by any method can be mass-
selected and then interacted with a neutral reagent of interest at known pressure for variable time, fol-
lowed by ejection of the ions from the trap and detection. Here, only results from ICR experiments are
discussed. The investigated bimolecular reactions mentioned here are conducted under thermal condi-
tions. As the reactions are performed under single-collision conditions, the total energy of the system
can be neither increased nor decreased. Thus, if we observe products of a reaction between an ionic
reactant A+ and neutral compound B, it means that the given reaction pathway does not pass over barri-
ers that would be higher in energy than the available energy defined by the energy of the reactants. For
the hypothetical reaction depicted in Figure 8.2, this would mean that we would observe product C2+,
but product C1+ would not be observed at thermal energy although it is the thermodynamic product [8].

ii. Guided-ion beam methods. Guided-ion beam (GIB) technology in the field of metal-ion chemistry was
essentially pioneered by Armentrout [9]. In GIB, the mass-selected precursor ions are allowed to react
with a neutral reaction partner at well-defined conditions as a function of collision energy. While the
GIB technique can also be applied to thermal ion–molecule reactions, its power lies in the investigation
of endothermic reactions. For illustration, we consider the hypothetical competition of reactions (8.4)
and (8.5):

M+ + CH4 → MCH+
2 + H2 (8.4)

M+ + CH4 → MCH+
3 + H (8.5)

While in the case of Pt+, reaction (8.4) occurs at thermal conditions (see Section 8.3), both reactions are
endothermic for 3d and 4d transition metal cations [10]. Thus, at low collision energies in the GIB experiment,
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only the reactant M+ is observed. Only at elevated energies, conversion of kinetic into potential energy can
override the endothermicities and hence lead to product formation (Figure 8.3).

To a first approximation, the experimentally observed onsets of the ionic products MCH3
+ and MCH2

+

correspond to the energy thresholds of reactions (8.4) and (8.5), respectively. In the case of a simple C–H
bond cleavage, as in reaction (8.5), thermodynamic control is likely and the measured threshold energy E0
(8.5) is thus a direct measure for the bond energy D(M+–CH3), equation (8.6):

E0(5) = D(H − CH3) − D(M+ − CH3) (8.6)

In the case of reaction (8.4), however, operation of a kinetic barrier is likely to occur since the experimental
threshold is a measure of either the bond energy of the resulting MCH2

+ ion (thermodynamic control) or the
barrier height relative to the precursor ion (kinetic control). A decision can be made either by a comparison of
different reagents yielding the same product ion at different thresholds or by complementary computational
studies of the potential energy surface with explicit inclusion of the barrier heights. A sophisticated method
for the determination of accurate energy thresholds from GIB measurements of endothermic reactions has
been developed [11–14].

iii. Selected ion flow tube. The major difference of selected ion flow tube (SIFT) experiments from other
mass spectrometric studies is the pressure in the reaction zone. In an SIFT setup, ion generation and mass
selection are done in a conventional way, the latter usually with quadrupoles. Then, the ion beam is injected
into a flow tube with a rapid stream of a (light) carrier gas, usually helium, at a pressure of the order of
about a half mbar. At such a high pressure, the ions are immediately equilibrated with the temperature of
the carrier gas. From the reaction region, the ions are extracted again and then analyzed by conventional
means. Due to the guarantee of thermalization in conjunction with straightforward determination of the
absolute pressure in the interaction region, SIFT technology can set kinetic measurement benchmarks for
the investigation of thermal ion/molecule reactions [15].
With respect to ion generation, all methods can be used for metal-ions with the most important current
methods being variants of laser desorption [16] and ESI [17]. ESI has significantly influenced the develop-
ment of inorganic chemistry in general and of catalyst research in particular. In fact, not only small metal
complexes, but also more complex examples including various metal porphyrins as models for P450 can
be easily transferred into the gas phase [18], and it even works for biologically relevant core species [19].
In addition to the sampling of preformed ionic species from solution, a major feature of ESI is the ability to
generate solvated ions in a controlled manner, thereby assisting in closing the gap between idealized studies
in the gas phase and real chemistry in condensed media [20, 21]. In recent years, it has also been found that
ESI, known and developed as a soft ionization method [17], can also be modified to provide rather hard con-
ditions of ionization, which can be used to efficiently produce highly reactive species [10, 22], including a
broad variety of transition metal cluster ions via excessive fragmentation of suitable polynuclear precursors
[23].

8.3 Multiple State Reactivity: Reactions of Metal Cations with Methane

Typical examples of a multiple state reactivity can be found in transition metal chemistry. The influence of the
interplay of spin states along reaction coordinates will be demonstrated on the reactivity of metals and their
different compounds toward methane [10]. Activation of a C–H bond of methane is one of the best studied
reactions as it represents a big challenge of current chemistry and catalysis. Numerous reviews can be found
on this topic in the literature [24–27].
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Figure 8.3 “Gedankenexperiment” for the competing C−H bond activation of methane by a metal cation M+

according to reactions (8.4) and (8.5) to yield a metal-carbene cation (gray) or a metal-methyl cation (black)
with the associated threshold energies E0(4) (reaction 8.4) and E0(5) (reaction 8.5), respectively. The inset shows
the corresponding hypothetical potential energy surface. Formation of MCH2

+ is thermodynamically preferred,
but it is associated with a tight transition state (in contrast to the simple C−H bond cleavage), which may lead to
a kinetic hindrance of this channel. As a result, reaction (8.5) wins over reaction (8.4) at larger energies, although
it has higher threshold energy.

The simplest model reaction is the activation of methane by a bare metal cation (reaction 8.4). The reac-
tion proceeds via the initial formation of an encounter complex toward the insertion of a metal to one of
the C–H bonds, which is associated with a change of the oxidation state from (I) to (III). In the next step,
another hydrogen atom migrates to the metal forming a dihydrido metal-carbene moiety [(H)2M=CH2]+.
Finally, the two hydrogen atoms couple to form the H2 molecule, which is eliminated to provide the products
H2 + MCH2

+ (reaction 8.7). This reaction is endothermic for most of the bare metal cations [28]. The ori-
gin of this endothermicity can be traced out simply from considerations of bond energies: The bond strength
D(M+=CH2) must exceed the heat of dehydrogenation of methane (465.0 ± 0.9 kJ mol−1). This condition is
fulfilled only for Ta, W, Os, Ir, and Pt (5d transition metals) [29, 30]. The advantage that 5d transition metals
have with respect to their lighter 3d and 4d analogs comes from the larger binding energies that are found in
their respective metal carbenes MCH2

+ due to relativistic effects [31–35]:

M+ + CH4 → [M(CH4)]+ → [H − M − CH3]+ → [(H)2M = CH2]+ → [(H2)M = CH2]+

→ H2 + [M = CH2]+ (8.7)

Potential energy surface will be discussed for the reaction of Ir+ + CH4 (Figure 8.4) [36–38]. This reaction
proceeds with 100% efficiency at thermal energies (results of GIB experiments) although it requires up to
three spin-changes along the reaction coordinate [38]. The ground state of the iridium cation is quintet (5F),
but the encounter complex [Ir(CH4)]+ is more stable in the triplet state. The C–H insertion step to form [H-Ir-
CH3]+ in the quintet state would be energetically prohibited at thermal energies, therefore a spin-flip during
the formation of the encounter complex or during the C–H activation step is necessary. The remaining reaction
steps can proceed on the triplet potential energy surface because all energy barriers are below the energy of
reactants, and therefore can be easily surmounted, and the [Ir=CH2]+ product has a triplet ground state.

Recently, spectroscopic experiments to characterize the structure of the iridium–carbene cation were con-
ducted [39]. It was shown that while there are spectroscopic features of the iridium–carbene cation, most of
the spectrum is better interpreted as originating from the [H–Ir–CH]+ isomer. Further theoretical calculations



162 Spin States in Biochemistry and Inorganic Chemistry

Figure 8.4 [Ir,C4,H]+ potential energy surface derived from theoretical results. The relative energies of all species
are based on B3LYP/def2-TZVPPD(def2-ECP for Ir) calculations. Singlet, triplet, and quintet (see the legend in the
figure) surfaces are indicated along with the lowest energy structures of all intermediates. Both the singlet and
triplet structures of [(H)3IrCH]+ are shown. Reprinted from [38], with permission from Elsevier.

demonstrated that the formation of [H–Ir–CH]+ can be only explained if we consider the [H2Ir=CH2]+ inter-
mediate to undergo a spin-flip to the singlet state, which represents the ground state for this species. Thus,
although the system has an appreciable internal energy excess (almost 1 eV), allowing it to follow the triplet
potential energy surface, it undergoes a spin-flip and follows the path of the singlet potential energy surface.
In the singlet state, three hydrogen atoms are relocated from the carbon atom to the iridium center to form
[(H)3Ir=CH]+, which decomposes via [(H2)(H)Ir=CH]+ to the final products [(H)Ir=CH]+ + H2 [39].

When considering the role of spin changes along the reaction coordinate, it is interesting to compare the
Ir+-catalyzed reaction with methane activations by Os+ and Pt+. The reaction with the osmium cation also
proceeds with 100% efficiency [40], whereas the efficiency drops to 76% [10l, 41] for the reaction with the
platinum cation (both at thermal energies, GIB experiments). The potential energy surface for Os+ + CH4 is
analogous to that for Ir+ + CH4. The ground state of Os+ is a sextet (6D). Upon the interaction with methane a
spin-flip to the quartet state occurs and the insertion product [H–Os–CH3]+ is also quartet. The energy barriers
on the quartet potential energy pathway toward [(H2)Os=CH2]+ and the energy of the products [Os=CH2]+ +
H2 are of the order of the energy of the reactants, thus 100% efficiency would not be expected. Nevertheless,
a spin-flip to the doublet state for the dihydrido intermediate [(H)2–Os–CH3]+ opens a low-energy lying
pathway toward final products [H–Os–CH]+ + H2 [40].

The reaction between a platinum cation and methane is least efficient from this triad (GIB measurements)
[10l]. When we examine the potential energy surface, we realize that this reaction represents the single-state
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Figure 8.5 [PtCH4]+ potential energy surface derived from experimental and theoretical results. The relative
energies of Pt(CH4)+, TS1, TS2, (H)2PtCH2

+, TS3, and (H2)PtCH2
+ are based on ab initio calculations (HW +

X – ECP; see the original text). All other values are experimental and taken from the relevant GIB experiments.
Energies on the left are relative to the Pt+ + CH4 asymptote, whereas those on the right are referenced to the
HPtCH3

+ intermediate. Reprinted with permission from [10l], Copyright (2001) American Chemical Society.

reactivity (Figure 8.5). The ground states of Pt+ (2D5/2), [Pt=CH2]+ (2A1) as well as all intermediates are
doublets. The overall reaction is therefore spin allowed. The lower efficiency of this reaction with respect to
the previous two is caused by a lower overall exothermicity (ΔHr = −0.35 eV). To compare, the formation of
[Ir=CH2]+ is associated with 0.58 eV exothermicity and that of [H–Ir–CH]+ with 0.83 eV exothermicity. In
the reaction of the osmium cation, formation of [Os=CH2]+ is almost thermoneutral (ΔHr = –0.06 eV), but
the reaction toward [H–Os–CH]+ proceeds with 0.58 eV exothermicity. Hence, the reactivity of these 5d triad
cations demonstrates that spin changes can be very facile, and they do not need to represent even a kinetic
barrier at thermal energies [42]. Expressions such as “spin-forbidden” are clearly not valid in this case, even
term “disfavored” is not correct. Here, we can see that only the minimum energy path, disregarding spin state,
is important and this drives the reaction.

8.4 Effect of the Oxidation State: Reactions of Metal Hydride Cations with Methane

MH+ + CH4 → [HM(CH4)]+ → [(H2)M − CH3]+ → H2 + [M − CH3]+ (8.8)

Properties of transition metals can to a large extent be tuned by addition of ligands and by changing their
oxidation states. The simplest example is an addition of a hydride ligand to transition metal cations, which
results in a change of their oxidation state and thus opens up the possibility of employing different spin states
along the reaction coordinates. Here we will concentrate on the reactivity of FeH+, CoH+, and NiH+ with
methane (equation 8.8).
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Figure 8.6 Schematic drawing of two-state reactivity in the systems MH+ + CH4, for M = Fe, Co, and Ni.

While methane activations by bare Fe+, Co+, and Ni+ cations are endothermic and do not proceed, the
analogous reactions of their hydrides are exothermic. Moreover, the reactants as well as the products have the
same spin-ground state. The thermal reaction is, nevertheless, observed only for NiH+ [43]. With a classical
view of single-state reactivity, we would expect that the energy barrier for the reaction of NiH+ to be below
the energy of the reactants, whereas those for the reactions of FeH+ and CoH+ to be above the energy of the
reactants (cf. Figure 8.2). This is, however, not correct. Energy barriers for all of these reactions are well above
the energy of the reactants and the classical view thus does not help in elucidating the observed reactivity. The
correct explanation emerges when we consider the excited states (Figure 8.6). C–H activations on the excited
state potential energy surfaces are again exothermic, but the energy barriers for the hydrogen rearrangement
are below the energy of the reactants in the excited state. In the case of NiH+, the energy barrier in the excited
state is even lower than the energy of the reactants in the ground state. Hence, a double spin-flip during
the course of hydrogen rearrangement allows C–H activation at thermal energies. This reactivity is a typical
example of a “spin accelerated” reaction.

The palladium and platinum analogs of NiH+ are also capable of thermal activation of methane. The
observed reactivity is however not due to the spin-acceleration, but rather the potential energy surfaces are
completely different. The reaction of PdH+ with methane proceeds on the singlet-state PES, which in this case
is the ground-state PES, and the excited triplet-state PES is much higher in energy, therefore no intersystem
crossings are involved. On the other hand, for the PtH+ + CH4 system [44], the ground and excited potential
energy surfaces are very close in energy and very facile spin flips are predicted, therefore in context of this
reaction we may speak about multi-state reactivity [4, 5].

8.5 Two-State Reactivity: Reactions of Metal Oxide Cations

In examining multi-state reactivity in the gas phase, we have to also discuss the reactivity of metal oxides.
All of the discussed species are singly changed, which means that we are gradually changing the oxidation
state of the metals from +I in bare metal cations via +II in their hydrides to +III in the metal oxide cations.
The change in the oxidation state opens potential energy surfaces with different multiplicities and may thus
trigger a new reactivity. With iron, for example, the ground state of Fe+ corresponds to the sextet, the ground
state of FeH+ is quintet, whereas the ground state of FeO+ is again sextet (all high-spin states).

We can depict the binding situation between any 3d transition metal cation and the oxygen atom in the
following way (Figure 8.7) [45]: Interaction of the valence electrons of a transition metal cation and the
oxygen atom leads to the formation of two sets of bonding orbitals (2𝜎 and 1𝜋), two sets of nonbonding
orbitals (1𝜎 and 1𝛿 localized at the oxygen atom and the metal, respectively), and two sets of anti-bonding
orbitals (2𝜋 and 3𝜎). Starting with the early transition metal oxide cation ScO+, the non-bonding orbital
at the oxygen atom and all bonding orbitals are occupied, which corresponds to a triple bond (three fully



Multiple Spin-State Scenarios in Gas-Phase Reactions 165

Figure 8.7 Electronic configurations of ScO+, FeO+, and CuO+. See also [45].

occupied bonding orbitals). The triple bond between the metal and the oxygen atom is preserved also in TiO+

and VO+, the extra electrons are localized in the non-bonding orbitals (1𝛿) at the metal. Starting with CrO+,
the additional electrons are placed to the anti-bonding orbitals 2𝜋. This has two important effects on their
reactivity. First, the bonding between the metal and the oxygen atom is weaker, and second, the unpaired
electrons in the 2𝜋 orbitals form a spin density at the oxygen atom, making it more reactive [46].

In the activation of a covalent bond X–Y by MO+, the 𝜎 orbitals of the metal oxide cation interact with
the 𝜎 bonding orbital of the X–Y bond. For the sake of simplicity, we will only consider the interaction of
the 2𝜎 bonding and 3𝜎 anti-bonding orbitals with the 𝜎 bonding orbital of X–Y (Figure 8.8). The interaction
leads to the formation of two stabilized 𝜎 orbitals and one highly destabilized 𝜎 anti-bonding orbital. This
clearly suggests that such interaction will be energetically advantageous if the 3𝜎 anti-bonding orbital of
MO+ is an empty orbital (e.g. CrO+ or MnO+). Starting with FeO+, an unpaired electron is placed to the
3𝜎 antibonding orbital, and such an interaction leads to transition structures lying high in energy in the high-
spin state. However, electronic energy-level shifting leads to the favorable formation of a low-spin state at

Figure 8.8 Activation of an X–Y bond by FeO+. Principle of the stabilization by the high-spin/low-spin
interconversion. See also [45].
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Figure 8.9 Guided ion beam (GIB) results for the variation of the rate constant for the reaction of FeO+ with
D2 to form Fe+ and D2O as a function of kinetic energy in the center-of-mass frame. Reprinted from [47], with
permission from Elsevier.

the metal center. Therefore, covalent bond activations by late metal oxides are associated with spin-changes
during the first activation step.

In the following section, the reactivity of FeO+ with the simplest H2 molecule will be explained. This
reaction, while so simple, perfectly demonstrates the role of the high-spin/low-spin flip in the reactivity of
late transition metals. Later, we will show the role of the number of electrons on the reactivity of metal oxide
cations with methane:

FeO+ + H2 → [(H2)FeO]+ → [H − Fe − OH]+ → [Fe − (OH2)]+ → Fe+ + H2O (8.9)

The reaction of FeO+ with H2 leads to Fe+ and H2O (reaction 8.9). Experimentally, the rate constants were
measured in several different experiments [47]. It was shown that the reaction proceeds at thermal energies,
that is, all energy barriers along the reaction coordinate should be below the energy of the reactants. Never-
theless, it was also shown that for very low collision energies, the overall rate constant first decreases and only
afterwards starts to rise (Figure 8.9). The straightforward explanation is that there are two possible pathways
leading to Fe+ and H2O. The first reaction pathway dominates at larger collision energies and must proceed
via an energy barrier of about 0.6 eV in excess of the energy of reactants [48]. The second reaction pathway
is probably barrier-less but has to be kinetically disfavored. That is why the minor process can be observed
only at thermal energies and its cross section decreases with increasing collision energy.

The theoretical explanation of this observation was a real challenge. The first theoretical studies were based
on ab initio methods (CASPT2, CCSD(T)) [49, 50] and revealed that the ground state potential energy surface
corresponds to the sextet state and the energy barrier for the reaction amounts to 0.55 eV, which perfectly
explained the dominant channel observed. In detail, the reactants FeO+ and H2 form an initial encounter
complex [(H2)FeO]+. Subsequently, one of the hydrogen atoms is transferred to the oxygen atom. This step
is associated with the largest energy barrier and is responsible for the experimentally observed activation
energy demand. The intermediate complex [H–Fe–OH]+ undergoes a second hydrogen migration to form
the product complex [(Fe(H2O)]+. The second hydrogen rearrangement and the dissociation of the product
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Figure 8.10 Schematic potential energy surfaces (in kcal mol−1, with structures of key species) for the FeO+

+H2 reaction, based on CCSD(T)/aug-cc-pVXZ (X = T, Q) calculations with extrapolation to the complete basis
set limit. Reprinted from [53], with permission from Elsevier.

complex to the final products Fe+ and H2O are less energy demanding than the initial hydrogen migration
and thus do not represent a bottleneck of the reaction.

The sextet potential energy surface did not provide an explanation for the thermal reaction observed at low
collision energies. Consideration of the excited potential energy surface (quartet state) led to the identification
of a process with an energy barrier of about 0.3 eV, which therefore could not have accounted for the observed
barrier-less process.

Later, the reaction was investigated with DFT methods. With this level of theory, the transition structure
on the excited PES lies only 0.05 eV above the reactants’ asymptote, and therefore intersystem crossing to
this PES could account for the barrier-less process. However, this method incorrectly predicts the relative
stability of the ground and excited states of the Fe+ product, and the excited quartet state of Fe+ appears as
the ground state. Consequently, this finding also questions the overall energetics calculated by the DFT for
this system. Application of the diffusion quantum Monte-Carlo method [51] led to the correction of the PES
and confirmation of the predicted barrier of 0.06 eV above the reactants’ asymptote [52]. Recently, a new
set of calculations was published at so-far the highest theoretical level (CCSD(T); Figure 8.10) [53]. These
calculations first revealed that the energy barrier at the quartet potential energy surface lies below the energy of
the reactants, and thus for the first time provides a potential energy surface consistent with the experimental
observations. Second, detailed analysis of the crossing of the sextet and quartet potential energy surfaces
showed that the minimum crossing point lies below the energy of the transition structure at the quartet state,
which thus represents the highest energy barrier that has to be surmounted.

The decrease of the rate constant at low collision energies could be ascribed to a kinetic disfavor coming
from the necessity of the spin-flip. Nevertheless, a recent study using kinetic modeling of the experimental
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Figure 8.11 Potential energy surface (in eV) for the reaction of MgO+ with CH4 calculated at the MP2/6-
311+G(2d,2p) level of theory; selected bond lengths are given in Å. The encircled structures depict the rear-
rangements occurring along the reaction coordinate. Adapted from [22a], with permission from John Wiley &
Sons.

data obtained at low collision energies revealed that the bottleneck corresponds to the passage of the barrier
associated with the transition structure TS1 at the quartet PES. The spin-crossover efficiency at low colli-
sion energies is predicted as 100% [54]. At higher collision energies, the lifetime of the encounter complex
becomes shorter and the spin-crossover efficiency is thus smaller; on the other hand, the energy of the reactants
is sufficient to surmount the energy barrier on the sextet PES. As a result, the reactivity becomes dominated
by the process with the larger energy barrier.

MO+ + CH4 → [(CH4)MO]+ → [CH3 − M − OH]+ → [M − OH]+ + CH∙
3 (8.10)

→ [M − (CH3OH)]+ → M+ + CH3OH (8.11)

One of the best described reactions is the C–H activation of methane catalyzed by metal oxides (reactions
8.10 and 8.11). This reaction will be described in detail with a focus on spin-changes along the reaction
coordinate. A general mechanism will be explained for the reaction of MgO+ and methane (Figure 8.11) [22].
This reaction only involves single-state reactivity but contains all features of the general reaction pathway.
The reaction starts with the formation of an encounter complex between the reactants, in which the metal
atom interacts with the carbon atom of methane. In the following step, the methane molecule “walks” around
the metal atom toward the oxygen atom, which bears an unpaired electron, to transfer one hydrogen atom
and form the CH3–Mg–OH+ intermediate. This intermediate can directly lose the methyl radical, which is
observed experimentally (reaction 8.10). The final rearrangement to methanol starts again by “walking” of
the methyl group around the metal atom toward the oxygen atom, but this time the entire methyl group is
transferred to the hydroxyl group and the molecule of methanol is formed (reaction 8.11).
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Figure 8.12 Statistical modeling of rate constants for FeO+ + CH4 from [55] (open symbols) and GIB experi-
ments of Reference 47 (filled circles). (Green) Total rate constants; (red) rate constants for formation of Fe+ +
CH3OH; and (black) rate constants for formation of FeOH+ + CH3. The lines depict statistical kinetic modeling
at different temperatures assuming 100% probability of the intersystem crossing. Reprinted with permission from
[55], Copyright (2014) American Chemical Society. (See colour plate section)

If we focus on transition metal oxides, the respective potential energy surfaces will be complicated by
necessary spin changes along the reaction coordinate. The involvement of different spin states will be first
explained for the late transition metal oxide FeO+. The reaction of FeO+ and methane was studied experi-
mentally as well as theoretically for many times (Figure 8.12) [47]. Both channels, hydrogen abstraction and
methanol formation (equations 8.10 and 8.11), are populated and the branching ratio largely depends on the
collision energy of the reactants [55]. At thermal energies, the branching ratio is of about 3:2 (ICR and GIB
experiments) [56]. Figure 8.12 shows results from collision energy-resolved experiments using SIFT and GIB
instruments (points show the experimental results). At first sight, the reactivity pattern is similar to what was
found for the reaction between FeO+ and H2.

The explanation stems from the potential energy surface (Figure 8.13): The reaction is initiated by the
formation of a complex, where methane is coordinated to the iron atom. The following migration of a hydrogen
atom to the oxygen atom proceeds via a four-membered transition structure TS1 as it was described for MgO+.
The transition structure lies above the potential energy of the reactants. Nevertheless, an intersystem crossing
from the high-spin state to the low-spin state leads to the reduction of the energy barrier as explained above
(cf. Figure 8.8). The height of the barrier in the quartet state depends very much on the theoretical model
used. Most probably, a single-reference treatment of this transition structure is not appropriate and leads to
an overestimation of its energy. Recent kinetic modeling of the experimental data suggested that the barrier
is well below the energy of the reactants (−22.5 kJ mol−1) [55]. In any case, the transition structure TS1 on
the quartet potential energy surface lies below the energy of the reactants and thus the intersystem crossing
makes this reaction possible to proceed at thermal energies. The relevant spin-orbit coupling (SOC) constant
was calculated as 133.6 cm−1 [57]. Kinetic modeling of the experimental data using statistical theory (lines
in Figure 8.12) is fully consistent with 100% efficiency for spin crossover at low collision energies [55].
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Figure 8.13 Potential energy surface (in kJ mol−1) for the reaction of FeO+ with CH4 in the sextet (black solid
line) and quartet (dashed gray line) states calculated at the CBS-QB3 level of theory. The dotted lines indicate
the methyl expulsion pathway toward FeOH+ (quintet state). The closed light gray circles indicate crossing seams
[58].

The intermediate [CH3–Fe–OH]+ can either dissociate to the methyl radical and [Fe–OH]+ or undergo
rearrangement via the transition structure TS2 toward the formation of a complex between the iron cation and
methanol (Figure 8.13). The rearrangement can be realized on the quartet potential energy surface. A possible
spin-flip to the sextet PES would result in a higher energy barrier for the rearrangement and therefore it is not
envisioned. The final release of a methanol molecule should again be associated with a transition to the sextet
PES; however, the SOC is very small.

The experimental results at low collision energies thus reflect the lowest energy pathway. The rate constant
decreases with the increasing collision energy because of the spin-flip from the sextet to the quartet state, and
surmounting the energy barrier associated with the initial C–H activation starts to be kinetically less favored.
The repeated rise of the rate constant at larger collision energies (temperatures) is associated with the single-
state reactivity proceeding at the sextet potential energy surface similar to what was found for the reaction
FeO+ + H2.

Dependence of the branching ratio between the hydrogen-abstraction channel and methanol formation at
low collision energies is given by the thermodynamic preference for methanol formation and the kinetic pref-
erence for hydrogen abstraction. Thus, with increasing collision energies, the hydrogen abstraction becomes
more and more favored.

Different numbers of d-electrons of the transition metals significantly alter the electronic structure of
the corresponding transition metal oxide cations. Experimentally, it was shown that the early metal oxide
cations do not offer C–H activation of methane. The reason stems from their electronic configuration [45]. As
explained above, ScO+, TiO+, and VO+ have formally a triple bond between the metal and the oxygen atom
and do not bear an unpaired electron at the oxygen atom. The energy separation between the bonding and
anti-bonding orbitals is rather large (cf. Figure 8.7). Consequently, interaction of the 𝜎 orbitals of the reactants
does not bring the stabilization in the transition structure explained in Figure 8.8 but instead is repulsive. Also,
the antibonding orbitals are empty and therefore no spin-flip is available to compensate this interaction. As a
result, C–H activation by ScO+, TiO+, or VO+ proceeds via large energy barriers, which are in excess of the
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energy of the reactants. These reactions therefore cannot proceed at thermal energies, which was confirmed
experimentally.

The C–H activation of methane by CrO+ and MnO+ is facile and proceeds via a transition structure lying
below the reactants in terms of energy. The reason is twofold (cf. Figures 8.7 and 8.8). First, these metal oxides
bear an unpaired electron localized at the oxygen atom. Second, the ground state is the low-spin state and the
𝜎 antibonding orbital is therefore empty. The interaction of the 𝜎 orbitals of the reactants in the transition
structure for the hydrogen abstraction are thus stabilizing exactly as discussed for FeO+ + CH4 after spin-flip
to the low-spin state. The formation of the [CH3–M–OH]+ intermediate for both Cr and Mn thus proceeds
without any energy barrier with respect to the reactants. The energetics and probability of the subsequent
rearrangement of [CH3–M–OH]+ to [M(CH3OH)]+ depends largely on the metal. For [CH3–Cr–OH]+, the
rearrangement is subject to a large energy barrier in the low-spin state, and therefore a spin-flip to the high-spin
state would be necessary for the reaction to occur. The SOC constant has not been reported, but in the case of
[CH3–Fe–OH]+, it was shown that this constant was negligible [57]. The alternative elimination of the methyl
radical from [CH3–Cr–OH]+ is also endothermic [59]. In accordance with this, the formation of neither Cr+

(association with the methanol formation) nor CrOH+ (hydrogen abstraction) was observed experimentally
[60]. In the case of [CH3–Mn–OH]+, the methyl elimination as well as the rearrangement to the complex
[Mn(CH3OH)]+ and subsequent methanol elimination proceed on a potential energy surface below the energy
of the reactants. The final exothermicity of methyl elimination is larger than the exothermicity of methanol
formation if only the low-spin state potential energy surface is considered. The spin-flip from the low-spin to
the high-spin state during the rearrangement via TS2 would lead to a further decrease of the energy barrier,
and larger exothermicity of the methanol formation channel. The experimental results show that the reaction
proceeds exclusively toward methyl elimination (i.e. only the MnOH+ product was detected) [61] and thus
the reaction proceeds only on the low-spin state potential energy surface and the spin-flip does not occur as
for the [CH3–Cr–OH]+ intermediate.

The late transition metal oxides FeO+, CoO+, and NiO+ show the reactivity described above in detail
for FeO+. The reaction of CuO+ with methane is fundamentally different as far as the involved spin states
are considered (Figure 8.14). For all other 3d metal cations, the high-spin state represents the ground state
of M+. The ground state of Cu+ is singlet. The electronic structure of CuO+ corresponds to a bi-radical
with one unpaired electron at the copper atom and the other at the oxygen atom, consequently the ground
state is triplet. The transition structure for the formation of the [CH3–Cu–OH]+ intermediate is below the
energy of the reactants and the subsequent elimination of the methyl radical is exothermic. The hydrogen
abstraction reaction toward formation of CuOH+ and CH3

∙ can be realized on the triplet potential energy
surface without any intersystem crossing. On the other hand, if only the triplet potential energy surface is
considered, then the formation of Cu+ and CH3OH is endothermic, and thus the high-spin to low-spin flip
is necessary. Experimentally, the branching ratio between the formation of CuOH+ and Cu+ was determined
as 2:3; hence, the spin-flip to the low-spin state potential energy is very efficient. The spin-flip probably occurs
at the vicinity of TS1 [62].

8.6 Effect of Ligands

The ligand environment can have a significant effect on the stability of different states of a given metal cation
system. Moreover, the reaction pathways are significantly modified if compared to the reactions of bare metal
cation systems, because coordinatively saturated metals do not have free sites to coordinate a second reactant
or to assist in rearrangements [63]. In addition, metal cation species with a small monodentate ligand com-
monly show rather reduced reactivity with respect to the corresponding bare metal cation species because the
charge as well as the spin density may be delocalized.
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Figure 8.14 Potential energy surface for the reaction of [CuO]+ with CH4 and the associated structures of the
intermediates and transition structures calculated at the CBS-QB3 level of theory. Relative energies corrected for
zero-point energy contributions are given in kJ mol−1, and relevant bond lengths are in Å. Reprinted from [62],
Copyright (2011), with permission from John Wiley & Sons.



Multiple Spin-State Scenarios in Gas-Phase Reactions 173

Figure 8.15 Potential energy surface (in kcal mol−1) for the model reaction of P450 with CH4 in the doublet
(dashed gray) and quartet (black) states calculated at the B3LYP/LACVP:6-31G level of theory [70]. Reprinted
with permission from [27], Copyright (2010) American Chemical Society.

A typical example would be the reactivity of FeO+. If a simple arene ligand, such as benzene, is attached to
the bare FeO+ ion, then not only is methane no longer activated, but none of the simple alkanes are activated
[64–66]. It is illustrative to analyze the theoretical results obtained for P450 [67], where the FeO+ core is
coordinated in a porphyrin ligand. In addition to the oxygen atom, iron bears another anionic ligand, which
means that the system is neutral and the spin states involved are quartet and doublet [67]; nevertheless the
reactivity modes with methane stay the same. Through comparison of details of the potential energy surfaces
for bare and ligated FeO+, big differences can be found. The initial formation of a complex between the
reactants is characterized by an interaction between the carbon atom of methane and the iron atom of bare
FeO+. In the case of ligated FeO+, the stabilization is mediated by hydrogen bonding between methane and the
oxygen atom of the FeO core. The subsequent hydrogen abstraction is characterized by a four-center transition
structure TS1 for the bare system (cf. Figure 8.11). In searching for the analogous four-center transition
structure for the ligated FeO+, it became clear that with an increasing number of additional ligands on iron,
it is energetically more and more demanding. Instead, it was found that the so-called “rebound mechanism”
is involved [68, 69]. This reaction mechanism starts with hydrogen atom abstraction from methane by the
oxygen atom of the LnFeO+ system. In the following reaction step, the methyl radical is rebound to the
oxygen atom to directly form methanol. Further investigation of this reaction in P450 models revealed (see
also Chapters 7 and 9 of this book) that even in the “rebound” mechanism, the reaction is associated with
a spin-flip from the high-spin PES to the low-spin PES, where the rebound step proceeds without a barrier,
which therefore renders the rebound process very fast (Figure 8.15).

Another example may be the modulation of reactivity of CuO+ by a ligand. A system studied in detail was
[(phen)CuO]+ (phen = 1,10-phenanthroline). In contrast to the previously discussed system LnFeO+, the
electronic configuration at the CuO+ core stays the same as it was previously shown for the bare metal oxide
cation. The phenanthroline ligand occupies only two coordination sites, and therefore [(phen)CuO]+ can in
principle show analogous reactivity to bare CuO+. Nevertheless, there was no methane activation observed
and the smallest alkane showing any reactivity with [(phen)CuO]+ was propane [71]. In studying the reactivity
of [(phen)CuO]+, it is crucial to correctly assess its structure. It is generated in the gas phase from its precursor
[(phen)Cu(ONO2)]+. The nitrate can either lose the whole NO3 group or eliminate the NO2 radical. The latter
process leads to the required [(phen)CuO]+ ion. If the [(phen)CuO]+ ion is generated with a sufficient internal
energy, it can then undergo internal C–H activation before being subjected to any other reactant. The result is
an unreactive copper(I) complex with hydroxylated phenanthroline ligand ([(phenOH)Cu]+) [72].
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Figure 8.16 B3LYP/TZVP potential energy surface (triplet in gray, singlet in black) for the C–H activation of the
phenanthroline ligand. Energies are given at 0 K relative to the energy of the triplet state of [phenCuO]+. Adapted
from [72], with permission from John Wiley & Sons.

The process of the intramolecular C–H activation of the [(phen)CuO]+ complex is interesting from the
point of view of a ligand effect, therefore it will be discussed in more detail. The mechanism starts with the
H-abstraction step (Figure 8.16). Due to the rigidity of the ligand, the carbon radical does not bind to the
copper center. This step is therefore not associated with a spin-flip to the low-spin state as observed for the
bare CuO+ in reaction with methane. The two electrons thus stay unpaired, one at the copper atom and the
other at the carbon atom. In the following step, the hydroxo group migrates toward the carbon radical to form
the final hydroxylated product. The “rebound step” is associated with a spin-flip from the high-spin state to
the low-spin state. This mechanism thus more closely resembles the “rebound mechanism” reported for the
catalytic site of P450 rather than the reaction of CuO+ with methane.

The effect of an additional ligand at the copper center for the observed reactivity of [(phen)CuO]+ was also
studied. It was shown that coordination of a molecule of water to the copper center leads to a considerable
decrease of all barriers along the reaction coordinate. The most pronounced effect was observed for the initial
H-abstraction step. The effect is clearly caused by a change of geometry of the [(phen)CuO(H2O)]+ induced
by the water ligand. The oxygen atom is at a smaller distance from the aromatic C–H bond to be activated,
and correspondingly the associated energy barrier is smaller (Figure 8.17). This example demonstrates that
while the effect of the ligand on the reactivity of gaseous cationic metal species is usually negative, it may
also induce geometry changes that are favorable for a given reaction.

8.7 Effect of Noninnocent Ligands

Finally, the effect of the so-called “noninnocent” ligands will be discussed (see also Chapter 11 of this book).
All of the intersystem crossings discussed so far occurred at a metal center. It was shown that the spin-flips are
rather efficient and do not even need to represent any kinetic hindrance in the reactivity. A different situation
may be encountered if the high-spin–low-spin intersystem crossing involves two electrons located at different
centers in the high-spin state and only at the metal center in the low-spin state. Ligands that take an active
part in such electronic changes are referred to as noninnocent.

A typical minimalistic example is represented by the [H–Ni–OH]+ cation. It was reported that this cation
is capable of activating methane and molecular oxygen. The ground state of [H–Ni–OH]+ is doublet and
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Figure 8.17 B3LYP/TZVP potential energy surface (triplet in gray, singlet in black) for the C–H activation of the
phenanthroline ligand. Energies are given at 0 K relative to the energy of the triplet state of [(phen)CuO]+. Adapted
from [72], with permission from John Wiley & Sons.

all theoretical results suggest that it should be unreactive toward methane as well as oxygen [73, 74]. The
observed reactivity is thus due to the quartet excited state of [H–Ni–OH]+ [75]. Nevertheless, it was not clear,
why the excited quartet state of [H–Ni–OH]+ does not undergo immediately a spin interconversion upon its
generation to a more stable doublet state lying about 25 kcal mol−1 lower in energy [76]. To explain this
dilemma, it is necessary to consider the electronic structure of the complexes in the doublet- and the quartet
states. While the doublet state has the single unpaired electron localized at the nickel atom, the quartet state
has only two of the unpaired electrons localized at nickel, and the third one at the oxygen atom. The structure
of the quartet can be thus formally written as 4[H–NiII–∙OH]+. It is known that SOC involving orbitals that
are not centered on the same atom is inefficient and the corresponding SOC constants are very small [77–
79]. In agreement, the SOC between the doublet and the quartet states of [H–Ni–OH]+ was determined as
8–17 cm−1, rendering the spin-flip as very slow, which provided the explanation as to why the reactive quartet
state does not immediately perish allowing its reactivity to be studied [76].

Based on a similar principle, many larger systems with the so-called redox-active ligands operate. There
are many examples of processes, where ligands participate in the redox chemistry of various metal complexes
[80]. The last example here involves unimolecular reactivity of iron(III) complexes [LFe(Cl)(CH3O)]+ [81].
The reactivity is dramatically different if the ligand L is redox-active, or if it is only an innocent obser-
vant. For L = 9,10-phenanthrenequinone (PQ), the reactivity is dominated by subsequent eliminations of
HCl and CH2O, whereas for L = 1,10-phenanthroline (phen), expulsion of the methoxy radical is dominant
(Figure 8.18).

[(L)FeIII(Cl)(CH3O)]+ → [(L)FeI(HCl)(CH2O)]+

→ [(L)FeI(CH2O)]+ + HCl → [(L)FeI]+ + HCl + CH2O (8.12)

Such a difference in the reactivities has an electronic origin. The elimination of HCl occurs upon a migration
of a hydrogen atom from the methoxo ligand to the chlorine atom (equation 8.12). This is associated with
the reduction of iron(III) to iron(I). For the complex [(phen)FeIII(Cl)(CH3O)]+, the initial rearrangement
proceeds first toward the complex [(phen)Fe(Cl)(H)(CH2O)]+ with the hydrogen atom bound to the iron
center, and only in the next step the hydrogen atom migrates to chlorine. This rearrangement is in competition
with the simple expulsion of the methoxy ligand (Figure 8.19). The energy barrier for the rearrangement in
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Figure 8.18 Relative abundances of the fragmentations of (a) [(phen)Fe(Cl)(CH3O)]+ and (b)
[(PQ)Fe(Cl)(CH3O)]+ in dependence on the collision energy (the losses of CH3O⋅ are in green (open
symbols), CH2O in blue, HCl in red, and the combined losses of CH2O and HCl are in violet (all solid symbols)).
Adapted with permission from [81], Copyright (2009) American Chemical Society. (See colour plate section)

Figure 8.19 Potential energy surface of [(phen)Fe(Cl)(CH3O)]+ (1+) associated with its rearrangements and
fragmentations. The black solid lines correspond to the sextet state and the gray lines correspond to the quar-
tet state (low spin at iron). Energies are given at 0 K relative to E0K(61+); energies in italics correspond to the
single-point calculations at geometries optimized for the corresponding low-spin or high-spin state. Adapted with
permission from [81], Copyright (2009) American Chemical Society.
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Figure 8.20 Potential energy surface of [(PQ)FeCl(CH3O)]+ (1+) associated with its rearrangements and frag-
mentations. The black solid lines correspond to the sextet state and the black dashed lines represent the quartet
states associated with the sextet states by a spin-flip at the PQ ligand. The gray lines correspond to the excited
quartet state (low spin at iron). Energies are given at 0 K relative to E0K(61+); energies in italics correspond to
single-point calculations at geometries optimized for the corresponding low-spin or high-spin states. Adapted
with permission from [81], Copyright (2009) American Chemical Society.

the sextet state is almost isoenergetic with the demand for CH3O∙ expulsion, but it can be decreased by
a spin interconversion to the quartet state. Obviously, the spin-flip can compete with the radical expulsion
only at low collision energies, and therefore the direct elimination of CH3O∙ dominates the reactivity of
[(phen)Fe(Cl)(CH3O)]+ at higher collision energies.

The exchange of the innocent phenanthroline ligand by phenanthraquinone means that the transforma-
tion suggested in equation (8.12) might also involve participation of the ligand. Phenanthraquinone can
be easily reduced by one electron to its semiquinone form (PQ∙−). This process allows the formation of
[(PQ∙−)FeII(HCl)(CH2O)]+ instead of [(PQ)FeI(HCl)(CH2O)]+ (Figure 8.20). The sextet and quartet states
of [(PQ∙−)FeII(HCl)(CH2O)]+ are almost isoenergetic and differ only by a spin-flip at the oxygen atom of the
semi-quinone ligand, and hence fast spin interconversion can be expected. The energy barrier for the forma-
tion of [(PQ∙−)FeII(HCl)(CH2O)]+ from [(PQ)FeIII(Cl)(CH3O)]+ in the sextet state is lower than the energy
demand for the methoxy radical expulsion by about 0.35 eV, which is probably sufficient for the predomi-
nance of the closed-shell molecule eliminations. Thus, this example shows how non-innocent ligands by their
participation in the electronic changes along the reaction coordinates can completely change the reactivity
pattern of metal complexes.

8.8 Concluding Remarks

Multiple spin-state reactivity and its acknowledgment in chemistry as well as in biochemistry can be consid-
ered as one of the flagships of gas-phase model studies. Investigations of model processes in the gas phase
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certainly suffer from being detached from solvent effects; metals may be coordinatively unsaturated and thus
artificially too reactive and there are certainly other compromises in individual studies that could be put for-
ward. With all these simplifications, we pay for having a precisely defined system, where we can experimen-
tally control the energy flows and, at the same time, we can disentangle each particular detail of the observed
reactivity by theoretical approaches. This was all necessary to establish the concept of two-state reactivity. Its
origin is to be ascribed to a close collaboration of experimentalists and theoreticians aimed at rationalizing a
problem as simple as the “four-atom reaction” of FeO+ + H2.

The examples shown in this chapter demonstrate that for a given system, it depends on the details of the
available pathways and on the size of SOC constants for intersystem crossings. If the SOC constants are
sufficiently large (as was shown here for 5d transition metal cations), then the reaction pathways involving
spin-changes may be even more favored than the “spin-allowed” variants, although both pathways are ener-
getically feasible. All these findings meanwhile have developed into a multiple-state reactivity paradigm with
applications reaching from fundamental physics via catalysis to biochemical processes.
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9.1 Introduction

Iron-containing metalloenzymes are found throughout the natural world and are vital catalysts in many cru-
cial metabolic and biosynthetic biological pathways [1–3]. One group of nonheme iron and 𝛼-ketoglutarate-
dependent enzymes help catalyze the synthesis of the highly potent and broad spectrum of carbapenem
antibiotics [4–6], while another family is responsible for the demethylation of DNA bases [7–9]. The expres-
sion of iron-containing enzymes has also been shown experimentally to increase in response to hypoxia,
indicating a role in oxygen transport through the body [10, 11]. Their chemistry depends on the bind-
ing of molecular oxygen, and they can be structurally classified into two main groups: heme enzymes
and nonheme enzymes. The bulk of the work discussed here concerns mononuclear iron systems; how-
ever, in nature both multi-iron systems and a variety of mixed transition metal co-factors are found as well
[12–14].

In nature, the major classes of metallo-heme-proteins are the monooxygenases [15–17], containing a pro-
toporphyrin IX center, the catalases and the peroxidases. These enzymes are characterized by their method of
binding a heme group to the protein, and typically peroxidases are linked via an iron–histidine coordination,
whereas catalases have an iron–tyrosinate bond and monooxygenases an iron–cysteinate bridge. These dif-
ferences in heme-binding patterns affect the chemical properties of the heme center and have been identified
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as the key reason for their functional diversity. Heme proteins are essential for many biological pathways
in the body including hemoglobin oxygen transportation and the detoxification of harmful metabolites [18].
Nonheme iron enzymes are also ubiquitous throughout nature; this superfamily of enzymes is extremely
diverse and contains biocatalysts that act on an array of unrelated substrates [19]. They are biochemically
fundamental to processes as varied as tissue repair and antibiotic biosynthesis [20–22]. There is, however,
structural convergence between this disparate family of enzymes, with the largest group of mononuclear,
nonheme, iron-containing enzymes utilizing 𝛼-ketoglutarate (𝛼-KG) as a co-enzyme [23–25]. In our groups,
the research has focused extensively on understanding the chemical and physical differences of nonheme and
heme oxygenases by studies on enzymatic and model systems.

The utilization of molecular oxygen is vital in many biological pathways. The ability of aerobic organisms
to harness the power of dioxygen as a terminal electron acceptor in their respiratory cycles has revolutionized
the evolution of life [26, 27]. The synthesis of many complex molecules often requires the oxidation of their
precursors, via the use of molecular oxygen. Despite the oxidizing power of dioxygen and the potential energy
released in bond cleavage, low reactivity in its triplet ground spin state restricts its biological usefulness. So
oxidases need to activate O2 by forming metal–peroxo or metal–superoxo complexes capable of undergoing
reactions that are usually spin forbidden [2, 15, 17, 19, 28].

The class of mononuclear nonheme iron enzymes can be subdivided again into two large super families
namely the monooxygenases, which transfer one oxygen atom of O2 to their substrate, and dioxygenases
(oxygen transferases), which incorporate both atoms of molecular oxygen into their reaction product(s). The
largest family of nonheme oxygenases, conserved throughout evolution, are the 𝛼-KG-dependent dioxyge-
nases [1, 19, 24, 27, 29–32]. As well as the 𝛼-KG co-enzyme, these enzymes have two histidines coordinating
their iron center; dioxygen binding triggers an attack of the terminal oxygen atom on the 𝛼-keto position of 𝛼-
KG, to form a cyclic peroxy intermediate. This peroxy intermediate has never been characterized but decays
rapidly to the relatively stable iron(IV)–oxo species that was spectroscopically characterized with a variety
of spectroscopic techniques.

In order to visualize and understand the chemistry underlying the activity of these biocatalysts, chemists
have always relied on models. However, as our understanding of chemistry has evolved it has become pos-
sible to explain chemical structure and even reaction mechanisms of entire systems computationally and to
a reasonable reliability [33]. Computational modeling allows chemists to study the properties of short-lived
intermediates and transition-state complexes, which are difficult to characterize experimentally. Therefore,
computational methods are vital tools in the investigation of reaction pathways, proposed from experimental
observation.

9.2 Cytochrome P450 Enzymes

The cytochromes P450 (P450s) are a superfamily of heme-containing, structurally and functionally diverse
enzymes that are ubiquitous to most biochemical systems; as such they have attracted interest of many
researchers [2, 15, 16, 32, 34]. One intriguing feature of the P450s is how they activate molecular oxygen
and incorporate one of its oxygen atoms into selected substrates, whereby the other oxygen atom is reduced
to water. Based on this feature, they are generally called P450 monooxygenases although this is only one of
the major catalytic processes they are involved in. Other reactions catalyzed by the P450s include aliphatic
hydroxylation, epoxidation of olefins, oxidation of heteroatoms, oxidation of aromatic compounds, dealky-
lation reactions and oxidation of aldehydes [15, 16, 35]. In addition to the biotransformation of endogenous
metabolic intermediates such as lipids and steroids, the P450s are also widely known to bio-convert exoge-
nous substances such as xenobiotics, toxicants and drugs. They have been identified in various forms of life
from humans down to microscopic prokaryotic organisms [36].
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Figure 9.1 Active site structure of P450cam with key amino acids and substrate (camphor) shown. (See colour
plate section)

About three decades ago, the use of microbial P450 enzymes in industrial biotechnology started with fungal
isozymes whose activities produced corticosteroids in whole cell vectors [37]. Recently, the use of microbial
P450s has found increasing applications in biotechnology such as in the production of penicillin and phytore-
mediation [38, 39]. In spite of the optimism to develop novel chemicals and/or upscale the existing products,
there are still constraints such as low turnover rates of these enzymes toward non-natural substrates and rel-
ative low stability as well as the financial aspects involved with purchasing co-factors [40]. However, efforts
are being intensified in this direction particularly to make them more industrially applicable.

The P450s share a common structural evolutionary trend, whereby the region involved in catalysis is highly
structurally conserved. All P450s contain a heme-active center with the iron heteroatom linked to the proto-
porphyrin IX rings as well as through an anionic S-thiolate linkage to a cysteinate residue of the polypeptide
backbone (Figure 9.1). This cysteinate residue is highly conserved through all 21,039 cytochrome P450 gene
sequences [41]. It is known that the S-thiolate bridge delocalizes oxidizing equivalents with the porphyrin
in the formation of the high-valent iron(IV)–oxo heme cation radical intermediate (Cpd I) in the catalytic
cycle. Although the thiolate ligand donates electrons to the heme co-factor, it does not participate in the gen-
eral enzymatic reactivity. Site-directed mutations that disrupt the thiolate ligand of the active center generally
result in the complete loss of catalytic function and also the ability to activate molecular oxygen.

9.2.1 Importance of Cytochrome P450 Enzymes

Cytochrome P450 enzymes are vital because of their involvement in the breakdown of environmental organic
substances, including foods used for metabolic purposes and xenobiotics, which are detoxified by liver and
kidney P450 isozymes. They are also involved in the biosynthesis of secondary metabolites, for instance,
those involved in the signaling pathways of lipids and steroidal hormones. Drug metabolism by P450 enzymes
proceeds in three phases: the first one (phase I) leads to the addition of polar groups to the drug molecule; in
the second phase (phase II), these polar groups are linked to polar molecules by transferases; and in the final
phase (phase III), the resulting clusters are expelled from the cell. The P450s are the key enzymes in phase-I
drug metabolism reactions, where drug molecules are being deactivated directly or indirectly by oxidation
through modifying them with a hydroxyl group. This modification makes these metabolites water soluble and
enables the biosystem to have them excreted from the body. Some drugs are then passed on to phase II where
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they are conjugated with large polar molecules, such as glucuronic acid or glutathione, to further facilitate
their excretion. Also, many pro-drugs (inactive drugs) are bio-activated to their active form and thus able to
exert their biochemical effects on the body. The P450s are involved in about 75% of total drug metabolism
reactions in the phase-I process [42].

9.2.2 P450 Activation of Long-Chain Fatty Acids

Cytochrome P450 enzymes are proteins with a large variety of catalytic function and as such their classi-
fication is based on sequence homology [16, 43]. For instance, the CYP152 isozymes are generally known
to consist of bacterial P450 species and catalyze fatty acid hydroxylation. The two most extensively studied
members in this class of P450 isozymes include P450BS𝛽 from Bacillus subtilis and P450SP𝛼 from Sphin-
gomonas paucimobilis [44, 45]. The former has 44% amino acid sequence homology to the latter. These
enzymes hydroxylate fatty acids at the 𝛽-carbon atom and 𝛼-carbon atom, respectively, and form hydroxy-
lated products.

Recently, several P450 isozymes from bacteria were isolated and characterized and it was shown that they
desaturate long-chain fatty acids by decarboxylation of the functional carboxylate group to generate a long-
chain olefin. However, considerable amount of hydroxylation of saturated long-chain fatty acids was found
in a second pathway [45].

9.2.3 Heme Monooxygenases and Peroxygenases

Monooxygenases use a single oxygen atom from molecular oxygen to oxidize a substrate and then reduce
the other oxygen atom to a water molecule. The dioxygenases incorporate both oxygen atoms into their sub-
strate(s). Under normal circumstances, molecular oxygen is unreactive, due to its spin-forbiddenness (i.e. it
is a triplet biradical) towards organic substrates [46]. Therefore, its activation is required for it to participate
in an oxidation reaction. The electrons needed to activate molecular oxygen come from co-factor(s) or alter-
natively from the substrate itself, for example, in co-factor independent monooxygenases. In addition, some
monooxygenases use only hydrogen peroxide as an oxidant, which supplies two reducing equivalents (two
electrons) and one oxygen atom for reactions and therefore have been named peroxygenases. Several P450
peroxygenases are known in nature and they have shown interesting biotechnological relevance [47, 48].

Apart from the group of P450 isozymes that require dioxygen, NADPH and redox partners for activity, the
group that depends on hydrogen peroxide is growing rapidly, probably due to their self-sufficiency and their
potential applicability in biotechnological processes. Bacillus subtilis P450BS𝛽 and Sphingomonas paucimo-
bilis P450SP𝛼 are representatives of this widening group and have been extensively studied. Recently, Girhard
and co-workers characterized an 𝛼-fatty acid hydroxylase that also utilizes hydrogen peroxide from Clostrid-
ium acetobutylicum [49]. This group of enzymes catalyzes the hydroxylation of long-chain fatty acids and
have structural similarities. In contrast to P450BS𝛽 and P450SP𝛼 , which hydroxylate fatty acids at the 𝛽-carbon
and 𝛼-carbon respectively, other P450s in the family such as P450BM-3 hydroxylate at the terminus, namely
the 𝜔-1-carbon, 𝜔-2-carbon or 𝜔-3-carbon [50].

9.2.4 Catalytic Cycle of Cytochrome P450 Enzymes

Many studies (experimental as well as computational) have focused on the catalytic cycle of P450 enzymes
and established a detailed mechanism for many of the reactions involved. Figure 9.2 illustrates the general
mechanism of actions of cytochrome P450 enzymes. In the resting state (A), the sixth coordinated position to
the iron(III) is a bound water molecule distal to the S-thiolate ligand below the plane of the heme. The water
is displaced upon binding of the organic substrate and results in a pentacoordinated iron–heme complex (B)
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Figure 9.2 Catalytic cycle of P450 enzymes.

which triggers a spin-state change and makes the iron(III) center susceptible to a reduction. The iron(III)
is therefore reduced to a high-spin iron(II) by accepting an electron from a neighboring redox partner. The
heme iron, in its reduced state, is able to bind molecular oxygen and gives a low-spin iron(III)–superoxo com-
plex (C), which is again reduced to iron(III)–peroxo by accepting a second electron from the redox partner.
The iron(III)–peroxo can now accept a proton to become the iron(III)–hydroperoxide intermediate known as
Compound 0 (Cpd 0, D).

The dioxygen bond of Cpd 0 is cleaved heterolytically by accepting a second proton and results in the
release of a water molecule and the formation of a high-valent iron(IV)–oxo heme cation radical species
which is the most reactive intermediate in the catalytic cycle. This reactive intermediate is known as Com-
pound I (Cpd I, E). The last step is the eventual transfer of the oxygen atom into the substrate and rebinding
of a water molecule to the heme, thus returning the complex to the resting state. The enzyme is now ready
for another round of catalysis. In some cases, the iron(III)–hydroperoxide can be obtained via a “hydrogen
peroxide” shunt, and then the reaction proceeds via the usual pathway from Cpd 0 through to product release
[51, 52]. Recently, Cpd I was spectroscopically and kinetically characterized, using Mössbauer spectroscopy
and electron paramagnetic resonance spectroscopy in combination with UV/Vis absorption spectroscopy [53].
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Cpd I has been experimentally characterized as a low-spin iron(IV)–oxo heme cation radical [53] while com-
putation assigned it with orbital occupation 𝛿
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∗

xz
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yz
1 a2u

1 [54]. During the hydrogen atom abstraction
reaction, one electron is transferred from substrate to oxidant, which fills the a2u orbital with a second elec-
tron, whereas the OH rebound adds an electron into the metal system, namely an extra electron in 𝜋

∗
xz in

the low spin and an electron in the virtual 𝜎∗z2 orbital in the high spin [55]. These differences mean that the
rebound is barrierless in the low spin but encounters a significant barrier in the high spin instead. As a result of
this, the radical intermediate has a finite lifetime in the high spin, whereas it is a saddle point on the low spin.
During the lifetime of the radical intermediate, for instance, rearrangement patterns leading to stereochemical
scrambling of the products can occur or alternatively reactions can take place leading to side products, such
as aldehyde and suicidal byproducts in epoxidation reactions [56–58]. Thus, the spin state of the oxidant is
vital for catalytic efficiency and the product distributions obtained.

9.3 Nonheme Iron Dioxygenases

The huge array of often evolutionarily unrelated proteins that fall into this super class of enzymes means
that it is more useful to subdivide nonheme iron enzymes into classes based on the ligands that coordinate
their iron cores. The largest of these classes belongs to a group of nonheme iron dioxygenases which have
a structural motif that coordinates the iron through two histidine and one aspartate amino acid creating a
facial 2-His-1-Asp ligand system, shown in Figure 9.3 for the AlkB repair enzyme. Examples of nonheme
iron dioxygenases with this motif range from clavaminic acid synthase [59], AlkB repair enzymes [9, 60],
and prolyl-4-hydroxylase [61–63], to name just a few. They have vital functions for human health and for
instance the AlkB repair enzymes demethylate the methylated DNA bases and regenerate the original base
by a hydroxylation process. Figure 9.3 shows the N1-methyladenine subunit of a DNA chain, which reaches
into a cleft of the enzyme nearby the active site. The protein then hydroxylates the methyl group, which

His187

His131

αα-KG

Asp133

Figure 9.3 Active site structure of AlkB repair enzyme with 2-His-1-Asp ligand motif, bound 𝛼-KG and substrate
(N1-methyladenine).
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in a subsequent step comes off as formaldehyde and returns the DNA base to adenine. By contrast, prolyl-
4-hydroxylase binds a collagen helix and regioselectively hydroxylates proline at the C4 position to form
hydroxyproline, which is a major component of collagen. The enzyme performs this reaction by binding
collagen in a specific orientation in the substrate-binding pocket, so that only the C4 position of proline is
accessible to the iron(IV)–oxo active species. This is important as the C4–H bond is one of the strongest bonds
in proline that needs to be broken [63]. Computational modeling showed that changes to the shape of the
substrate-binding pocket would lead to a regioselectivity change from C4 hydroxylation to C5 hydroxylation.

Many mononuclear nonheme iron enzymes also share the typical binding site features that include two
histidines and one carboxylate group coordination motif (2-His-1-Asp coordination). Water molecules occupy
the three remaining coordination sites of the metal and are displaced upon substrate and oxygen binding. Other
motifs used by metalloenzymes include, for instance, the 3-His ligand motif present in both acetylacetone
dioxygenase and cysteine dioxygenase and the 3-His/1-Glu motif in quercetin dioxygenase [64–68]. One key
principle that unites this disparate assortment of catalysts is the activation of molecular oxygen, to form highly
reactive intermediate structures.

It is clear that the 𝛼-KG-dependent family of oxygenases are an extremely versatile group of biocatalysts
with biological functionality ranging from hydroxylation to desaturation and even halogenation. They are
highly conserved throughout evolution and have biological roles as diverse as collagen and antibiotic biosyn-
thesis, DNA repair, responses to hypoxia and metabolism of toxins. It is to this family of catalysts and their
close relatives that most of the natural and synthetic systems discussed in this Chapter owe their chemistry.

Taurine/𝛼-KG dioxygenases (TauD) catalyzes the metabolism of taurine to release sulfite and was the first
nonheme metalloenzyme for which its iron(IV)–oxo species was spectroscopically characterized, using a
variety of spectroscopic techniques, including resonance Raman spectroscopy, Mössbauer spectroscopy and
EXAFS [69–72]. The enzyme itself has been characterized as a tetramer held together on the dimer interface
by helical antiparallel strands [73]. Its catalytic cycle has been well studied, but its relevance to the catalysts
reported in this study is in its claim to be the first of the iron enzymes to provide very strong evidence for the
chemistry of a high-valent iron(IV)–oxo co-factor [74, 75]. By contrast to heme Cpd I, the nonheme iron(IV)–
oxo system is in a high-spin (quintet) state in generally a pentacoordinate geometric configuration [76]. This
high-spin conformation leads to electron transfer during the hydrogen atom abstraction and the creation of a
sextet spin state on the iron coupled to a radical on the substrate. This fully exchange-coupled system lowers
the hydrogen atom abstraction barriers dramatically and makes the high-spin nonheme iron(IV)–oxo a highly
potent oxidant of oxygen atom transfer reactions.

9.3.1 Cysteine Dioxygenase

One family of dioxygenases found extensively throughout the natural world is the cysteine dioxygenases
(CDO) [64–67, 77, 78]. These nonheme iron catalysts utilize their iron(II) core to metabolize toxic L-cysteine
to L-cysteine sulfinic acid using molecular oxygen. In mammalian systems, their reduced expression has been
linked to the progression of several neurological disorders including Alzheimer’s and Parkinson’s disease
[79, 80]. Mammalian CDO enzymes catalyze the first step in the catabolism of cysteine [81]; their importance
to human health has led to CDO enzymes becoming the focus of many studies.

As mentioned previously, CDO’s binding pocket is characterized by an iron center bound into a 3-His
ligand system as opposed to the typical 2-His-1-Asp-binding motif. Figure 9.4 illustrates this coordination
system and depicts the active site of a CDO enzyme taken from the 2IC1 PDB-file [82]. The iron co-factor
is held in position via coordination to the nitrogen atoms of His86, His88 and His140; the cysteinate residue
acts as a bidentate ligand with its thiolate group trans to His86. It has been proposed that hydrogen bond-
ing between the carboxylate tail of cysteinate and residues, His155, Arg60, Tyr157 and Tyr58 causes an
extremely tight substrate-binding pocket leading to a very high substrate specificity [83]. Studies have shown
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Figure 9.4 Active site structure of CDO enzymes with its characteristic 3-His ligand system, the Tyr157–Cys93
covalent linkage and substrate cysteinate bound. (See colour plate section)

that the Tyr157–Cys93 cross link is important in promoting enzyme turnover although this does not seem to
affect iron binding, therefore it may influence substrate binding or product release [84, 85]. There is an empty
coordination site shown in Figure 9.4, which is the position cis to the substrate and trans to His88. Quan-
tum Mechanical/Molecular Mechanics (QM/MM) calculations have shown that dioxygen binds to this vacant
position in an iron(III)–superoxo form. It is likely that the iron(III)–superoxo species is the catalytically active
compound, and calculations suggested that alternatively proposed oxidants like the iron(III)–persulphenate
can be ruled out [86, 87]. An iron–superoxo species was generated experimentally from the inactive iron(III)
form of the protein and superoxide, and EPR data indicated a septet system with the iron S = 5/2 ferromagnet-
ically coupled to an S = 1/2 superoxo radical [88]. Further computational studies, therefore, could be helpful
to support the claim.

9.3.2 AlkB Repair Enzymes

AlkB is a DNA repair protein isolated from Escherichia coli, which has homologous proteins found through-
out eukaryotes, and is responsible for DNA demethylation by oxidation reactions and produces formalde-
hyde from the methyl carbon, as byproducts. A nonheme mononuclear iron(II) coordinated to 𝛼-KG activates
dioxygen to enable AlkB’s catalytic activity. In the resting state the iron(II) is five coordinated, but the binding
of the alkylated substrate linked to the geometry change opens up a sixth ligand position and allows dioxygen
to bind.

The expression of the alkB gene by E. coli occurs alongside the expression of ada, aidB and alkB in
response to DNA-alkylating agents [60]. The enzyme is highly conserved throughout species evolution with
human homologues identified in ABH2 and ABH3 [89, 90]. It appears to be so vital throughout nature
because of its role in limiting the prevalent, highly damaging and possibly lethal mutations in an organ-
ism’s genome. The enzyme has been shown to be key to the removal of cytotoxic N-alkylated purines and
premutagenic O-alkylated bases [7, 91, 92]. AlkB’s direct involvement in the dealkylation of 1-alkyladenine
and 3-alkylcytosine lesions in DNA and RNA has been established, by which it repairs alkylation damage to
DNA bases being shown in Figure 9.5.
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Figure 9.5 Catalytic cycle of AlkB repair enzymes starting from an iron(III)–superoxo structure.

AlkB has broad substrate specificity, a notion of enzyme catalysis that markedly differs from the well-
established, rigid specificity of the lock and key hypothesis. Although a preference for the demethylation of
N1-methyladenine and N3-methylcytosine has been demonstrated, AlkB has also been seen to be important
in the repairing of N1-methyladenine, N3-methylthymine and N1-methylguanine [93–95].

O’Brien and co-workers [73] illustrate the importance of promiscuous substrate recognition to the evolution
of an effective DNA repair strategy in vivo. A cell’s main purpose, be it in bacteria or human, is to grow
and replicate its genome faithfully, in order to pass its genetic material on to the next generation of cellular
offspring. To this end, speed and accuracy of any repair pathway is vital to the organisms’ survival. To achieve
both these objectives it is imperative that the enzymes involved need to be able to identify and act on the key
mutations across different bases. The importance of this pathway is easily confirmed by experiment, where
disturbance to this pathway leads to cell death in E. coli [96].

The AlkB enzymes use a transition metal center in the activation of molecular oxygen, which plays a
central role in this chapter. However, the activation of molecular oxygen by a nonheme iron center is not only
biologically useful in adding an oxygen atom to a substrate in the form of a hydroxylation [19, 24, 92], but also
alternative reactions such as ring-closure processes and substrate halogenation are common. The next section
will focus on a recently described superfamily of nonheme halogenases, which use the power of activated
oxygen to halogenate their products [97, 98].

As no chemical structures of AlkB repair enzymes have been characterized after dioxygen binding, a
detailed computational study was performed [99]. Initial studies used density functional theory models that
included the central iron atom, imidazole group for the histidine ligands, acetate for the aspartate and suc-
cinate ligands and a truncated substrate. However, when the structures were then reinserted into the protein
databank (PDB) file of the resting state structure, the match was very poor and large deviations in struc-
ture had occurred. Therefore, the study was followed up by a detailed QM/MM study that takes the full
effect of the protein into consideration (see also Chapter 14 of this book). Thus, in AlkB repair enzymes, the
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substrate is locked in a specific orientation (see Figure 9.3 above) with the substrate bound in a narrow cleft
with the adenine unit locked between several aromatic rings of a tryptophan, a histidine and a tyrosine residue.
Moreover, the only vacant ligand position in the resting state structure of Figure 9.3 appears to be the side
trans to His131, which would put molecular oxygen at a distance of well over 4Å from the methyl group of
N1-methyladenine substrate. A novel catalytic cycle was, therefore, proposed (and confirmed by computa-
tional modeling), whereby the iron(III)–superoxo structure (A in Figure 9.5) is first decarboxylated to succi-
nate, CO2 and an iron(IV)–oxo species (R). However, prior to hydrogen atom abstraction from substrate, this
iron(IV)–oxo species undergoes an isomerization to structure R’ and brings the oxo group in close proximity
of the donor hydrogen atom. The final stages of the catalytic cycle then include hydrogen atom abstraction
from the methyl group to form iron(III)–hydroxo and a substrate radical followed by OH rebound to form
an alcohol and an iron(II) resting state. For this pathway, we find two competitive channels both on a quintet
spin state surface. Thus, the iron(IV)–oxo species is pentacoordinated and as discussed above for TauD in a
quintet spin ground state with 𝜋
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an exothermic process due to stabilization of the HOMO orbital (𝜎∗z2) in R’, which becomes singly occupied
in favor of the 𝜎∗xy orbital. However, the LUMO orbital of this complex (𝜎∗xy) is destabilized and as a conse-
quence the subsequent hydrogen atom abstraction has a higher than expected barrier based on the substrate’s
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iron dioxygenases react on multiple spin and electronic states that are competitive but may have different
reaction rates and selectivities. Consequently, understanding the spin state mechanism of nonheme and heme
oxygenases and synthetic model complexes is important to fully appreciate the catalytic mechanism of these
versatile catalysts.

Nevertheless, the novel catalytic cycle presented here identifies different substrate and oxygen entrance
channels into the active site as well as a work-up step that converts the iron(III)–superoxo into an iron(IV)–
oxo and then aligns it to the position of the substrate that requires activation. It may very well be that the
iron(III)–superoxo has to be separated from substrate as it would lead to the production of byproducts rather
than the desired product and that the enzyme has created this novel pathway that separates the oxygen and
substrate in the active site of the co-factor.

9.3.3 Nonheme Iron Halogenases

Enzymatic biosynthesis of halogenated products is by no means a rarity in nature, with over 4500 examples
having been identified to date. The vast majority of naturally occurring halogenated substances are covalently
linked to either bromide or chloride although there are over a hundred organoiodines and around 30 organoflu-
orines documented. In many cases, halogenation is crucial to the biological effectiveness of the natural product
[97, 98]. This is illustrated by Grgurina et al. [102] who reported a significant observed loss of function from
dechlorinated Syringomycin, and a similar effect was described for vancomycin by Harris [103]. This has huge
medical significance since halogenation during drug synthesis can increase the therapeutic effectiveness of
the agent by a power of between 4 and 10.

Halogenases typically contain a transition metal core, which acts as co-factors and as in the previous exam-
ples is crucial for their activity. Many enzymes use vanadium as an obvious choice for such a co-factor since
it is found in the second largest concentration, of any transition metal, in the Oceans [13, 14]. However, iron
as the most abundant of the naturally occurring transition metals is still found widely in the active sites of
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Figure 9.6 Active site structure of the 𝛼-KG-dependent halogenase SyrB2 with the iron and its 2-His-1-Cl ligand
system and 𝛼-KG bound.

halogenases. Halogenases catalyze the addition of a halogen to a wide variety of scaffolds, ranging from aro-
matic and heterocyclic rings to olefinic sites and even aliphatic carbons [97, 98]. The haloperoxidases and
flavin adenine dinucleotide-dependent halogenases are examples of families of well-studied enzymes that
halogenate electron-rich substrates using a cationic halogen [104–106]. The halogenation of inactivated alkyl
groups presents a unique challenge to a family of recently characterized mononuclear nonheme bio-catalysts,
the 𝛼-KG-dependent halogenase.

The 𝛼-KG-dependent halogenases belong to the large superfamily of 𝛼-KG-dependent metalloenzymes
discussed in the previous sections [1, 19, 23, 31]. The crystal structure coordinates of several of these bio-
logically relevant enzymes have recently been obtained. Vaillancourt et al. described CmaB [107], one of the
metallohalogenases involved in the construction of coronamic acid. A crystal structure of the 𝛼-KG haloge-
nase SyrB2 was reported in 2006. Both these enzymes were extracted from Pseudomonas syringae [108],
however, examples of this class of enzyme have also been isolated from other bacterial species with CytC3
crystallized from Streptomyces sp. [109]. SyrB2 has been the focus of much of the research into this recently
discovered family of enzymes, owing to its role in the biosynthesis of the antifungal Syringomycin E and
crystal structures incubated with both 𝛼-KG and chloride cations.

Several in vitro studies into the activity of SyrB2, in the Syringomycin E synthetic pathway, have demon-
strated that the enzyme is responsible for the conversion of threonine to 4-chlorothreonine, conjugated to the
phosphopantetheine prosthetic arm of SyrB1 [110]. The crystal structure of SyrB2 incubated with chloride
and the 𝛼-KG complex was produced by Blasiak et al. [108] and shows the iron center coordinated with 𝛼-
KG, chloride, two histidines and water. The structural resemblance of this enzyme to that of TauD along with
spectroscopic analysis of reaction intermediates has been used to propose a reaction mechanism for SyrB2.
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Figure 9.7 Calculated regioselectivity pathways of substrate halogenation versus hydroxylation by SyrB2
enzymes as calculated with QM/MM methods. Energies are given in kcal mol−1.

Figure 9.6 depicts the SyrB2 Fe(II)–𝛼-KG complex obtained from X-ray crystallography after substrate-
binding molecular oxygen substitutes water at the Fe coordination site. Oxygen binding triggers the decar-
boxylation of succinate forming a highly reactive ferryl-oxo intermediate. This intermediate is believed
to attack the terminal alkyl group of the substrate, with the chlorinated product being formed via radical
recombination.

To establish the origin behind the regioselectivity of substrate halogenation by 𝛼-KG-dependent haloge-
nases and the reasons why no substrate hydroxylation is observed, a series of density functional theory and
QM/MM studies were performed [111–113]. Figure 9.7 highlights the major results obtained from these

Figure 9.8 Calculated bond dissociation energies of the Fe–Cl and Fe–OH bond in radical intermediates I1 and
I2. Values are in kcal mol−1. Succ stands for succinate.



Catalytic Function and Mechanism of Heme and Nonheme Iron(IV)–Oxo Complexes in Nature 197

calculations. Thus, the initial reaction starts with a hydrogen atom abstraction from substrate by a high-valent
iron(IV)–oxo species. This is a low-energy process on a quintet spin state surface and efficiently leads to a
radical intermediate (I1) with the OH group trans to His235. The radical intermediate can rebound the OH
group via barrier TSOH to form alcohol products or alternatively rebound the Cl atom to form halogenated
products via barrier TSCl. It is found that the halogenation is energetically more costly by 4.1 kcal mol−1,
which implies that alcohols will be the dominant products through this pathway. Subsequently, an alterna-
tive mechanism was investigated that could lead to the experimentally observed halide products, whereby
the radical isomerizes and the OH and Cl ligands swap position to form radical intermediate I2. The calcu-
lations show that the OH rebound from the latter is 11.1 kcal mol−1 more endothermic than the Cl-transfer
barrier. Consequently, the regioselectivity of halogenation versus hydroxylation is in favor of halogenation
from radical intermediate I2, whereas the reverse is found for radical intermediate I1.

In order to understand the regioselectivity reversal between structures I1 and I2, we calculated the individual
bond strengths (Bond Dissociation Energies, BDE) of the various Fe–OH and Fe–Cl bonds in the radical
intermediates I1 and I2 (Figure 9.8). As follows from Figure 9.8, the Fe–Cl and Fe–OH bond are weakest
when they are located trans to His235. Moreover, with the Cl trans to His235, the BDE value of the Fe–Cl
bond is considerably weaker than the corresponding Fe–OH bond and therefore more likely to be transferred
to substrate. It is clear that the position of ligand binding can determine reaction mechanisms and affect
regioselectivities.

9.4 Conclusions

Mononuclear metalloenzymes catalyze important reactions in biology and have been extensively studied over
the years. Although extensive progress has been made in the understanding of the chemical properties and
reaction mechanisms of these important enzymes, there are still major gaps and controversies left. Key ques-
tions relate to the nature of the spin and electronic state of the oxidant and how this affects reactivity. As
discussed here, nonheme iron(IV)–oxo species in enzymatic scaffolds tend to be pentacoordinated and high
spin, whereas P450 Compound I is low spin. The differences in electronic and/or spin states of the oxidants
affect the electron abstraction potential of the oxidant and thereby determines the rate constant. Computa-
tional modeling can assist experimental work in the field although as highlighted here great care should be
taken into setting up a model. Moreover, transition metal complexes appear in multiple spin states, and the
ordering and relative energies of these spin states can be sensitive to the model and method that are chosen.
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10.1 Introduction

The oxo ion (e.g., O2−) is one of the most ubiquitous ligands in coordination chemistry and is well recognized
as an important species with diverse chemical properties. Similar to many ligands in coordination chemistry,
the oxo ion can adopt several different modes of binding to a metal center, including terminal coordination
(M–oxo) in mononuclear metal complexes. Over the last 50 years, a vast array of complexes with terminal
M–oxo units have been prepared and studied in the context of chemical problems that range from fundamental
issues in metal-ligand bonding to reactive intermediates in key oxidative transformations [1–10]. From the
perspective of the latter chemical problem, perhaps the most desirable M–oxo species are those that display
high reactivity and selectivity towards the cleavage of C–H bonds. This type of reactivity is known to occur
in the cytochrome P-450s (P450s), which are a class of enzymes that contain a monomeric heme active site
and utilize O2 to hydroxylate a variety of different substrates [11, 16]. Because of their selectivity toward
unactivated C–H bonds, the mechanism(s) of action used by P450s has been a topic of intense study for
a number of years. However, only recently has conclusive evidence been obtained that implicates a high-
valent Fe–oxo intermediate (compound I) as the species responsible for the initial C–H bond cleavage event
(Figure 10.1) [17, 18]. In addition to P450s, nonheme enzymes can perform the oxidation of C–H bonds, and
spectroscopic evidence strongly supports the presence of monomeric FeIV–oxo species that are kinetically
competent in substrate oxidations [19–29]. While C–H bond cleavage is the most common reaction performed
by metal oxido species in biology, these species are proposed as key intermediates in other types of reactions
as well. For instance, a high-valent MnV–oxo moiety is thought to be involved in the O–O bond forming
step in photosynthetic water oxidation [30]. In addition to these and numerous other examples of proposed

Spin States in Biochemistry and Inorganic Chemistry: Influence on Structure and Reactivity, First Edition.
Edited by Marcel Swart and Miquel Costas.
© 2016 John Wiley & Sons, Ltd. Published 2016 by John Wiley & Sons, Ltd.



204 Spin States in Biochemistry and Inorganic Chemistry

Figure 10.1 Proposed structure of compound I in cytochrome P450.

M–oxo involvement in biological transformations, M–oxo species are often invoked as key intermediates in
synthetic organic and inorganic chemistry as well. The pervasive occurrence of the oxido ligand in biological
and synthetic chemistry merits continued investigations towards understanding the fundamental chemistry
that is associated with M–oxo complexes.

In this chapter, we will discuss the influence of spin state on the properties of a series of relatively new,
synthetic M–oxo complexes. Previous reviews on M–oxo systems have mostly addressed more conventional
M–oxo complexes that are primarily low-spin, diamagnetic systems [1, 5]. Here, we will instead focus on
M–oxo complexes with unusual spin states and paramagnetic ground states. In the context of this chapter,
unusual refers to any spin state or occupation of d-orbitals that gives rise to the population of 𝜋∗ orbitals. In
order to place these systems in the proper perspective within the field, the basic principles of M–oxo bonding
will be briefly described. After a short discussion about the experimental methods needed for characterization,
a series of case studies on M-oxo complexes will be discussed to highlight recent developments in the field.

10.2 Bonding

10.2.1 Bonding Considerations: Tetragonal Symmetry

Gray and Ballhausen first described the bonding within an M–oxo unit using molecular orbital (MO) theory
in 1962 (Figure 10.2) [31]. Until that point, the bonding within M–oxo complexes had been analyzed using
pure crystal field approaches. In the 1962 report, Gray and Ballhausen’s MO approach accurately predicted
the electronic absorbance spectrum and g-values of the electron paramagnetic resonance (EPR) spectrum for
the vanadyl ion ([VIV(O)]2+). In a related paper, Gray showed that the MO approach was also successful in
describing the electronic structures of [CrV(O)Cl5]2− and [MoV(O)Cl5]2− [6]. In all of these complexes, the
symmetry of the complexes is best described as tetragonal with local C4 symmetry about the M–oxo bond.

The application of MO theory to tetragonal M–oxo complexes had a major impact on the field of inorganic
chemistry, illustrating for the first time that bonding between a metal ion and a ligand cannot be accurately
described without considering multiple bonding interactions. For example, the MO formalism used to repre-
sent the electronic structure of [MoV(O)Cl5]2− established the presence of a triple bond within the Mo–oxo
unit; in addition to a 𝜎-bonding interaction, a pair of filled, degenerate orbitals on the oxido ligand form two
𝜋-bonding interactions with vacant orbitals on the Mo center [6]. The remaining d-electron on the Mo center
is housed within a nonbonding orbital with respect to the Mo–oxo unit. Triple bond character of the M–oxo
unit is also observed in [VIV(O)]2+ and [CrV(O)Cl5]2−, which shows that the oxido ligand is an excellent 𝜋
donor. This MO description helped to explain several experimental results that had eluded the purely crystal
field approach, including the short M–oxo bond lengths observed in X-ray diffraction (XRD) studies and the
highly electrophilic character of the oxido ligand.
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Figure 10.2 Qualitative molecular orbital diagrams for the bonding in M–oxo units with different geometries.

Over the last 52 years, the MO formalism developed by Gray and Ballhausen has consistently been success-
ful in explaining the bonding interactions between M–oxo units in transition metal complexes with tetragonal
symmetry [2, 6]. Moreover, the formalism has evolved into a concept that can be used to predict the sta-
bility of M–oxo complexes. The rationale for this predictive ability comes directly from the initial papers
discussed above: for metal complexes in tetragonal symmetry with d0, d1, and d2 electron configurations,
the theory predicts a triple bond within the M–oxo units (Figure 10.2). This strong M–oxo interaction causes
complexes with these electron configurations to be relatively stable, and as a result, d0, d1, and d2 species
represent the most common type of mononuclear M–oxo complexes. Tetragonal complexes with lower bond
orders (2.5 and 2.0) are also known, but there are far fewer examples as a result of their increased reactivity,
some of which will be highlighted in later sections. MO theory further predicts that M–oxo complexes with
tetragonal symmetry cannot contain more than five d-electrons because this would result in full population of
the 𝜋

∗–anti-bonding orbitals, causing the oxido ligand to be basic and highly nucleophilic, that is, reactive.
Combining this concept of maximum d-electron count with the known limits in metal oxidation states led
to the premise of an “oxo wall” that exists between groups 8 and 9 in the periodic table. A direct result of
this premise is that M–oxo complexes of metal ions to the right of the wall are extremely difficult to prepare
in tetragonal symmetry. Many attempts to “break” the wall have been reported; however, to our knowledge,
these claims are not supported by definitive proof.

10.2.2 Bonding Considerations: Trigonal Symmetry

M–oxo complexes can of course have local symmetries other than tetragonal. For instance, iron systems
with trigonal symmetry have recently attracted attention because of their proposed relevance to FeIV–oxo
intermediates in various metalloproteins [32]. Mayer and Thorn were the first to recognize that M–oxo com-
plexes with C3 symmetry could be formed with metal ions having up to four d-electrons (Figure 10.2), and
others have since discussed how this reduction in symmetry influences M–O bonding [33, 34]. In the first
analysis of C3 symmetry in M–oxo complexes, Mayer and Thorn utilized an extended Hückel treatment to
illustrate how the relative energies of d orbitals change when going from tetragonal symmetry to systems
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with trigonal bipyramidal (tbp) or tetrahedral geometries. This analysis was used to rationalize the isolation
of low-spin ReIII–oxo (d4) complexes, [ReIII(O)(I)(MeC≡CMe)2] and [ReIII(O)(X)(MeC≡CMe)2]+ (X =py,
bpy)). It should be noted, however, that there is some question as to whether the Re center is actually in the
3+ oxidation state due to the possibility of redox reactivity of the ligands. Nevertheless, these initial insights
of Mayer and Thorn were successful in predicting the stability of other d4 M–oxo complexes, such as the
[IrV(O)(Mes)3] species (Mes = mesityl) that was reported by Wilkinson [35]. X-ray diffraction studies on
this Ir–oxo complex confirmed a pseudo-tetrahedral geometry similar to that found in the ReIII–oxo species.
Note that the stability of these trigonal M–oxo complexes also results from a triply-bonded M≡O unit, which
is also predicted by the MO diagram.

10.2.3 Methods of Characterization

The importance of M–oxo species and the controversy that sometimes surrounds them necessitates careful
and extensive characterization of all proposed M–oxo complexes. Like most new compounds, a combina-
tion of analytical and spectroscopic methods is needed to verify the identity of these proposed species. The
assignment of a coordinated oxido ligand can be difficult at times because it requires methods that are capa-
ble of directly probing the M–O bond, and these methods are relatively limited. One of the best methods for
verifying the presence of an oxido ligand combines structural analysis from X-ray and/or neutron diffraction
methods with vibrational studies. However, while structural information is powerful for analyzing the M–
oxo interactions, relying on it alone can sometimes lead to incorrect assignments. Furthermore, vibrational
studies that directly interrogate the M–oxo bond are only able to provide the details needed to make accurate
assignments when isotopic labeling of the oxido ligand is used to definitively assign the M–oxo vibrations.

Ancillary methods that can determine elemental composition such as mass spectrometry (MS) are also
helpful (see also Chapter 8 of this book), particularly to evaluate the extent of labeling of the oxido ligand.
However, MS by itself cannot distinguish between various structural isomers involving the M–oxo unit in the
condensed phase and must therefore be supplemented with the other methods to fully characterize a M–oxo
complex. This caution is especially important of M–oxo species that are not thermally stable or are a part of
a mixture of species.

For most of the M–oxo complexes described in this chapter, magnetic measurements are an essential tool
for describing the spin state of the species, with EPR spectroscopy being one of the preferred methods. In
addition, X-ray absorption near-edge spectroscopy (XANES) is often helpful in corroborating the oxidation
state of a metal center.

10.3 Case Studies

10.3.1 Iron–Oxo Chemistry

10.3.1.1 Biological Examples

We begin the discussion of M–oxo systems having unusual spin with Fe–oxo complexes. These complexes
are of interest from a green chemistry perspective because iron is considered an “earth abundant metal” and is
thus cheap and environmentally benign. Moreover, Fe–oxo species can be prepared from water or through the
activation of dioxygen, two species that are also inexpensive and environmentally clean. Finally, high valent
Fe–oxo species have been implicated as key intermediates in many heme and nonheme metalloproteins, some
of which are keys to maintaining human health. In heme biochemistry, the most extensively studied systems
are the P450 family of enzymes that catalyze a diverse set of oxidation reactions [11, 16]. The active oxidant
is formally an FeV–oxo species, but spectroscopic and theoretical studies have shown that a more accurate
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Figure 10.3 Proposed catalytic cycle of the nonheme iron monooxygenase, TauD. (See colour plate section)

description is an FeIV–oxo center with an S = 1 ground spin state that is antiferromagnetically coupled to a
ligand radical, giving rise to an S = 1

2
spin system (Figure 10.1). The location of the radical in compound I

is still debated, but two possibilities are the protoporphyrin IX or the axial thiolate ligand. Regardless of the
location of the radical, the spin state at the iron center places electrons within 𝜋

∗ Fe–O orbitals, which lowers
the bond order of the Fe–oxo interaction and produces a reactive species.

Nonheme iron enzymes utilize a slightly different Fe–oxo species compared to the heme systems; while
both classes generate an FeIV–oxo unit during turnover, the nonheme systems do not contain an additional
oxidizing equivalent in the form of the ligand radical that was described above for the P450 enzymes [23, 29].
Bollinger and Krebs detected the first nonheme FeIV–oxo species in taurine dioxygenase (tauD), a member
of a superfamily of enzymes that are dependent on the cofactor 𝛼-ketoglutarate (Figure 10.3) [19]. They used
rapid freeze-quench methods coupled with Mössbauer spectroscopy to determine that the FeIV center had an
S = 2 ground spin state. Hausinger later showed that this species was indeed an FeIV–oxo complex using
resonance Raman (RR) methods [25, 36]. Similar to heme enzymes, the MO description of this high-spin
FeIV–oxo species again requires electron population of 𝜋∗ Fe–O orbitals (Figure 10.2), producing a formal
bond order of 2 for these systems.

10.3.1.2 FeIII–Oxo Complexes

The premise that Fe–oxo species are vital to biological oxidative processes has sparked interest in the synthetic
community to prepare similar nonheme examples. However, the preparation of monomeric Fe–oxo species
is difficult because there is a strong thermodynamic preference for iron-oxo complexes to form multinuclear
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Figure 10.4 Molecular structure of [FeIIIH3buea(O)]2−.

species with Fe–(𝜇-oxo)–Fe units [37]. Such bridged species are especially prevalent for FeIII complexes,
which in nature lead to iron-oxide minerals.

We were successful in preparing a monomeric FeIII–oxo complex via O2 activation using an FeII com-
plex containing the tripodal ligand tris[(N’-tert-butylureaylato)-N-ethylene]aminato ([H3buea]3−) [38, 40].
This ligand enforces local C3 symmetry around the iron center through the coordination of three deproto-
nated nitrogen donors from the urea groups (Figure 10.4). The FeIII–oxo complex [FeIIIH3buea(O)]2− was
crystallized as the potassium salt and characterized with a variety of spectroscopic, analytic, and theoretical
methods. The solid-state structure from XRD provided information about how the [H3buea]3− ligand assisted
in stabilizing this unusual M-oxo complex; the ligand enforces a tbp coordination geometry around the FeIII

center with the oxido ligand occupying one of the axial coordination sites, and the N–H groups of the urea
moieties form three intramolecular hydrogen bonds (H-bonds) to the oxido ligand. We suggest that these
intramolecular H-bonds in combination with the sterically encumbering tert-butyl groups aid in the isolation
of the [FeIIIH3buea(O)]2− complex by forming a protective cavity around the FeIII–oxo unit that appears to
eliminate the formation of the bridged species. FTIR studies of the 𝜈(Fe–O) and 𝜈(N–H) vibrations support the
H-bonding interactions between the oxido ligand and the urea N–H groups via observation of the Fe–O vibra-
tion at surprisingly low energy (671 cm−1) as well as significant broadening of the N–H vibration. Finally,
the predicted shift in 𝜈(Fe–O) was obtained from isotopic labeling studies using 18O2, which confirmed that
dioxygen was the source of the oxido ligand in [FeIIIH3buea(O)]2.

The magnetic properties of [FeIIIH3buea(O)]2− established it as a high-spin system with an S = 5/2
ground spin state. The Mössbauer spectrum had a single quadruple doublet with 𝛿 = 0.32 mm/s and ΔEQ =
−1.54 mm/s, which are both consistent with a high-spin FeIII complex. The perpendicular-mode, X-band
EPR spectrum also supports an S = 5/2 spin state via the presence of features at g = 6.0 and 2.0 with an
E/D = 0.005 (Table 10.1). Furthermore, the axial EPR spectrum indicates local C3 symmetry around the iron
center, which is a result of the [H3buea]3− ligand being symmetrically arranged around the Fe–oxo bond in
solution.

[FeIIIH3buea(O)]2− was the first example of a structurally characterized Fe–oxo species and illustrated
that these types of synthetic M–oxo complexes can be prepared. Its isolation showed that an M–oxo complex
with an S = 5/2 spin state is stable enough for isolation and characterization despite weakening of the Fe–oxo
interaction by population of the 𝜋∗ orbitals. From our structural, spectroscopic, and theoretical investigations,
we determined that the Fe–oxo interaction in [FeIIIH3buea(O)]2− is best described as a single bond, which
distinguishes it from all other M–oxo complexes that have multiple bonds between the metal ion and oxido
ligand. However, the intramolecular H-bonds formed with the [H3buea]3− ligand compensate for the lack of
𝜋–bonds within the Fe–O unit in [FeIIIH3buea(O)]2−. Thus, the presence of H-bonds simultaneously weakens
the Fe–oxo interaction while also leading to an overall stabilization of the complex. This outcome is important
because it demonstrated that H–bonds can replace 𝜋-bonds in some cases to stabilize mononuclear M–oxo
complexes. Moreover, the coupling of covalent and non-covalent bonds to an M–oxo unit could be used to
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Table 10.1 Comparison of key physical properties of [MnH3buea(O)]m complexes.

FeIII–O FeIV=O MnIII–O MnIV–O MnV=O

S 5/2 2 2 3/2 1
𝜈(M–O)a 671 798 700 737 737, 754
M–Ob 1.813(3) 1.680(1) 1.771(5) 1.76c 1.68c

g 6.0, 2.0 8.19, 4.06 8.08 5.26, 2.38, 1.62 4.01
Da −1 4.0(5) 2.0(2) 3.0 5.0(5)
E/D 0.005 0.03 0.055 0.26 0.005
E1/2

d −0.90 – −1.0 −0.076 –

∗cm−1

bÅ
cFrom EXAFS data
dV vs [FeCp]+/0

regulate the function of M–oxo complexes. Our studies into the reactivity of [FeIIIH3buea(O)]2− illustrated
this point and will be discussed in a later section.

10.3.1.3 FeIV–Oxo Complexes

The earliest work in the synthetic FeIV–oxo field was pioneered using porphyrin and tetradentate aza-
macrocycle ligands [41, 50]. Nam and Que reported the first structurally characterized FeIV–oxo complex
[FeIVtmc(O)(NCCH3)]2+ (tmc=1,4,8,11-tetramethyl-1,4,8,11-tetraazadodecane), which is only stable at tem-
peratures below −40 ◦C (Figure 10.5) [50]. The molecular structure of [FeIVtmc(O)(NCCH3)]2+ revealed a
short Fe–O bond length of 1.646(3) Å that is suggestive of double bond character. The coordination envi-
ronment of [FeIVtmc(O)(NCCH3)]2+ and several subsequent FeIV–oxo derivatives all established tetragonal
symmetry around the FeIV center [51, 55]. This type of symmetry resulted in each complex having an S = 1
spin ground state, which agrees with predictions based on the MO theory of Gray and Ballhausen.

The isolation and characterization of [FeIVtmc(O)(NCCH3)]2+ and its derivatives is a notable accomplish-
ment. These complexes established important structural and physical properties of FeIV–oxo species, partic-
ularly low energy optical features that appear between 700 and 900 nm. These weak bands arise from d-d
transitions and are present regardless of the properties of the primary coordination sphere. For the field of sci-
entists that study Fe-oxo complexes, these optical features provide the first indication that a FeIV–oxo species

Figure 10.5 Molecular structure of the first structurally characterized FeIV–oxo complex, [FeIVtmc(O)(NCCH3)]2+.
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is formed. Furthermore, because these species are often thermally unstable, this convenient mode of analysis
has been crucial for the discovery of many synthetic FeIV–oxo species over the last 10 years [3, 8, 29, 56, 59].

Even though the isolation of [FeIVtmc(O)(NCCH3)]2+ was a landmark discovery, its spin state of S = 1 did
not match the high-spin FeIV–oxo intermediates proposed to occur in nonheme iron enzymes. The search for
synthetic M–oxo systems with the S = 2 spin ground state began with the preparation of [MnIIIH3buea(O)]2−,
which is a MnIII–oxo complex that is structurally analogous to the FeIII–oxo species discussed above (Fig-
ure 10.3) [39, 60, 61]. The properties of this complex will be discussed in a later section, but its mention
here is to illustrate that a tripodal ligand system can be used to isolate a high-spin M-oxo complex of a d4

transition metal ion. The first system that more closely resembled the S = 2 spin systems found in nonheme
iron biochemistry was reported by Bakac from the oxidation of aqueous ferrous ions with ozone [62]. This
reaction generated a species whose Mössbauer parameters of 𝛿 = 0.38(2) mm/s and ΔEQ = 0.33(3) mm/s
were consistent with an S = 2 ground state. Moreover, XAS measurements found that the complex had a
short Fe–O bond, which suggests a Fe=O unit. However, this species was too reactive to be isolated, and
definitive evidence of its molecular structure is still lacking.

Bakac’s example remained the only high-spin synthetic FeIV–oxo species for four years, suggesting that
another approach was necessary to accurately emulate the FeIV–oxo species found in nonheme iron enzymes.
One possible solution was to develop systems that had local C3 symmetry around the iron center. Lowering the
symmetry around the iron center from tetragonal to trigonal is a logical approach and is supported by the MO
formalism of Mayer and our work on [MnIIIH3buea(O)]2−. Que was the first to utilize the concept of a trigonal-
enforcing ligand to prepare a high-spin S = 2 FeIV–oxo complex. He used the tripodal tetramethylguanidine
derivative of tris(2-aminoethyl)-amine (TMG3tren) [63, 64] to synthesize [FeIVTMG3tren(O)]2+, which was
the first example of a fully characterized high-spin FeIV–oxo complex [65, 66]. The magnetic properties of
[FeIVTMG3tren(O)]2+ were initially characterized using Mössbauer spectroscopy, and the determined values
of 𝛿 = 0.9 mm/s and ΔEQ = −0.29 mm/s are consistent with an S = 2 spin ground state. Furthermore, RR
studies showed that the complex had an isotopically sensitive band at 𝜈 = 843 cm−1 that corresponds to
the vibration of the Fe–O bond. The molecular structure of [FeIVTMG3tren(O)]2+ showed the expected tbp
coordination geometry with the oxido ligand occupying the fifth coordination site that is trans to the apical
nitrogen atom.

At the time that Que reported his [FeIVTMG3tren(O)]2+ complex, we were also working towards the prepa-
ration of high-spin FeIV–O complexes with our tripodal [H3buea]3− ligand. After lengthy delays, conditions
were found to cleanly oxidize [FeIIIH3buea(O)]2− to its FeIV–oxo analog using [FeCp2]+ as the oxidant
[67, 68]. The low oxidation potential of [FeIIIH3buea(O)]2− (E = −0.90 V vs. [FeCp2]0/+) is a direct result of
the highly anionic primary coordination sphere around the iron center. The isolation of this complex allowed
us to compare for the first time the structural properties of two Fe–oxo complexes that differed by only one
electron (Figure 10.6, Table 10.1). The most striking change after oxidation is in the Fe–O bond length,
which contracts by 0.17 Å to 1.680(1) Å in [FeIVH3buea(O)]−. Moreover, the intramolecular H-bonds are
considerably weaker in [FeIVH3buea(O)]− due to the increased electrophilicity of the oxido ligand, which
reduces its ability to accept H-bonds. FTIR studies supported this premise: the bands of the NH groups in
[FeIVH3buea(O)]− are substantially sharper and at higher energy than those found in [FeIIIH3buea(O)]2−,
which are indicators of weakened H-bonds.

The [FeIVH3buea(O)]− complex was determined to have an S = 2 spin ground state based on Mössbauer
parameters of 𝛿 = 0.02 mm/s and ΔEQ = 0.43 mm/s. Note that these values differ from those found in other
FeIV–oxo complexes such as in TauD (𝛿 = 0.31 mm/s and ΔEQ = −0.88 mm/s) and [FeIVTMG3tren(O)]2+

(𝛿 = 0.9 mm/s and ΔEQ = −0.29 mm/s). In particular, the lower magnitude of the isomer shift in
[FeIVH3buea(O)]− indicates higher covalency of the Fe−N bonds within the trigonal plane, causing a higher
s-electron density at the iron nucleus. This variability in Mössbauer parameters between known high-spin
FeIV–oxo species highlights the need for additional methods to evaluate complexes with S = 2 spin states.
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Figure 10.6 Molecular structure and EPR spectrum of [FeIVH3buea(O)]−. The signal at g = 4.30 is an O2 impurity.

10.3.1.4 EPR Spectroscopy on FeIV–Oxo Complexes

EPR spectroscopy is an excellent method for probing the electronic structure of paramagnetic complexes.
Most EPR spectrometers are configured such that the microwave frequency is perpendicular to the applied
magnetic field (⟂-mode), which is optimal for studying non-integer spin systems. However, ⟂-mode EPR
spectroscopy is typically not sensitive to even-integer spin systems and thus has limited utility in study-
ing high-spin FeIV–oxo complexes [69]. Fortunately, even-integer spin systems can often be investigated
using parallel-mode (||-mode) EPR spectroscopy in which the microwave frequency is aligned parallel to
the applied magnetic field. We have used this method to probe the electronic structure of [FeIVH3buea(O)]−

and observed the first EPR signal for a nonheme FeIV–oxo complex (Figure 10.6) [67, 68]. The signal con-
sists of two low-field features at g-values of 8.12 and 4.06 that both originate from excited states within
the S = 2 spin manifold. The g = 8.12 feature is from the |±2⟩ doublet and is relatively sharp while the
g = 4.06 feature is from the |±1⟩ doublet and is quite broad. The spectrum was simulated for an S = 2
species with D = +4.7 cm−1, E/D = 0.03, and gz = 2.02 to generate a fit that accurately predicted all
of the features in the spectrum. The small value for the E/D term, which is a measure of the rhombicity
about the N1–Fe–O axis, suggests that [FeIVH3buea(O)]− maintains its C3 symmetry in solution. More-
over, the simulation showed a spin concentration corresponding to an 80% yield of [FeIVH3buea(O)]−

based on the initial concentration of the FeIII precursor. An interesting outcome of this study was the shift
in the gz value away from 2.00 (spin only value) to 2.02, which indicates an orbital angular momentum
contribution from the oxido ligand. This shift signifies that there is a large amount of covalency within
the Fe–O bond, and we have verified this result using labeling studies that will be discussed in a later
section.

The discovery of the ||-mode EPR spectrum for [FeIVH3buea(O)]− is important because it indicates that
EPR spectroscopy might be useful for interrogating high-spin FeIV–oxo units in all kinds of systems [70]. For
instance, Chang recently reported a similar signal in one of their synthetic Fe–oxo complexes and used this
information to describe the complex’s electronic structure [71]. However, no related EPR signals have been
observed from nonheme metalloproteins and it is unclear as to why. In fact, the ||-mode EPR signals of these
systems are expected to be more intense than their synthetic counterparts based on symmetry arguments: the
environment around the Fe center in metalloproteins is usually less symmetric than in [FeIVH3buea(O)]−,
and theory predicts that the intensity of ||-mode EPR signals should be greater in more rhombic ligand
fields (i.e., intensity is proportional to (E/D)4). The quest therefore continues to find these types of signals in
proteins.



212 Spin States in Biochemistry and Inorganic Chemistry

10.3.1.5 FeV–oxo Complexes

There are few examples of well-characterized FeV–oxo complexes, yet they continue to be invoked as pos-
sible intermediates in numerous mechanisms such as the cis-dihydroxylation reaction performed by Rieske
dioxygenase enzymes [72]. Two reports of proposed synthetic FeV–oxo species come from Collins, who pio-
neered the use of tetraanionic multidentate ligands in stabilizing highly oxidized metal centers [73, 74]. In
both of these reports, oxidation of an FeIII complex supported by a tetraamido macrocyclic ligand (TAML)
with m-chloroperbenzoic acid generated a green species whose Mössbauer parameters of 𝛿 = −0.46 (−0.44)
mm/s and ΔEQ = 4.25 (4.27) mm/s are consistent with a +5 oxidation state. However, no vibrational or
crystallographic data are available to support the presence of an oxido ligand in either complex despite the
remarkable stability of the most recent complex at room temperature. Another report of an FeV–oxo species
was put forth by Que and Münck, who proposed the formation of an FeV–oxo complex from reaction of the
known [FeIVtmc(O)(NCCH3)]2+ complex with tert-butyl hydroperoxide and strong base [75]. Although an
S = 1/2 species is observed by EPR spectroscopy, the oxidation state of the Fe center is uncertain due to
the possible localization of the unpaired electron on the amide ligand that is derived from the coordinated
acetonitrile molecule.

10.3.2 Manganese–Oxo Chemistry

10.3.2.1 Biological Examples

There are no characterized examples of Mn species with terminal oxido ligands in biology. Most monomeric
Mn-containing metalloproteins instead utilize MnII/III–OH units that participate in hydrolytic processes [76,
79]. The lone exception could be within the oxygen-evolving complex (OEC) of photosystem II. This enzyme
is responsible for the catalytic oxidation of two water molecules to dioxygen and is the source of our aerobic
environment [13]. The active site within the OEC contains a unique cluster with a composition of Mn4CaO5.
Recent findings from XRD studies provide a picture of how the metal ions are arranged within the cluster: a
distorted Mn3CaO4 cube forms the core of the complex, and the remaining Mn center is linked to the cube
through an oxido bridging ligand (Figure 10.7) [80]. Many have speculated on the mechanism(s) for this
transformation, and most proposals contain a single, high-valent Mn–oxo species [30, 81, 87]. However, the
formal oxidation state at the Mn center is not uniform across the proposed mechanisms, and both MnV–oxo
or MnIV–oxyl radical (i.e., a radical localized on the oxido ligand) species are frequently invoked species.
Although these two species are formally resonance forms of each other, they should exhibit different reactiv-
ities and thus have attracted the interest of chemists. Currently, both low and high-spin Mnv–oxo species are
known experimentally, whereas support for the MnIV–oxyl comes exclusively from DFT calculations [88, 89].

Mn(V) is a d2 metal center and thus low-spin systems are expected based on the work of Gray and Ball-
hausen. In fact, nearly all of the characterized MnV–oxo species are low spin and diamagnetic – the high-spin
Mn–oxo species are much more rare and will be the focus of the discussion that follows.

10.3.2.2 MnIII–oxo Complexes

As mentioned previously, we isolated the high-spin MnIII–oxo complex, [MnIIIH3buea(O)]2− that is iso-
morphous to the tbp complex [FeIIIH3buea(O)]2− (Table 10.1). The Mn–O bond length of 1.771(5) Å in
[MnIIIH3buea(O)]2− is 0.042 Å shorter than the analogous Fe–O bond distance in [FeIIIH3buea(O)]2− (Table
10.1). In addition, the 𝜈(Mn–O) of 700 cm−1 in [MnIIIH3buea(O)]2- is greater by 29 cm−1 than the corre-
sponding 𝜈(Fe–O) in [FeIIIH3buea(O)]2−. These differences in physical properties are consistent with the MO
description for the local trigonal symmetry that is inherent in each complex: the d4 Mn center has no electrons
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Figure 10.7 Active site structure of the OEC within photosystem II. (See colour plate section)

in the M–oxo 𝜎
∗-antibonding orbital, which should result in a stronger Mn–O bond and therefore a shorter

Mn–O bond distance and greater vibrational energy. In contrast, the d5 Fe center in [FeIIIH3buea(O)]2− has a
single electron in the M–oxo 𝜎

∗-antibonding orbital that weakens the bond relative to its MnIII–oxo analog.
The S = 2 spin ground state in [MnIIIH3buea(O)]2− was determined from the 𝜇eff value of

4.95 𝜇BM for the solid at room temperature. EPR spectroscopy was used to further probe the spin
state in [MnIIIH3buea(O)]2−, and these findings will be discussed in a separate section. Note that like
[FeIIIH3buea(O)]2−, [MnIIIH3buea(O)]2− has an extensive intramolecular H-bonding network between the
Mn–O unit and the [H3buea]3− ligand that undoubtedly contributes to the overall stability of the complex.

10.3.2.3 MnIV–oxo Complexes

There are several examples of MnIV–oxo complexes and all are high-spin regardless of the coordination
geometry around the Mn center. These include MnIV–oxo complexes that have tetragonal symmetry and are
supported by ligands such as porphyrin, salen, and tmc compounds. Groves prepared the first synthetic MnIV–
oxo porphyrin complex using tetramesitylporphyrin (TMP) and observed an isotopically-sensitive 𝜈(Mn–O)
band at 754 cm−1 [90, 91]. Groves has further outlined the reactivity of MnIV–oxo porphyrin complexes and
their ability to catalyze difficult oxidative transformations [92]. Both Yin and Costas reported the observation
of MnIV–oxo species using tetradentate derivatives of tmc ligands and further characterized their reactivities
with C–H bonds [93, 94]. Nam has also reported a pair of MnIV–oxo complexes whose electron-transfer, O-
atom transfer, and HAT reactivities are significantly influenced by binding of Sc3+ ions to the complex [95–
97]. Using EPR spectroscopy, Herderich probed the formation of [MnIVsalen(O)] and studied its reactivity
in relationship to its MnV–oxo analog [98]. This latter species has been popularized by Kochi, Jacobsen, and
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Katsuki and is proposed to be the kinetically competent oxidant for a variety of O-atom transfer reactions
[99–102].

Despite these examples, detailed characterization of MnIV–oxo complexes is difficult owing to the inher-
ent instability of these species that results from the reduced M–oxo bond order of a d3 metal ion in tetrag-
onal symmetry. For instance, although a variety of [MnIVTArP(O)] complexes (TArP = tetra-Ar-porphyrin;
Ar = Ph, Mes) have been proposed, only a handful have been characterized spectroscopically and none have
been crystallographically characterized [90, 92, 103, 104]. This class of MnIV–oxo complexes is known to
be unstable at room temperature, and this high reactivity may explain the lack of detailed characterization for
these complexes.

Our [H3buea]3− ligand again gave us access to the high-spin MnIV–oxo complex via the oxidation of the
corresponding [MnIIIH3buea(O)]2− species [105]. Electrochemical studies revealed that [MnIIIH3buea(O)]2−

has a remarkably low one-electron oxidation potential of −1.0 V versus [FeCp2]0/+ that allowed for gener-
ation of the corresponding MnIV–oxo complex using ferrocenium as the oxidant. Like the [MnIVTArP(O)]
complexes described above, [MnIVH3buea(O)]− is not stable at room temperature but was found to be sta-
ble for hours at −45 ◦C via monitoring of its characteristic visible absorbance band at 𝜆max = 635 nm.
The 𝜈(Mn–O) of 737 cm−1 that was found for [MnIVH3buea(O)]− is consistent with other characterized
MnIV–oxo complexes and is an increase of 37 cm−1 from the 𝜈(Mn–O) band of [MnIIIH3buea(O)]2− (Table
10.1). Although the molecular structure of [MnIVH3buea(O)]− has alluded characterization by conventional
single crystal XRD methods, an optimized structure from DFT calculations suggests that the Mn–O bond
length should decrease to approximately 1.71 Å from the value of 1.771(5) Å that was determined for the
[MnIIIH3buea(O)]2− starting complex. The S = 3/2 spin ground state was defined using EPR spectroscopy
in which a rhombic spectrum was observed with g-values at 5.15, 2.44, and 1.63. This type of low symme-
try signal was expected based on the MO treatment of a MnIV species in trigonal symmetry, which places a
single electron in the degenerate dxy, dx2-y2 orbitals and results in a substantial Jahn–Teller distortion. DFT
calculation accurately predicted that this distortion occurs within the trigonal plane via significant deviation
in the N–Mn–N bond angles that range from 107 ◦C to 134 ◦C.

10.3.2.4 MnV–oxo Complexes

Low-spin MnV–oxo complexes are known with a variety of tetradentate ligands such as porphyrins and cor-
roles. Groves’s seminal work on MnV–oxo utilized porphyrins as the ancillary ligand and demonstrated the
oxidative ability of synthetic MnV–oxo species. With only one possible exception, his systems all produced
diamagnetic species, and this exception will be discussed below.

Other notable examples of synthetic MnV–oxo complexes have been prepared by Collins, who was able to
crystallize several MnV–oxo complexes using his unique class of TAML ligands and determine their molecular
structures via XRD methods (Figure 10.8) [106, 107]. Each complex had the expected square pyramidal

Figure 10.8 Molecular structure of a low-spin MnV–oxo complex prepared by Collins.
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coordination geometry with short Mn–O bond distances of less than 1.60 Å, which were consistent with
𝜈(Mn–O) values that were above 940 cm−1. NMR measurements on solutions of the complexes established
that they are diamagnetic. These complexes were found to be stable at room temperature, and no reactivity
with external substrates has been reported. In an attempt to induce reactivity, Collins redesigned his ligand
to contain a remote pyridine group that cannot bind to the Mn center but can bind a secondary metal ion
[108]. Oxidative reactivity of the MnV–oxo species was then “tuned on” when the complex was treated with
additional metal ions. For instance, treating the MnV–oxo complex with various metal ions produced a species
that oxidized Ph3P to Ph3P=O at varying relative rates, with the fastest reaction occurring in the presence of
Sc3+ ions. In addition, electron-rich olefins could be oxidized to alcohols in yields greater than 95% when
Zn2+ ions were added to the reaction. These results suggested that the binding of the secondary metal ion
promoted a lowering of the donor ability of the tetraanionic macrocyclic ligand that was compensated for by
the oxido ligand, causing an increase in its electrophilicity and thereby its reactivity.

There are far fewer reports of high-spin MnV–oxo complexes compared to their low spin counterparts. One
example comes from Groves, who reported that treating chloro(tetraphenylporphinato)MnIII with iodosylben-
zene produced a high-spin MnV–oxo species and iodobenzene [109]. However, the only evidence provided to
support this claim is a 𝜇eff value of 2.9 𝜇BM that was determined from magnetic susceptibility measurements.
The authors could not locate the band associated with the Mn–O vibration and note that a dimeric species
could not be ruled out as a possible structure of this complex. In another report, Neumann described indirect
evidence of an MnV–oxo species within a polyoxometallate cluster [110]. Treating [𝛼2-P2MnIII(L)W17O61]7−

with iodopentafluorobenzene bis(tifluoroacetate) produced a green species at −50 ◦C that was evaluated using
19F and 31P NMR spectroscopies as well as DFT calculations. The authors concluded from an analysis of their
NMR data that a high-spin Mn–oxo species was formed and proposed that this species could participate in
O-atom transfer reactions to organic substrates. However, no other data were reported on this unusual cluster.

We have contributed the only extensively characterized high-spin MnV–oxo species using our [H3buea]3−

ligand system via oxidation of the [MnIVH3buea(O)]− complex [111]. The cyclic voltammogram (CV) of the
starting [MnIIIH3buea(O)]2− species contained two distinct oxidation processes negative of [FeCp2]0/+, the
first of which was assigned to the MnIII/IV–oxo redox couple that led us to prepare the [MnIVH3buea(O)]−

complex described above. A second oxidation process was observed at −0.076 V versus [FeCp2]0/+ that
was assigned to the MnIV/V–oxo redox couple. Note that this oxidation is over 0.90 V more positive than
the [MnIII/IVH3buea(O)]2-/− redox couple. At room temperature, the MnIV/V–oxo redox process was only
reversible at scan rates of 50 V/s, suggesting the Mnv–oxo species was unstable. However, we found that
[MnVH3buea(O)] could be stabilized at temperatures below −60 ◦C and were thereby able to characterize its
physical properties. The complex had visible absorbance bands at 𝜆max = 820, 620, and 430 nm that were
distinct from our other manganese complexes with the [H3buea]3− ligand. RR measurements found oxygen-
sensitive features at 737 cm−1 and 754 cm−1 that converted to a single band at 715 cm−1 in the 18O-isotopomer,
confirming the presence of an oxido ligand in the complex.

We used K𝛽 X-ray emission spectroscopy to probe the spin state of [MnVH3buea(O)]. This technique
measures the X-ray emission from the relaxation of an electron in a 3p orbital to a hole within a 1s orbital
that was created by excitation of a 1s electron. Because the appearance of the final spectrum is sensitive to the
number of unpaired electrons in the 3d orbitals, we can use this method to probe the spin state of the MnV–
oxo. We therefore compared the spectrum of our [MnVH3buea(O)] complex with a known low-spin MnV–oxo
prepared by Collins (see above) and observed differences in the position and intensities of the peaks that are
consistent with [MnVH3buea(O)] having an S = 1 spin ground state.

The detection of [MnVH3buea(O)] represented a bona fide example of a M–oxo complex with an S = 1
spin ground state from a d2 metal center. The only other S = 1 systems that we are aware of are the two CrIV–
oxo complexes of Theopold, which also have trigonal symmetry (Figure 10.9) [112, 113]. Both complexes
were crystallographically characterized and exhibited room temperature magnetic moments of ∼2.7 𝜇BM that
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Figure 10.9 Molecular structure of an S = 1 CrIV–oxo complex prepared by Theopold.

are consistent with an S = 1 spin state. Unfortunately, we were unable to measure a magnetic moment for
[MnVH3buea(O)] for comparison due to the low stability of our complex at temperatures above −60 ◦C and
so we turned instead to EPR methods to evaluate its spin state, which will be described in the next section.

10.3.2.5 EPR Spectroscopy of Mn–oxo Complexes

The concept of ||-mode EPR spectroscopy was introduced earlier as a method to examine the electronic struc-
ture of systems with an even number of unpaired electrons. We have also used this method to explore the
spin states of our series of Mn–oxo complexes and found that combining it with the more conventional ⟂-
mode EPR spectroscopy can provide a wealth of information. Using a dual-mode EPR cavity, we probed the
step-wise oxidation of [MnIIIH3buea(O)]2− and confirmed the spin states in each complex (Figure 10.10). As

Figure 10.10 EPR data for the stepwise oxidation of [MnIIIH3buea(O)]2− (A) to [MnIVH3buea(O)]− (B) and
[MnVH3buea(O)] (C). The signals in the ⟂-mode spectrum in C are from ferrocenium (g = 4.42), a mixed valent
species (less than 1% at g = 2), and a small amount of [MnIVH3buea(OH)] (centered at g ∼ 5).
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expected, [MnIIIH3buea(O)]2− had no features in the ⟂-mode EPR spectrum owing to its S = 2 spin ground
state. However, a strong six-line spectrum at g = 8.08 was found in the corresponding ||-mode spectrum.
The simulation of this feature confirmed that it arises from an S = 2 spin state. Moreover, the six-line hyper-
fine pattern of Az = 280 MHz is consistent with a mononuclear MnIII species. The one-electron oxidation of
[MnIIIH3buea(O)]2− to [MnIVH3buea(O)]− produced dramatic changes in the EPR spectra: the signal at g =
8.08 in ||-mode disappeared while a new set of signals at g = 5.26, 2.38, and 1.62 appeared in the ⟂-mode EPR
spectrum. The position of the signal corresponds to a species with an S = 3/2 spin state, and the E/D value
of 0.26 indicates a high degree of rhombicity. Both parameters agree with the presence of a high-spin MnIV

center in [MnIVH3buea(O)]−, which should undergo a strong Jahn–Teller distortion (see Section 10.3.2.3).
Moreover, the six-line hyperfine pattern on the low field signal has an A = 190 MHz, which is again consistent
with a monomeric MnIV–oxo species.

The final oxidation in this series afforded [MnVH3buea(O)] that has a new ||-mode signal at g = 4.01.
The hyperfine splitting of Az = 113 MHz once more shows that the complex contains a single MnV center.
Moreover, the position of the signal confirms the S = 1 spin state for [MnVH3buea(O)] that is expected based
on the local C3 symmetry around the Mn center. Note also that within this series of Mn–oxo complexes, the
hyperfine splitting decreases as the manganese center becomes more oxidized. The decrease in A-value results
from less polarization of inner core s-orbitals and could be used in other systems as a means to evaluate the
oxidation of M–oxo species.

10.3.3 Cautionary Tales: Late Transition Metal Oxido Complexes

In addition to all of the successes in developing new types of M–oxo complexes, there have been a number of
examples of systems that have been incorrectly assigned or whose assignments have been questioned upon
further analysis. Probably the most notorious is the work from Hill, who published a series of papers with
claims of preparing Pt–oxo, Pd–oxo, and Au–oxo complexes [114, 116]. These complexes are significant
because, if correct, they would be the first exceptions to the “oxo wall” described by Gray. However, analysis
of these late transition metal complexes was made difficult by the nature of the polyoxometalate ancillary
ligands. These ligands contain other metal ions, in particular tungsten ions, which are known to form stable
M–oxo units. Although the proposed Pt–oxo, Pd–oxo, and Au–oxo complexes were analyzed by a battery
of methods including XRD, neutron diffraction, and X-ray absorption measurements, in most cases the data
did not provide definitive support for their assignments. In fact, others questioned their formulations, which
finally led the authors to reanalyze their findings. The authors then reported that the formulations for all three
M–oxo species were in error: the Pt–oxo and Au–oxo complexes were just W–oxo species and the Pd–oxo
complex was just a four-coordinate Pd species that did not contain an oxido ligand [117].

10.3.4 Effects of Redox Inactive Metal Ions

Nam and Fukuzumi have published a series of papers on the effects of redox inactive metal ions on FeIV–
oxo species [118, 121]. For instance, they have observed dramatic changes in electron transfer rates for the
[FeIVN4Py (O)]2+ complex (N4Py, N,N-bis(2-pyridylmethyl)-N-bis(2-pyridyl)methylamine) in the presence
of Sc3+ ions, which suggests that an inner sphere complex was formed [119]. Note that these findings are
reminiscent of those from the MnV–oxo system of Collins that was discussed above. Nam and Fukuzumi
were able to crystallize a similar species with the tmc ligand after some time, and the molecular structure
was formulated as having an [FeIV-(𝜇-O)–ScIII] core [118]. While there is little doubt that the measured
kinetic effects are indeed caused by an interaction between the Sc(III) ions and the FeIV–oxo species, the
assignment of the molecular structure is less obvious and has recently been questioned. A theoretical analysis
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by Swart suggested an alternate formulation for the complex as one with an [FeIII–(𝜇-O)–ScIII] core, and a
DFT optimized structure and comparison of metrical parameters support this revised structure [122].

Since the initial reports of Nam and Fukuzumi, others have investigated the use of redox inactive metal ions
in conjunction with M–oxo species. For example, Ray proposed the preparation of a species at −60 ◦C that
contains a high-spin Co center in a [CoIV-(𝜇-O)–ScIII] core [123]. Although the authors provided a series of
spectroscopic measurements and DFT calculations that led them to suggest a formulation that included a high-
spin CoIV center, we have argued that a complex with a [CoIII–(𝜇-OH)–ScIII] core is a more likely formulation.
To support our argument, we have prepared and fully characterized a complex containing a [CoIII–(𝜇-OH)–
CaII] core and shown that its spectroscopic and structural properties closely match those reported by Ray for
his postulated [CoIV–(𝜇-O)–ScIII] species [124]. The uncertainties surrounding these putative [FeIV–(𝜇-O)–
ScIII] and [CoIV–(𝜇-O)–ScIII] complexes highlight the difficulties that one can have in assigning the molecular
structures of unstable M–oxo complexes (see Note Added in Proof).

10.3.5 Metal–Oxyl Complexes

The premise that a radical can be centered on an oxido ligand to form an oxyl species (that is, O−) has
been predominately championed by theorists who have used DFT to predict the electronic structure of M–
oxo complexes [10, 125, 126]. As mentioned previously, there is little experimental evidence to support this
idea, especially for systems that contain 3d transition metal ions. Moreover, the reliability of DFT in the
determination of spin density has been questioned and may prove to be a poor method for this type of anal-
ysis [127, 129]. However, experimentally determining spin densities within M–oxo units is also difficult
because there are few methods that can accurately probe the bonding between the metal center and the oxido
ligand.

We have begun to address this issue within our high-spin M–oxo species using EPR spectroscopy. For
instance, we evaluated the amount of spin density on the oxido ligand in [FeIVH3buea(O)]− via 17O isotope
enrichment experiments. Our [FeIVH3buea(O)]− complex was amenable to this study because the linewidth
of its EPR signal is sufficiently narrow to be able to detect broadening of the signal in the 17O isotopomer that
results from interaction of the unpaired electrons with the I = 5/2 spin of the 17O nucleus. From this broad-
ening, we could determine the hyperfine constant 17OAz to be 10 MHz. Importantly, an isotropic hyperfine
constant (17OAiso) of −16.8 MHz could be derived from the experimental values, which allowed for quanti-
tative determination of the spin density on the oxido ligand. A value of 0.56 was found, which suggests that
there is a large amount of covalency in the Fe–O bond but not enough to invoke an oxyl radical. Moreover,
this finding is in complete agreement with the MO prediction put forth by Gray and Ballhausen that M–oxo
bonds have a high amount of covalency.

10.4 Reactivity

10.4.1 General Concepts: Proton versus Electron Transfer

The reactivity of M–oxo complexes has been linked to a variety of oxidative transformations, with O-atom
transfer (OAT) and C–H bond functionalization being the two most common types. This reactivity is often
correlated with redox potential; that is, the stronger the oxidizing ability of the M–oxo species, the better
that reagent (or catalyst) is expected to be for functionalizing substrates. This assumption is especially true
for C–H bond functionalization. However, there are now many examples of M–oxo complexes with rela-
tively low redox potentials that are efficient at cleaving C–H bonds. Our group and others have discussed the
factors that regulate the reactivity of low-potential M–oxo complexes, and for this chapter, we will use our
[MnIIIH3buea(O)]2− and [MnIVH3buea(O)]− complexes to briefly introduce the pertinent concepts.
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Figure 10.11 General square scheme representation of thermodynamic data (a) and an example of its use for
the [MnnH3buea(O)]m complexes (b). The structures in gray have not been detected.

Mayer adapted a thermodynamic formalism used by physical organic chemists in the determination of
bond dissociation energies (BDE) to evaluate the ability of M–oxo complexes to homolytically cleave C–H
bonds [130]. The key points are represented in thermodynamic square schemes in which the horizontal lines
represent redox potentials and the vertical lines represent pKa values of the conjugate acids, which are M–OH
species (Figure 10.11). The diagonal line represents the BDEOH, which can be determined from the equa-
tion BDEOH = 23.06E◦ + 1.37pKa + C, where C is a constant that is needed to account for the solvation
of the hydrogen atom. The relevance of the BDEOH value to C–H bond functionalization is apparent from
the thermodynamic requirement that the energy necessary to break the C–H bond be less than or equivalent
to the energy released upon forming the MO–H bond. Therefore, it is often useful to determine the BDEOH
for the corresponding M–OH complexes, which we have done for [MnIIH3buea(OH)]2− (77 kcal/mol) and
[MnIIIH3buea(OH)]− (85 kcal/mol). However, like redox potential, BDEOH alone cannot definitively pre-
dict the reactivities of M–oxo complexes, and other factors such as the basicity of the oxido ligand and the
mechanism of reaction must be considered as well.

In addition to estimating the BDEOH value of M–oxo species, the thermodynamic square schemes can
also provide insight into the mechanisms by which M–oxo complexes activate C–H bonds. We have
applied this concept to examine the mechanisms of C–H bond activation by our [MnIIIH3buea(O)]2− and
[MnIVH3buea(O)]− complexes in the reaction with 9,10-dihydroanthracene (DHA), which has a BDECH
= 78 kcal/mol and an estimated pKa = 30 [131]. Based on the substantially higher oxidation potential
and BDEOH value of the MnIV–oxo complex, we initially reasoned that [MnIVH3buea(O)]− would react
faster than [MnIIIH3buea(O)]2−. However, we found instead that the MnIII–oxo complex reacted significantly
faster with DHA and had a second order rate constant that was nearly 20 times greater than that found for
[MnIVH3buea(O)]−. This difference in rate constants indicated that the two Mn–oxo complexes reacted with
DHA via different mechanisms. The [MnIVH3buea(O)]− complex is proposed to react via a proton-coupled
electron transfer pathway (the diagonal in the square scheme) in which the electron and proton move in a con-
certed manner during C–H cleavage. In contrast, the [MnIIIH3buea(O)]2− complex reacts by a two-step path-
way involving rate-limiting proton transfer followed by electron transfer (one side of the square scheme). The
basicity of the MnIII–oxo unit (pKa = 28.3, Figure 10.11) is high enough to initially deprotonate the C–H bond
in DHA and lead to electron transfer. Moreover, this mechanism accounts for how the [MnIIIH3buea(O)]2−

complex, which is such a weak oxidant with an oxidation potential of only −1.0 V versus [FeCp2]0/+, can
readily oxidize organic substrates.

The results for [MnIVH3buea(O)]− and [MnIIIH3buea(O)]2− with DHA illustrate the importance of proton
transfer in C–H bond activation and highlight the role that the basicity of the oxido ligand can have on chemical
reactivity. This premise is further supported by a growing group of complexes whose reactivities with C–H
bonds originate from basic oxido ligands [132, 133]. Probably the most consequential example is within the
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active site of P450. Green has surmised that the kinetically competent Fe–oxo unit in P450 (compound I) has
a relatively low redox potential that is compensated for by the relatively high basicity of the oxido ligand in
compound II (the one-electron reduced form of compound I) [134, 136]. This premise may explain how the
active site in P450 can remain unharmed during catalysis despite the generation of a potent M–oxo center.

10.4.2 Spin State and Reactivity

The role of spin state on the reactivity of M–oxo complexes is controversial. Numerous scientists have studied
this issue, and a variety of systems ranging from heterogeneous materials to complexes in either the condensed
or gas phases have been investigated [7, 59, 137, 140]. The conclusion shared by many is that high-spin M–oxo
complexes are inherently more reactive than their low spin counterparts. Detailed theoretical schemes have
been developed in order to explain the reactivities of complexes with different spin states. In one popular
theory, a two-state reactivity model is proposed whereby low- and high-spin energy surfaces cross within a
reaction coordinate [9]. This crossing leads to a spin state change (often to high-spin species) and results
in enhanced reactivity. Some experimental evidence appears to support this premise; rate data compiled by
Que for an impressive list of his FeIV–oxo complexes showed a span of several orders of magnitude in the
experimentally derived second-order rate constants, with the high-spin complexes having significantly larger
values [70].

Even with all of the excellent work done in this area, some caution should be taken when interpreting these
data. As shown in the previous section, there are several factors that govern how M–oxo complexes react with
substrates such as redox potential and the basicity of the oxido ligand. These properties are not systematically
varied in any of the experimental studies reported so far, thereby making it difficult to understand trends that
occur through a series of low and high-spin complexes. For instance, the coordination geometry required to
generate a low spin FeIV–oxo complex is quite different from that needed to stabilize a high-spin analog,
which undoubtedly alters the properties that affect C–H bond cleavage.

The spin state question in M-oxo species is part of a broader problem on whether any “spin” at all is needed
to promote homolytic C–H bond cleavage. There are now several examples of closed shell species that cleave
X–H bonds (X=C, N, O) in an efficient manner; examples include a CuIII–OH complex [141], the MnO4

− ion
[142], and a low-spin MnV–oxo species [143, 144]. In fact, Mayer has argued that spin has only a minor effect
on these types of reactions [7]. He has used a simple kinetic analysis to demonstrate that unpaired electrons
are not needed to do X–H bond cleavage or, more formally, a hydrogen atom transfer (HAT) process. This
analysis suggests that there is no intrinsic kinetic advantage to the amount of spin (that is, number of unpaired
electrons) within a M–oxo complex. Mayer contends that spin is only indirectly related to function, and it is
the overall driving force for the HAT step that is the essential parameter. As a result, reaction rates most often
correlate with reaction energy instead of the overall spin state of the complex.

10.5 Summary

Metal–oxo complexes have attracted significant attention in the chemical community due to their proposed
involvement in a variety of biological and synthetic oxidation processes. The preparation and analysis of these
complexes has been guided by the MO formalism initially put forth by Gray and Ballhausen, which has suc-
cessfully explained the physical properties and reactivities of all M–oxo complexes in tetragonal symmetry.
The formalism has since been expanded to include complexes in other symmetries, which shows how com-
plexes can be isolated in unusual spin states. This chapter has described several examples of relatively new
metal–oxo complexes that have multiple unpaired electrons. We have shown the types of methods that are
needed to characterize both the molecular and electronic structures of the complexes, and we have discussed a
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correlation between the physical properties and reactivity with external substrates such as C–H bonds. Despite
this progress, there are still many unanswered questions associated with the chemistry of M–oxo complexes.
For instance, the influence of spin state on reactivity is still a controversial subject that requires additional
study and discussion. Continuing to build on our understanding of M–oxo species will require the design and
characterization of new species that can expand the boundaries and lead to new information on how this class
of complexes function.

Note Added in Proof

A report has appeared that synthetically reproduced the complex of Nam and Fukuzumi. Detailed spectro-
scopic and XRD studies supported the DFT formulation that the complex contains an [FeIII–(𝜇-O)–ScIII]
core.

J. Prakash, G. T. Rohde, K. K. Meier, A. J. Jasniewski, K. M. Van Heuvelen, E. Munck, and L. Que Jr.,
Spectroscopic identification of an FeIII center, not FeIV, in the crystalline Sc-O-Fe adduct derived from
[FeIV(O)(TMCT)]2+. J. Am. Chem. Soc. 137, 3478–3481, (2015).
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11.1 Introduction

The formal oxidation number (state) of a given metal ion in a coordination complex is a non-measurable
integer which is commonly defined as “the charge left on the metal after all ligands have been removed in
their normal closed shell configuration—that is with their electron pair [1].” In contrast, it is an accepted
practice that referring to for example, an iron(III) complex implies that this compound contains an iron ion
with a d5 high-spin, intermediate-spin, or low-spin electron configuration. Since n for a dn electronic config-
uration can, at least, in principle, be estimated on the basis of various spectroscopic techniques, Jørgensen
has suggested [2] an oxidation number which is derived from a known dn configuration should be specified
as physical (or spectroscopic) oxidation number (state). In many cases formal and spectroscopic oxidation
numbers are identical as is exemplified for [Co(NH3)6]3+ where the low-spin d6 cobalt ion possesses a +III
oxidation state, both formally and physically [3]. This is not necessarily always the case. Discrepancies arise
when organic radicals with an open-shell electron configuration are coordinated to a transition metal ion.
For example, consider an O-coordinated phenoxyl radical complex of an iron ion with a d5 configuration
(Figure 11.1).

According to the above definition the formal oxidation number for the iron ion would have to be +IV
since a closed shell phenolate anion would have to be removed. On the other hand, Mössbauer and reso-
nance Raman spectroscopies unequivocally prove the presence of a high-spin d5 electron configuration at
the metal ion and of a phenoxyl radical ligand, respectively [4]. Thus the iron ion has a physical oxidation
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Figure 11.1 Definition of ‘formal’ and ‘physical’ oxidation state for complexes involving non-innocent ligands.

number of +III. We clearly understand, that an Fe(IV) phenolate complex has a distinctly different electronic
structure than an Fe(III)-phenoxyl species. Since the term physical (or spectroscopic) oxidation state is not
accepted by the community, both formal and physical oxidation numbers are often used (and understood) as
synonyms—which they are not. In some areas of coordination chemistry this practice, unfortunately, leads
to considerable confusion [5]. In contrast, the terms innocent ligands and non-innocent ligands [6] are used
widely to emphasize the fact that some ligands do not necessarily possess a closed-shell configuration. These
latter terms can only be used meaningfully in conjunction with the physical oxidation state of the metal
ion.

The interaction of transition metal ions with organic radicals (non-innocent ligands) is a subject that
currently receives much attention [7]. One of the driving forces for this research direction is the realization
that in biological systems various transition metal ions bind not only to the functional amino acid side chains,
for example, a sulfur of cysteine or methionine, an oxygen of tyrosine, aspartic acid or glutamic acid, a
nitrogen of histidine, but also to the amino-acid based radicals (protein radicals). Similarly, in chemistry
the recognition of non-innocent ligand behavior has opened new pathways for synthetic conversions, for
instance, by permitting the use of inert or otherwise unsuitable metal sites in molecules for transformations
that were previously limited to precious metal complexes [8]. In general, ligand non-innocence leading to
the formation of ligand radicals is an important aspect because in many cases, the presence of discrete and
substantial spin density at a ligand fragment leads to completely different reactivity patterns than commonly
observed for these ligands in diamagnetic closed shell complexes. Nonetheless such ligand radicals bound
to transition-metals can undergo selective reactions, very different from the uncontrolled reactivity exhibited
by the free radicals. This can be attributed to the delocalization of the ligand spin-density into the metal
orbitals in many cases, which may provide higher stabilization (and consequently controlled reactivity) of
the ligand-centered radicals [9]. Additionally, metal complexes with two redox-active centers, the metal
ion and an electro-active ligand, are often characterized by the existence of two electronic isomers (valence
tautomers) with different charge distributions, and consequently, different reactivity properties [10]. The
interconversion between the different electronic isomers is accomplished by a reversible intramolecular
electron transfer involving the metal ion and the redox active ligand and can be triggered by an external
perturbation, like photons, temperature, pressure or the presence of a substrate molecule. For example,
the electronic structure analysis of the C–H bond activation catalyzed by high-valent iron(IV)-oxo species
in the 𝛼-ketoglutarate dependent iron-dioxygenases has revealed that en route to the transition state, an
iron(III)-oxyl radical is formed, that acts as a strong electrophile capable of attacking the C–H bond of
the substrate (Figure 11.2) [11]. This example of the substrate-triggered isomerization of the iron(IV)oxo
core (with lower H-atom abstraction ability) to an iron(III)-oxyl (with higher H-atom abstraction ability)
species in non-heme iron oxygenases also forms the basis of Nature’s excellent strategy to cleave the
very strong C–H bond of substrate although protecting active site amino acid residues that have weaker
C–H bonds.
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Figure 11.2 Substrate triggered isomerization of an iron(IV) oxo species to iron(III) oxyl core in non-heme iron
oxygenases.

Depending on the nature of the metal ion and the extent of metal-ligand radical spin coupling, the valence
tautomers can also be stabilized in different spin states [12]. Since spin states are known to play a central
role in reactivity [13], ligand redox non-innocence can be exploited in tuning the reactivity of transition metal
complexes by varying the metal-ligand spin coupling situation. In this chapter we aim to provide a compre-
hensive review of the role of spin states in determining the reactivity of biological and chemical catalysts that
employ non-innocent ligands. For the benefit of the readers, we have also included a section that provides
a survey of the commonly known non-innocent ligands in chemistry and biology and the various analytical
methods that can be used for their identification.

11.2 Survey of Non-Innocent Ligands

Non-Innocent Monoatomics: The non-innocent ligand potential of the oxide dianion, O2−, implies that it
can be oxidized to the reactive oxyl radical anion, O∙− [14]. Although direct evidence of an O∙− ligand is
lacking in chemistry or biology, metal-bound oxyl radicals have often been invoked as reactive intermediates
responsible for typical spin-localized radical reactions such as H-abstraction from C–H bonds and O–O bond
formation during the production of dioxygen from water [15]. Although oxyl radicals are too reactive to be
detected spectroscopically, very recently a transition metal complex containing an atomic ‘nitridyl’ (N∙2−)
radical ligand [16], which is isoelectronic to O∙−, has been characterized. Notably, such atomic nitrogen
ligands play an important role in catalytic activation of molecular nitrogen (Haber-Bosch ammonia synthesis)
[17], conversion of ammonia in ammonia-based fuel-cells [18] and selective oxidation of ammonia (to N2O
or N2) at heterogeneous catalysts [19]. Another example of a potentially non-innocent monoatomic ligand is
a hydrogen atom. In connection with the cobalt mediated reduction of protons to hydrogen—the “hydride”
= H− designation is a frequent source for misunderstanding when discussing cobalt hydrido species between
LnCoIII–(H−), LnCoII–(H∙) and LnCoI–(H+) formulations [20].

Non-Innocent Diatomics: Typical examples of this category include the redox series O2
0/∙−/2− [14, 21],

N2
0/∙−/2− [22], and NO+/∙/− [23] with long non-innocent ligand histories and with enormous biological rel-

evance. Very recently, a completely documented case of reduced cyanide, viz., three CN1.67− ions stabilized
by cobalt(–I) in M3[Co(CN)3], M = Sr, Ba, was reported [24]. Other examples of super-reduced diatomics
like paramagnetic N2

3− [25] or (NO)2− [26] are also known, which have been stabilized by higher-valent
metal species, as is the carbon monoxide radical anion, which can dimerize to form a strong covalent bond in
bridging (𝜇-𝜂1:𝜂1-C2O2)2− [27]. The non-innocence of a hydroxide (OH−) ligand has also been proposed to
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play a vital role in the gas-phase reactions of a cationic [Ni(H)(OH)]+ complex with methane and dioxygen
[28].

Non-Innocent Polyatomics: Typical examples of this class of non-innocent ligands include 𝛼-diimines
[14, 29] such as 1,4-diazabutadienes, dialkylglyoximes, 2-pyridylcarbaldimines, pyridine-2,6-diimines,
o-quinonediimines, 2,2′:6′,2′′-terpyridines and 2,2′-bipyridines, 𝛼-diketo compounds [30], especially o-
quinones and 𝛼-dithiolenes [31]. Other, early established candidates include azo compounds [32], tetrazene
ligands [33] and polycyano systems such as tetracyanoethylene [9a, 34] or TCNQ [35]. In biology, flavins
[36], tetrapyrrole macrocycles (porphyrins and corroles) [37], phenolates [38] and pterins [36] qualify as
redox non-innocents. Redox-active ligands from organometallic chemistry, that is, involving metal–carbon
bonding, have also been developed, including especially unsaturated Cn chains [39].

11.3 Identification of Non-Innocent Ligands

11.3.1 X-ray Crystallography

The characteristic structural changes occurring for redox-active ligands in various oxidation levels are illus-
trated for selected cases in Figure 11.3. In many cases, X-ray crystallography has proved to be a useful tool in
unambiguously determining the oxidation level of potentially non-innocent ligands in transition metal com-
plexes [7b, 40]. However, complications may arise in delocalized systems, where the free electron of the
radical ligand is shared between one or more ligands [41]. The differences in the metrical parameters for the
innocent and non-innocent forms of the ligand, in such cases, are often small and may not be detectable by
X-ray crystallography. The same is true for the complexes involving sulfur donor ligands. For example the
characterization of dithiobenzosemiquinonate(1-) radical ions in coordination complexes [31a]. Many authors
[42] have attempted to discern between a dithiolato(2-) and its monoanionic radical form in a given complex
by their crystallographically determined structural parameters. The underlying assumption has always been
that the phenyl ring has either six equidistant C–C bonds in a thiolate or displays a quinoidal distortion with
two alternating shorter C=C bonds and four longer ones in the radical form and in addition, the C–S bonds
were assumed to shrink upon oxidation of a dianionic thiolate to a monoanionic radical. This behavior had
been firmly established for the corresponding complexes containing catecholates and semiquinonates [7e].
This is in part a misconception for the sulfur analogues, as demonstrated by the differences in the theoret-
ical calculated structures of the phenoxyl and the thiyl radicals [43]. The calculations clearly show that the
expected structural changes in comparison with their closed-shell phenolate and thiophenolate forms are only
observed for the phenoxyl but not the thiyl. This observation is due to the fact that the spin density distributions
of both radicals differ. In a phenoxyl, only 38% of the spin density resides on the oxygen atom, 24% is found
at each of the two ortho-carbon atoms and 32% is at the para-carbon. In contrast, in the thiyl radical 68% of
the spin density resides at the sulfur atom and only 32% is delocalized over the ortho- and para-positions of
the phenyl ring (Figure 11.4).

Consequently, the six C−C distances in a thiyl radical resemble more closely those of the aromatic thio-
late analog, but the C−S bond is slightly shorter at 1.75 Å. A similar situation prevails in transition metal
complexes involving 𝛼-dithiolenes, and structural parameters may therefore be of only limited value for the
identification of benzene-1,2-dithiolate(1-) radicals [31a]. In such cases, electronic structure assignments
are completely dependent on the development of appropriate spectroscopic tools. In recent years, elec-
tron paramagnetic resonance (EPR), Mössbauer, and X-ray absorption spectroscopic (XAS) methods have
proved to be some vital tools that in conjunction with density functional theoretical (DFT) calculations have
aided in the electronic structure assignments of transition metal complexes involving redox non-innocent
ligands.
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Figure 11.3 Selected examples of potential non-innocent ligands and the structural changes associated with
electron transfer.
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Figure 11.4 Differences in spin density between phenoxyl and thiyl radical.

11.3.2 EPR Spectroscopy

EPR spectra depend on determining the g-values for the unpaired electrons in the sample, which differ from
those of free electrons and are sensitive to the chemical environment of the paramagnetic atom [44]. Based
on established expressions [45] for the g-value that feature the spin–orbit coupling constants 𝜉 of the partic-
ipating atoms as factors, the g-values and especially the g-anisotropy Δg=g1–g3 have been used as approx-
imate measures of participation of the heavy transition metal with its high 𝜉 value at the singly occupied
molecular orbital (SOMO). Thus, purely ligand based SOMOs are expected to have g-values close to the
free-electron value of 2.0023. In contrast, metal-based SOMOs should be characterized by g-values signif-
icantly different (g>2.0 for dn systems with n>5; g<2.0 for dn systems with n<5) from 2.0023 and with a
large g-anisotropy. Two extreme cases (compounds 1 and 2; Figure 11.5) illustrate that range [46]. Although
both compounds in Figure 11.5 are S=1/2 species, the g-factor anisotropy Δg as well as the average g of
compound 1 reflect the dominant ruthenium (III) catecholate character; this is in contrast to the predominant
ruthenium(II) semiquinone participation of the heavy metal at the SOMO of compound 2.

An EPR spectrum may also show additional fine structure (termed as hyperfine structure) when the atom
on which the unpaired spin is centered has a nucleus which also has a spin. The value of the hyperfine
coupling constant, A, depends on the amount of interaction which occurs between the unpaired electron

Figure 11.5 Application of EPR spectroscopy in differentiating between ‘metal’ vs. ‘ligand’ based radicals in
compounds 1 and 2.
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Figure 11.6 Different possibilities for the bonding and electron coupling situations in 3.

and the nucleus; A, therefore, provides a quantitative estimation of the electron spin density on a particu-
lar atom. For example the experimentally determined nitrido 14N hyperfine interactions of Axx=−26.5 MHz,
Ayy=+63.5 MHz and Azz=−62.0 MHz for a square planar iridium nitride [IrN(Lt-Bu)] (Lt-Bu=N(CHCHP-t-
Bu2)2) complex has been recently demonstrated to reflect the presence of more than 50% of the unpaired
electron spin density on the nitride nitrogen atom. This implies that the [IrN(Lt-Bu)] complex has signifi-
cant [IrIIIN∙(Lt-Bu)] character [16]. It is important to note, however, that EPR spectroscopy alone does not
always lead to an unambiguous assignment of electronic structure of transition metal complexes involv-
ing non-innocent ligands. For example the EPR spectrum of compound 3 [47] in Figure 11.6 has been
reported to exhibit a rhombic S=1/2 signal with gaverage>2 thereby indicating that the unpaired electron
is located in an iron-based orbital. This, however, does not explain a clear bonding situation as an iron-
based SOMO can be explained both in terms of a) an iron(III) low-spin center (SFe=1/2) attached to two
antiferromagnetically coupled dithiobenzosemiquinonate 𝜋-radical monoanionic (LSS

∙−) ligands; or b) as
an intermediate spin iron(III) center (SFe=3/2) antiferromagnetically coupled to two LSS

∙− radicals. Note,
that an alternate assignment of a S=1/2 Fe(V) center connected to two innocent dithiolene ((LSS

2−) lig-
ands is not consistent with the observed gaverage>2 [48]. In order to discern between the two possible elec-
tronic structure assignments for 3, characterization by other spectroscopic methods like Mössbauer and
XAS would be warranted, which may provide direct information about the metal and ligand oxidation
states.

11.3.3 Mössbauer Spectroscopy

Iron complexes are primarily characterized by 57Fe Mössbauer spectroscopy [44], as it serves as a local
probe of the iron center. Mössbauer isomer shifts (𝛿) are directly related to the electron density at the iron
nucleus and therefore, are often used as a probe of the ‘oxidation state’ of the metal. The quadrupole splitting
(ΔEQ) values, on the other hand, are a measure of the electric field gradient at the iron nucleus and can be
strongly correlated to electronic spin ground state and molecular geometry. Nuclear hyperfine tensors (A)
depend strongly on the nature of the orbitals in which unpaired electrons reside and may be used as a tool to
understand the electronic structure of paramagnetic species. For instance, in the above example, Mössbauer
spectroscopy proved to be extremely helpful in unambiguously assigning the electronic structure of compound
3 as [FeIII(LSS

∙)2(PMe3)]+ containing an intermediate spin iron(III) center bound to two ligand radicals [47].
Whereas zero-field Mössbauer study of 3 showed large ΔEQ at ∼3.0 mm/s, the analysis of the Mössbauer
spectra in an applied magnetic field revealed a qualitative trend of two large negative values, and one small
positive value, which are characteristic features [49] of an intermediate spin, S=3/2 spin state for the iron(III)
center.
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Figure 11.7 Simplified depiction of the components of metal K-edge (a) and ligand K-edge (b) XAS experiments.

11.3.4 XAS Spectroscopy

XAS involves the excitation of core electrons to valence orbitals and to the continuum (Figure 11.7) [50]. The
resultant spectrum is typically divided into two regions: (1) the edge region, also termed as X-ray absorption
near edge structure (XANES), which is characterized by a sharp discontinuity resulting from the ionization
of a core electron and provides electronic structural information and (2) the extended X-ray absorption fine
structure (EXAFS) region, which occurs after the electron has been excited to the continuum and is able to
interact with neighboring atoms, thus providing detailed metrical information. XANES is particularly helpful
in assigning the metal and ligand oxidation states in transition metal complexes involving redox non-innocent
ligands. The XANES part of the experiment is subdivided into pre-edge and edge regions. The metal K-edge
is characterized by an intense electric dipole allowed 1s to 4p transition. To lower energy, a weak 1s to 3d
pre-edge transition occurs, which is formally electric dipole forbidden, but may gain intensity through 3d−4p
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mixing in appropriate symmetry [51]. In particular, in cases where a ligand is bound to an open shell transition
metal, the covalent interaction between the ligand p-orbitals and the metal d-orbitals, produces ligand p hole
character, resulting in a pre-edge transition, the intensity of which will reflect the covalency of the metal–
ligand bond [52]. The metal K pre-edge and edge region show oxidation state dependent shifts, and hence the
transition energies may be used to assess oxidation state changes [51b, 53]. This is because the K-edge is a
direct measure of the effective nuclear charge (Zeff) of an element, that is, its oxidation state, with the core 1s
orbital shifting to deeper binding energy with increasing Zeff. This gives rise to the generally accepted rule
of thumb that a 1 eV shift in the edge to higher energy corresponds to an increase in the oxidation state by
one unit. In addition to metal K-edge, metal L-edge and ligand K-edge measurements are also performed to
unambiguously assign the electronic structure of transition metal complexes. The metal L-edge results from
dipole allowed 2p to 3d transition, which can be split into L3 and L2 edges due to the spin orbit coupling of
the 2p hole [54]. The energies of the L3 and L2 transitions will vary depending on the electronic structure
of the site [55]. A change in Zeff, due to a change in oxidation state or in coordination number, will affect
the energy of both the 2p and the 3d orbitals, while a change in the ligand field (which results in a change
in the spitting of the d-manifold) will only affect the 3d orbital energies. The ligand K-edge, on the other
hand, results from a dipole allowed transition from a ligand 1s orbital to a ligand 3p orbital (at the S or Cl
edges). The energy of a ligand K-edge transition can provide further electronic structural information. The
pre-edge energy is affected by the energy of the unoccupied (or partially occupied) 3d orbitals (which will
have contributions from the ligand field and Zeff) and the energy of the ligand 1s core. In addition, the ligand
K-edge edge energy reflects the chemical shifts in the ligand 1s core. Thus, by evaluating changes in edge
and pre-edge energies, changes in the 3d orbital energies may be obtained.

11.4 Selected Examples of Biological and Chemical Systems Involving Non-Innocent
Ligands

Metal-radical interaction in coordination complexes can lead to several thermally accessible electronic states
and spin states, and reactivity of such complexes are often discussed to be crucially dependent on the pre-
ferred spin state of reactants, products, intermediates and transition states [13]. It should be noted, however,
that there is typically rapid interconversion of spin states for transition metal complexes, faster than microsec-
onds for thermodynamically favored processes [56]. Thus, most thermal solution reactions, that can access
multiple spin states, will be under Curtin–Hammett conditions [57] of rapid equilibration of the reactant and
product spin states prior to and subsequent to a particular reaction. Under these conditions, reactions generally
proceed over the lowest barrier regardless of ground spin state. Thus, when multiple spin states are thermally
accessible, correlations between spin state and reactivity become extremely complicated. Nevertheless, lot
of efforts has been dedicated towards the understanding of the role of spin states on reactivity and we will
try to summarize the present status of our understanding on some selected biological and chemical systems
involving non-innocent ligands, where spin-states may have some role in determining the reactivity.

11.4.1 Copper–Radical Interaction

11.4.1.1 Biological Catalysis

A. Galactose Oxidase: Galactose oxidase (GO), a copper metalloenzyme secreted by the fungus Dactylium
dendroides [7d, 58], catalyzes the oxidation of primary alcohols to aldehydes and couples this reaction to the
reduction of dioxygen to hydrogen peroxide:

RCH2OH + O2 → RCHO + H2O2 (11.1)
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Figure 11.8 Different redox forms of galactose oxidase.

In contrast to the one-electron reactivity typical of a mononuclear copper complex converting between
Cu(II) and Cu(I) oxidation states, GO exhibits three distinct redox forms associated with two one-electron
oxidation-reduction steps, each form being distinguished by a characteristic spectroscopic signature [59]. The
fully oxidized (OGO) and fully reduced (RGO) forms are catalytically active, while the intermediate oxidation
level is catalytically inactive (IOGO) (Figure 11.8).

Detailed spectroscopic studies have been performed in order to establish the electronic structures of the
RGO, IOGO, and OGO forms. While X-band EPR spectrum of IOGO revealed a typical Cu(II) signal, OGO
and RGO forms were found to be EPR silent. XANES data were then applied to assign the copper-oxidation
states in the different redox forms of GO [60]. Figure 11.9 compares the rising-edge features at the Cu K-edge
in the three oxidation states of the GO active site. The intense feature at 8983.5 eV for RGO corresponds to a
Cu(I) 1s→ 4pz transition [61]; a trigonal-planar three coordinate Cu(I) site was later identified on the basis of
EXAFS studies [62]. The edge features for OGO and IAGO were altered relative to RGO, with a blue shift
of approx. 1 eV in energy thereby establishing a copper based oxidation. Notably, however, the oxidatively
activated (OGO) and reductively inactivated (IAGO) forms have virtually identical edge regions, which are
consistent with the presence of Cu(II) sites in both OGO and IAGO; the conversion of IAGO to OGO therefore
must involve oxidation of the protein backbone of GO.

Figure 11.9 Normalized XANES spectra of oxidatively activated (bold line), reductively inactivated (dashed
line), and fully reduced (dash-dotted line) forms of galactose oxidase. Reproduced from [60] with permission
from American Chemical Society.
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Figure 11.10 High-frequency (139.5 GHz) EPR spectra for biological free radicals. (a) Apogalactose oxidase
free radical. (b) 2-(Methylthio)cresyl phenoxyl free radical. (c) Ribonucleotide reductase free radical. Reproduced
from [58d] with permission from American Chemical Society.

X-ray structure determination [63] of crystals obtained from the so-called ‘native’ mix of IOGO and OGO,
in a ratio of approximately 95:5, at the substrate binding site on the Cu, showed the existence of two poten-
tially non-innocent ligands Tyr-272 (Y272), Tyr-495 (Y495; axial); Figure 11.8) at the five coordinate square
pyramidal Cu center (the other ligands being His-496, His-581 and H2O; Figure 11.8). An unusual feature
of the active site of GO is a thioether link formed by the covalent binding Tyr–Cys of the S-atom of Cys-
228 at the ortho-position of the phenolate of Tyr-272. In an effort to identify the site of protein oxidation,
the copper-free apoprotein has also been readily oxidized [64] under mild conditions, forming a stable free
radical, whose optical absorption and electron paramagnetic resonance (EPR) spectra (Figure 11.10) were
found to match the spectra of the 2-(methylthio)cresyl free radical formed by photooxidation of a model
for the Tyr–Cys site in the protein [65]. Also, the EPR spectrum of the oxidized apoprotein displayed an
axial line shape that is clearly distinct from the rhombic line shape characteristic of a simple tyrosyl radi-
cal like that found in ribonucleotide reductase (RNR) [66]. These results clearly demonstrate that the free
radical in OGO is localized on the Tyr–Cys side chain. However, subsequent theoretical studies [67] have
claimed the position of the free radical on the axial Tyr-495 in the substrate bound OGO; the site of free
radical is proposed to shift to the Tyr–Cys side chain only upon deprotonation of the substrate by Tyr-495
(Scheme 11.1).

Using the structures proposed for the various forms of the enzyme as a starting point with additional infor-
mation from kinetic [68] radical probe [69], and computational modeling studies [70] a Ping-Pong mechanism
for GAO has been put forth (Scheme 11.1). In the first phase (substrate oxidation), galactose is proposed to
coordinate to the Cu(II) in an equatorial position of the active form (occupied by water or acetate in the X-ray
structures of the native enzyme). The Y495 then deprotonates the alcohol followed by hydrogen atom abstrac-
tion (HAA) by the O-atom of the coordinated Y272 radical. A large H:D kinetic isotope effect (KIE) of 22 at
4◦C for this step confirmed, that it is rate-controlling in the catalytic cycle, with a tunneling contribution to
HAA implicated by a large temperature dependence [68]. The oxidative phase is completed by intramolecu-
lar electron transfer from the putative ketyl radical to Cu(II) followed by the loss of aldehyde, generating the
reduced form of the enzyme.



240 Spin States in Biochemistry and Inorganic Chemistry

Scheme 11.1 Proposed mechanism for the oxidation of alcohol by galactose oxidase.

As evident from the above discussion, the active oxidized species in GO contains Cu(II) and results from
oxidation of the protein rather than the metal ion, forming a free radical-coupled copper active site. The elec-
tronic structure of such phenoxylcopper(II) complexes is rather interesting because the two unpaired electrons
of the CuII (d9, SCu=1/2) and of the coordinated phenoxyl (Srad=1/2) can be intramolecularly or antiferromag-
netically coupled yielding an S=0 or S=1 ground state (Figure 11.11). Bill, Wieghardt and coworkers have
analyzed this phenomenon within the frame of the Goodenough-Kanomori rules for exchange coupling [71].
In five-coordinate square-based pyramidal and Jahn-Teller distorted octahedral CuII complexes, the metal
centered magnetic orbital is often a dx2-y2 orbital whereas the magnetic orbital of a phenoxyl radical is of
𝜋-type. The sign of the exchange coupling constant is then determined by two parameters: (i) the CuII–O–
Cphenyl bond angle 𝛼 and (ii) the dihedral angle 𝛽 defined by the x,y-plane at the CuII ion and the phenyl
ring of the organic radical. If 𝛼=180◦ the coupling is always ferromagnetic in nature irrespective of 𝛽 due to
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Figure 11.11 Left: Ground state interactions in the free-radical-coupled copper complex; Right: Relative ori-
entations of the magnetic orbitals of the CuII ion (dx2–y2) in the x,y plane relative to that of the half-occupied 𝜋

orbital of the phenoxyl radical. 𝛼: Cu−O−C bond angle. 𝛽: dihedral angle between the x,y plane and the plane
of the phenyl ring of the coordinated phenoxyl radical. Reproduced from [58d] and [58f] with permission from
American Chemical Society.

the orthogonality of the magnetic orbitals. On the other hand, at 𝛼=130◦ the dihedral angle 𝛽 determines the
ground state of the phenoxylcopper(II) complex: it is S=0 at 𝛽 values between 25−90◦, and S=1 is observed
if 𝛽 is close to zero (Figure 11.11). In GO, from X-ray crystallography [63] of the native enzyme (which from
EXAFS studies is shown not to alter significantly in the oxidized state [72]) the bond angle 𝛼 is about 129o

and 𝛽 = 75o, which according to the above analysis, results in antiferromagnetic coupling of unpaired elec-
tron spins on the copper ion, and the free radical ligand leading to stabilization of an EPR-silent diamagnetic
ground state.

Spin density on the phenoxyl oxygen atom should also play a role in determining the extent of Cu(II)-
phenoxyl radical coupling. While higher spin-density on oxygen atom should favor antiferromagnetic
coupling, a highly delocalized system would lead to stabilization of the spin triplet state. In GO, extensive
delocalization of the phenoxyl radical into the thioether S-atom of the Tyr–Cys side chain (equal amount of
spin density of ∼20% has been determined on the O-atoms and S-atoms) on the basis of XANES [73], EPR
and theoretical studies [74] has therefore been proposed to play a vital role in the stabilization of the excited
paramagnetic triplet state (singlet-triplet gap > 200 cm−1) [75].

Since in GO, HAA is the rate determining step, and in general higher spin states are known to have a better
HAA ability, an intriguing question would be whether the ground S=0 state of OGO is the resting state of
the enzyme and it performs HAA on the triplet surface; the introduction of the unique Tyr-Cys side chain
would then be Nature’s strategy to make the more reactive triplet state thermally accessible during catalysis.
A comparative reactive study of biomimetic copper(II)-phenoxyl radical complexes in S=0 [76] and S=1 [7e,
77] states can provide a possible answer to this question, which has, unfortunately, not yet been performed in
any laboratory.

The core of the catalytic complex in GO may be idealized as simple inorganic species, a copper-oxo or
isoelectronic copper-nitrene (Figure 11.12) species in which the metal center is associated with a monoatomic
oxygen radical or an imidyl free radical. Interestingly, such species are proposed as reactive intermediates in
a number of copper-mediated oxygenation [15a, 78] and amination [79] reactions in chemistry and biology,
although direct evidence of their presence is presently lacking. Notably, in contrast to OGO or GO model
complexes, where no systematic studies on spin-state dependent reactivity have been performed, the reactivity
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Figure 11.12 Possible electronic structures of the different copper-radical complexes involved in various
biological and chemical oxidation reactions.

Scheme 11.2 Scheme showing the reaction catalyzed by dopamine 𝛽-monooxygenase

Scheme 11.3 Different metal-oxygen intermediates formed upon dioxygen activation at the CuB site in D𝛽M.

of CuII–O∙ or CuII–NR∙ cores has often been described in terms of a mechanistic picture involving both the
singlet and triplet pathways for the hydroxylation, or aziridination/amination reactions, respectively.

B. Dopamine 𝛽-monooxygenase (D𝛽M): D𝛽M is a copper monooxygenase enzyme that catalyzes the
hydroxylation of dopamine to norepinephrine concomitant with the reductive cleavage of dioxygen (Scheme
11.2) [7d, 78a].

One oxygen atom of dioxygen is inserted into the benzylic position of dopamine while the other one is con-
verted to water. Two exogenous electrons required for the monooxygenase reaction are provided by ascorbic
acid (vitamin C). The active site of D𝛽M consists of two inequivalent Cu centers (CuA and CuB) widely
separated in space (>4Å) with no direct bridging ligands and no observable magnetic interactions. The two
copper centers have been proposed to perform different functions in the reaction cycle of the enzyme. One
site (CuA) is involved in ascorbate binding and the electron transfer from ascorbate to the second site (CuB).
This second copper center is widely believed to work as the active site for substrate binding and hydrox-
ylation [80]. It is generally accepted that the hydroxylation of dopamine by D𝛽M, very similar to alcohol
oxidation by galactose oxidase, involves a HAA step, as indicated by a large kinetic isotope effect of kH/kD of
10.9 [81]. However, the exact nature of the active species responsible for oxidation is still a subject of great
controversy [15a, 21]; copper-superoxo,copper-hydroperoxo, or copper-oxo species, (Scheme 11.3) formed
upon dioxygen activation have all been discussed as a possible oxidant during the enzymatic reaction.

In a recent study Yoshizawa and coworkers performed quantum mechanical/molecular calculations to deter-
mine the structures of the copper-superoxo, copper-hydroperoxo, or copper–oxo intermediates of D𝛽M in the
protein environment using a whole-enzyme model [78c]. A comparison of their HAA ability showed that the
oxidizing power of the copper-oxo species is strongest in the series, thereby making it the best candidate for
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Figure 11.13 Calculated reaction coordinate for the copper-oxo mediated oxidation of dopamine to nore-
pinephrine in D𝛽M on singlet (bold trace) and triplet (dotted trace) surfaces. Energies are mentioned in kcal/mol.
Adapted from [78c] with permission from American Chemical Society.

the active intermediate in the catalytic cycle of D𝛽M. The electronic structure of a copper-oxo species can
be described in terms of closed-shell spin singlet (CuIII=O) or open shell singlet or triplet (CuII-O∙) forms.
In their calculation Yoshizawa and coworkers determined an open-shell triplet ground state for the copper-
oxo intermediate in D𝛽M with the open-shell singlet state being only 4.6 kcal/mol higher in energy [78c].
Furthermore, the activation barrier for HAA was found to be comparable on the singlet and triplet surfaces
(Figure 11.13), thereby supporting a mechanism where both the states may contribute to the HAA step. The
rebound step was however suggested in the calculation to proceed exclusively on the singlet surface. This can
be rationalized on the basis of the conversion of a Cu(II)–OH species to Cu(I); on the triplet surface this would
lead to a highly unstable 3d94s1 configuration of the Cu(I) species, for which the ground state is well-known
to have a closed-shell 3d104s0 configuration.

11.4.1.2 Chemical Catalysis

Copper-radical interaction also plays a vital role in chemical catalysis. For example, copper-imido interme-
diates, which are isoelectronic to the biologically relevant copper-oxo species, are implicated as key interme-
diates in the copper catalyzed alkane amination and alkene aziridination reactions [79a, 79d, 79e, 82].
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Figure 11.14 Theoretically calculated potential energy surface (PES) for the reaction of a Cu–imido complex
supported on a tripodal ligand with toluene (HBz) [83]. HAA step proceeds predominantly on a triplet surface
(dotted line); the rebound step in contrast occurs on a singlet surface (bold line). Adapted from [83] with permis-
sion from American Chemical Society.

To engineer further improved catalysts, there is a substantial impetus to characterize fully the active species
of existing catalysts, including the relevant higher oxidation states, intermediates and transition states so as
to establish the mechanism(s) by which they affect C–N bond formation reactions. However, despite con-
siderable interest, no copper imido intermediates have been isolated to allow for clear mechanistic studies
[79a].

In the absence of isolated examples of the proposed active intermediate, the mechanisms of copper-imido
mediated aziridination and amination reactions have been elucidated by high-level quantum chemical calcu-
lations [79d, 79e, 82a, 82b, 82f, 82g]. In these calculations two alternative, limiting, electronic valence-bond
structures have been characterized, namely, (closed-shell singlet) [CuIII(NR)]+ or (open-shell triplet or sin-
glet) [CuII(NR∙)]+ structures and the effect of spin-state on the reactivity of the copper-imido cores has been
extensively investigated. Figure 11.14 shows the theoretically calculated potential energy surface (PES) for
the reaction of a Cu-imido complex supported on a tripodal ligand with toluene [83]. The calculated ground
state of the complex is a triplet. In contrast to the copper-oxo core, where the HAA activation barrier was
found to be comparable on the singlet and triplet surface, the transition state for HAA on the singlet surface
was found to be much higher in energy (∼12 kcal/mol) relative to the triplet transition state; thus HAA was
predicted to occur predominantly on the triplet surface. However, similar to the copper-oxo case the rebound
step in copper-imido cores also occurs exclusively on the singlet surface.

For the copper-imido mediated aziridination reaction two possibilities for the reaction mechanism have
been considered (Figure 11.15) for the reaction mechanism: a) a concerted 2e− mechanism or b) two step-
wise 1e− processes [79d]. The actual mechanism will depend on the electronic structure of the copper-imido
oxidant: if the contribution of the [CuIII=NR] form will be predominant in the electronic structure then the
concerted 2e− process will be favored. Alternatively, a stepwise radical mechanism will be followed for an
open shell [CuII–NR∙] structure. This is represented in the calculated PES for the reaction of simple model
copper-nitrene with ethylene [79d]; while barrierless concerted nitrene-addition reaction occurs on the closed-
shell singlet surface, a step-wise radical based mechanism is predicted on the triplet surface. It is important to
note that no transition states could be observed for stepwise nitrene transfer reaction on the open-shell singlet
surface, which may hint at a very high activation barrier.
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Figure 11.15 Calculated PES for the reaction of a simple model copper-nitrene with ethylene [79d] on closed-
shell singlet and open-shell triplet surfaces. Energies are mentioned in kcal/mol. Adapted from [79d] with permis-
sion from American Chemical Society.

What is required to test the theoretically predicted reactivity patterns is more direct experimental evidence
that systematically shows the effect of singlet/triplet splitting energy on the reactivity of a copper–imido or
copper–oxo species. Although, copper–oxo species are still elusive, Ray and coworkers [84] recently reported
a breakthrough by demonstrating the Lewis–acid trapping of an elusive copper–tosylimido complex, 4, which
was shown to be diamagnetic and two oxidation levels above the CuI precursor complex. The stabilization of
4 can be attributed to the binding of Sc3+ to the [CuNTs]+ core, which may help to reduce the strong electron
repulsion between the electron-rich nitrene and copper centers, presumably by lowering the electron density
at the nitrene nitrogen. In other words, the binding of Sc3+ may help to lessen the HAA ability of 4, thereby
preventing its spontaneous decay to the copper(II)-amide species, 5, (Scheme 11.4) that was characterized by
X-ray crystallography.

Notably, in the absence of Sc3+ no 4 was formed; near-quantitative formation of its decay product 5 was
observed even at temperatures as low as −90 ◦C. Reactivity studies revealed that 4 aminates sp3 C–H bonds
in substrates such as toluene and even cyclohexane in modest yields (21–35%). Sufficient stability of 4 at
−90 ◦C enabled its characterization using a variety of spectroscopic methods. For example, a comparison of
the XANES spectra of 4 and the copper(II)-amide complex 5 showed, that the edge features of 4 and 5 are
identical at 8978 eV and significantly blue shifted relative to the precursor CuI complex (Figure 11.16).

This result together with complementary resonance Raman and theoretical studies helped to establish the
electronic structure of 4 as CuII–N∙(Sc)Ts with a copper(II)-bound nitrene radical. In a subsequent study [85]
the Lewis-acid stabilization of a related copper–nitrene species [CuII–(NMes∙)–Sc(OTf)3] (6, Mes = mesityl;
Scheme 11.4), where the electron withdrawing heteroatom tosyl nitrene substituent of 4 is replaced by the
electron donating mesityl group in 6. A comparison of the HAA and nitrene transfer (NT) rates of 4 and 6
established some contrasting reactivity patterns, in which complex 4 is a better NT oxidant, while complex
6 is a better HAA agent. The observed reactivity differences have been attributed to a DFT predicted 5-
coordinate Cu center in 4, in contrast to a planar 3-coordinate geometry seen in 6, which provides different
electrophilicities of the copper centers in the two complexes. Notably, broken symmetry (BS) solutions [86]
were obtained for both 4 and 6. For 6 the calculated ground state was an open-shell [CuII(NMes∙)]+ singlet
with the excited triplet state lying 14.2 kcal/mol higher in energy. For complex 4 the calculated ground state
is also an open-shell singlet [CuII(NTs∙)]+ state; the excited BS triplet state was, however, found to be only
2.5 kcal/mol higher in energy. These results are therefore consistent with the theoretically predicted higher
HAA abilities of the open-shell triplet copper-imido species (Figure 11.14) and provide a basis for interpreting
the reactivity properties of 4 and 6 using a multistate reactivity model (Figure 11.17). In 4, the triplet state
with a low activation barrier for HAA is low lying and easily accessible, which accounts for the higher HAA
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Scheme 11.4 Strategy of the stabilization of [CuII-NR∙]+ cores in presence of Sc3+ ion. Adapted from [84] and
[85] with permission from American Chemical Society and Royal Society of Chemistry. (See colour plate section)

reactivity of 4 than 6. The NT reaction, in contrast, is thought to proceed predominantly on the singlet surface;
the higher reactivity of 4 can then be possibly explained by the greater electrophilicity of the copper–nitrene
unit in 6, owing to the larger contribution of the [CuIII(NR)]+ valence-bond resonance form compared to 4.

11.4.2 Iron–Radical Interaction

Under ordinary conditions, most organic compounds are kinetically unreactive toward molecular oxygen. The
major reasons for this lie in the properties of the oxygen molecule itself. Since oxygen has a triplet ground
state, its direct combination with singlet organic molecules is a spin-forbidden process. Transition metals and
their ions having multiple spin and oxidation states of suitable energy are not subject to the above restriction
and can readily interact with the oxygen molecule, even to the extent of forming isolable oxygen adducts.
In fact, controlled oxidation of organic substrates by metal-mediated activation of dioxygen is at the core of
key metabolic functions, such as hydroxylation of methane in methanotrophs, desaturation of fatty acids in
plants, DNA and RNA repairs, biosynthesis of 𝛽-lactam antibiotics, and sensing of hypoxia in mammalian
cells to signal the formation of blood vessels [87].

The activation process is initiated in most cases by the binding of dioxygen to the metal center to form
a metal−superoxo intermediate (M-O2

∙−), thereby converting the kinetically inert ground state of O2 to a
more reactive doublet state of O2

∙− [21]. Subsequently, the O–O bonds of the O2
∙− unit can be broken by a

mechanism where the oxygen progresses through peroxo, hydroperoxo and oxo states. Although the metal oxo
intermediates have been generally considered as the reactive species responsible for oxygenation reactions,
arguments are also emerging in the mechanistic discussions as to whether the key oxidants should rather be
described as metal–superoxo, metal–peroxo, or metal–hydroperoxo species [21, 88]. Different spin states are
possible for the above mentioned metal-oxygen intermediates and, correspondingly, their reactivities may
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Figure 11.16 XANES spectra of 4 (dashed line), 5 (bold line) and their copper(I) precursor (dotted line) in
frozen CH2Cl2 solutions. Reproduced from [84] with permission from American Chemical Society.

be dependent on the relative availability of different states. This will be demonstrated in this section with our
discussion on the spin state controlled reactivity of metal-superoxo and metal-oxo cores in iron containing
non-heme dioxygenases like cysteine dioxygenase and taurine dioxygenase, respectively.

A. Cysteine Dioxygenase: Cysteine dioxygenase (CDO) is an essential enzyme in the human body,
involved in the metabolism and bioconversion of toxic cysteine to cysteine sulfinic acid [89]. This is a vital
process in human health that regulates the cysteine concentration in the body and the deficiency of CDO has
been correlated to Alzheimer’s and Parkinson’s diseases [90]. CDO incorporates both oxygen atoms from O2
into the cysteine sulfinic acid product without an external reductant; hence, CDO is classified as a dioxyge-
nase [91]. Multiple high-resolution crystal structures of mammalian CDO have been determined, revealing
an active site comprising a mononuclear iron connected to the protein backbone via three histidine bonds
(Figure 11.18) [92].

CDO also contains a covalently cross-linked cysteine-tyrosine adduct (C93-Y157) (analogous to GO)
within 3.3 Å of the iron active site [92], and correspondingly (on the basis of its similarity to GO and the
proximity of the C93-Y157 adduct to the active site) a tyrosine radical has been proposed to be involved in

Figure 11.17 Reactivity of complexes 4 and 6 as a function of their singlet-triplet energy gaps.
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Figure 11.18 Active site of mammalian CDO as obtained from high resolution X-ray diffraction studies [92].

catalysis [92b]. However, there is currently no direct evidence of the role of this covalent modification in
CDO. The enzyme reacts very fast and it has not been possible to trap any intermediate in the catalytic cycle
of CDO.

In the absence of isolated examples of any reactive intermediates, the mechanism of CDO reaction has been
elucidated on the basis of indirect experimental studies [93] as well as high-level quantum chemical calcula-
tions [94]. For example, nitric oxide, a dioxygen surrogate, was used as a spectroscopic probe in investigating
the order of substrate-O2 binding by EPR spectroscopy [93]. In these experiments, CDO active site was found
to be essentially unreactive toward NO in the absence of substrate, suggesting an obligate ordered binding of
L-cysteine prior to NO (presumably also dioxygen). Typically, addition of NO to a mononuclear non-heme
iron center results in the formation of an {FeNO}7 (S=3/2) species characterized by an axial EPR spectrum
with gx, gy, and gz values of ∼4, ∼4, and ∼2, respectively [95]. The quartet state arises from the antiferro-
magnetic coupling of high-spin FeIII (S=5/2) with NO− (S=1). However, upon addition of NO to CDO in the
presence of substrate L-cysteine, a low-spin {FeNO}7 (S=1/2) signal was observed that accounted for ∼85%
of the iron within the enzyme (Figure 11.19). Notably, a similar {FeNO}7 (S=1/2) electronic ground state
was reported by Wieghardt and co-workers for two octahedral iron-nitrosyl model complexes with amine
and thiolate coordination (Figure 11.19) [95f]; the electronic structures of these complexes were found to be
consistent with a ligand-based NO∙ radical (S=1/2) coordinated to a low-spin (S=0) ferrous iron. Based on
the similarity of the EPR spectrum of the NO bound CDO to Wieghardt’s model complexes, a Fe(II)–NO∙

electronic structure has also been suggested for the former, which is supported by DFT calculations [93].
The mechanism of CDO has been determined by quantum mechanics/molecular mechanics (QM/MM)

calculations on substrate activation by CDO enzymes using an enzyme monomer and a large QM active
region [94a]. This revealed a stepwise mechanism (Scheme 11.5), whereby the distal oxygen atom of the
initially formed iron-dioxygen adduct attacks the sulfur atom of cysteinate to form a ring structure, followed
by dioxygen bond breaking and the formation of a sulfoxide bound to an iron(IV)-oxo complex.

A sulfoxide rotation precedes the second oxygen atom transfer to the substrate to give cysteine sulfinic acid
products. The iron-dioxygen adduct is predicted to contain an iron(II) center [94] very similar to the iron-
nitrosyl adduct of CDO; however, the higher electronegativity of O2 relative to NO initiates an additional
electron transfer event from the cysteine sulfur to the dioxygen unit thereby resulting in a different spin
coupling situation. Based on theoretical calculations, the electronic structure of the iron dioxygen adduct
can be represented in terms of an iron(II)-superoxo species with radical character at the cysteine sulfur. A
qualitative bonding scheme of the three low lying spin states of the iron-dioxygen adduct of CDO is shown
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Figure 11.19 EPR spectra of the nitrosyl adduct of CDO (Left) and a model FeII-NO⋅ complex with both amine
and thiolate coordination. Adapted from [93] and [95f] with permission from American Chemical Society.

in Figure 11.20. The lowest energy state corresponds to a low-spin iron(II) (d6) center with antiferromagnetic
coupling between the sulfur and superoxide radicals. In the triplet state the coupling between the radicals is
ferromagnetic and it is only slightly destabilized (ΔEST = ∼2 kcal/mol) relative to the ground singlet state.
The quintet state results from the excitation of a dxz/yz electron to a dz2 level.

A comparison of the calculated PES for the reactivity of the iron(II)-superoxo species reveals that the
reaction takes place on several low-lying spin-state surfaces via multistate reactivity patterns (Figure 11.21)
[94].

Calculations on the lowest lying singlet, triplet, and quintet spin states show that although the singlet state is
lowest in energy, its barrier leading to the ring structure is significant and much higher than the barrier on the
quintet or triplet states. In fact, the quintet spin state barriers were the lowest calculated barriers in most cases,
which follow the general trend of higher reactivity with higher spin states. Therefore, it can be anticipated that
starting from a singlet spin dioxygen-bound complex a fast spin state crossing to the quintet spin state will
occur, which stays the dominant state for the rest of the reaction mechanism. The rate determining step in the

Scheme 11.5 Proposed mechanism for the CDO oxidation reaction.
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Figure 11.20 Schematic molecular orbital diagram for the iron(II)-superoxo intermediate of CDO in ground
singlet and excited triplet and quintet states.
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reaction mechanism, therefore, has been predicted to be the initial S–O bond activation barrier on the quintet
state. As a result of that, the authors predicted that products will be formed rapidly soon after this barrier has
been crossed, which will make it difficult to experimentally trap and characterize complexes beyond the first
transition state, due to the large exothermicity of the reaction. This explains the lack of any experimentally
determined intermediate in the catalytic cycle of CDO.

B. Taurine Dioxygenase: Taurine dioxygenase (TauD) is a prominent representative of the large fam-
ily of Fe(II)/𝛼-ketoglutarate-dependent dioxygenases, that catalyze a variety of reactions. In most cases, an
unactivated carbon atom in the substrate is hydroxylated, but other two-electron oxidations like desaturation,
cyclization and halogenation reactions are also known [15a, 21, 37b, 87b, 87c, 88c, 96]. TauD catalyzes the
conversion of the amino acid taurine (2-aminoethane-1-sulfonic acid) to sulfite and aminoacetaldehyde. This
transformation is required for the utilization of taurine as an alternative sulfur source. The hydroxylation of
the unactivated C1 carbon atom in taurine yields an unstable intermediate that decomposes to the final prod-
ucts. The reactive oxoferryl species was trapped by Bollinger, Krebs and co-workers [97], and shown to have
a S=2 iron(IV) oxo configuration on the basis of Mössbauer, resonance Raman, and EXAFS spectroscopic
methods. While the Mössbauer spectrum with 𝛿=0.30 mm/s, ΔEq = −0.9 mm/s and characteristic three large
negative A-tensors (−18.4, −17.6, −31 T) demonstrated an S=2 iron(IV) center, the iron-oxo assignment was
based on the determined short Fe=O bond distance of 1.62 Å in EXAFS and the observed Fe–O stretch at
821 cm−1 that underwent a shift of ∼30 cm−1 upon 18O labeling. Furthermore, a large primary deuterium
isotope effect for the decay of the iron oxo intermediate was observed during hydrogen atom abstraction
from the substrate taurine, demonstrating its involvement in hydrogen atom abstraction from the substrate.
This intermediate was the first Fe(IV) species to be conclusively identified experimentally in non-heme iron
chemistry and has ever since served as a ‘benchmark’ in this branch of chemistry.

Once the quintet oxo-species has been formed, the question is which potential energy surfaces might be
available for its reaction with the substrate C–H bond. This is the intriguing question of multistate reactivity
that was first worked out for example of the gas phase reaction FeO+ + H2 → Fe+ + H2O by Schwarz
and coworkers [98] and was studied in depth for cytochrome P450 by Shaik and coworkers [99]. Shaik and
coworkers have also studied a closely related problem in non-heme iron model chemistry where they have
discussed the possibility of quintet/triplet two-state reactivity in model complexes featuring the (FeO)2+ motif
and a spin-triplet (S=1) ground state [100]. However, based on the theoretical investigations of the C–H
activation process for different spin states by the high valent iron(IV) oxo complex in the TauD system, Ye
and Neese [11, 101], Siegbahn and Borowski [102], de Visser [103] as well as Baerends and coworkers [104]
have independently predicted the reaction to be feasible on the quintet surface only. Additionally, the careful
analysis of the electronic structure of the S=2 iron(IV) oxo reactant, transition state, and product indicates that
the reaction involves a preparatory step in which an iron(III)-oxyl species is produced that is the active species
in the actual C–H bond activation process [11, 101]. For example, the effect of lengthening of the Fe–oxo
bond in ferryl reactants (which is the part of the reaction coordinate for HAA), when studied by a constrained
geometry optimization (with Fe–O distance fixed at 1.80 Å), resulted in an oxo-to-iron O(pz)→Fe(dz2) charge
transfer excited state; the electronic structure is best represented as antiferromagnetic coupling between a
high-spin Fe(III) center and an oxyl-radical (Figure 11.2).

This preparatory step greatly enhances the ability of the (FeO)2+ core to interact with the bonding
C–H 𝜎-orbital of the substrate since the O(pz) orbital more efficiently overlaps with the C–H 𝜎-bond than
the Fe(dz2) antibonding orbital that only involves limited O(pz) character. The enhanced overlap greatly facil-
itates electron transfer and formation of the three-center C–H–O molecular orbital in the transition state for
HAA. The higher HAA ability of the iron(III)-oxyl state is also represented in Figure 11.22, where a hypo-
thetical septet reaction pathway is calculated to show the lowest barrier; note that septet and quintet iron(III)-
oxyl species are essentially energetically degenerate, because they have the same orbital occupation pattern
except for the different spin coupling between the oxyl radical and the high-spin Fe(III) center. Moreover,
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Figure 11.22 TauD oxoiron(IV) mediated oxidation of ethane on the septet, quintet, and triplet surfaces.

the O(pz) based electron acceptor orbital on the quintet surface ensures a vertical attack of the cleaving C–H
bond toward (FeO)2+ core such that the overlap between the O(pz) and the 𝜎 C–H orbital is maximized. This
requires the Fe–O–H arrangement to be approximately colinear. More importantly, the linear geometry sig-
nificantly reduces the Pauli repulsion between the substrate and the oxo-iron(IV) reactant in comparison with
the 𝜋-pathway on the triplet surface that involves O(px) as the acceptor orbital.

11.5 Concluding Remarks

The industrial preparation of many chemicals relies on the unparalleled rate and selectivity enhancements
offered by metal compounds in solution. In many cases, the best catalysts rely on the scarcest elements, such
as rhodium, iridium, and platinum [105].

However, the high price of these metals remains an unavoidable weakness and therefore, the development
of efficient, durable, and inexpensive alternative catalysts is desirable. One major obstacle in replacing noble
metals with more common ones stems from the differences in electronic structure. A noble metal like platinum
often favors two electron redox changes to promote bond making and breaking events. For the base metals,
one-electron redox changes occur more frequently and present challenges for controlling reactivity and sta-
bilizing or maintaining the function of the catalyst. Nature, on the other hand, makes soluble catalysts out
of cheaper, more earth-abundant metals often by modifying their reactivity with redox non-innocent ligands;
such non-innocent ligands act as electron reservoirs during biological catalysis thereby allowing reactions in
which the metal can maintain its most favored oxidation states throughout the entire catalytic cycle. In some
cases the substrate itself (e.g., the cysteine ligand in CDO) acts as a redox non-innocent ligand; this dramat-
ically changes its reactivity, and has a remarkable influence on the activity and selectivity of the catalytic
process. Thus coordination complexes involving non-innocent ligands play a vital role in biological catalysis,
and understanding the structures, properties, and reactivities of such species is critical for obtaining mech-
anistic insights into oxidation catalysis and for developing new, selective catalytic reagents and processes.
Different spin situations prevail for such cores involving non-innocent ligands and a “Multistate Reactiv-
ity” model has often been suggested to explain their reactivity patterns, where the ground spin states as well
as the low-lying excited states are all proposed to contribute to reactivity. However, such suggestions are
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predominantly based on theoretical studies, and direct experimental evidences for “Multistate Reactivity” are
presently very limited. Thus future efforts should be directed towards the synthesis of biomimetic model com-
plexes with predetermined spin states and a comparative reactivity study for complexes with different spin
states. A correlation between spin-state and reactivity can then be established, which may provide detailed
insights into Nature’s strategy of performing multiple-electron transformations (normally restricted to noble,
late second- and third-row transition metals) with cheaper first-row transition metals (which commonly prefer
one-electron redox steps).
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Ir-, Pd-, and Pt-based radicals: higher valent species, in Progress in Inorganic Chemistry (55th ed.), John Wiley &
Sons, New York, pp. 247–354 (2007).

[35] W. Kaim and M. Moscherosch, The coordination chemistry of TCNE, TCNQ and related polynitrile 𝜋 acceptors,
Coord. Chem. Rev. 129, 157–193 (1994).

[36] W. Kaim, B. Schwederski, O. Heilmann and F. M. Hornung, Coordination compounds of pteridine, alloxazine and
flavin ligands: structures and properties, Coord. Chem. Rev. 182, 323–342 (1999).

[37] (a) K. Pierloot, H. Zhao and S. Vancoillie, Copper corroles: the question of noninnocence, Inorg. Chem. 49, 10316–
10329 (2010); (b) J. Hohenberger, K. Ray and K. Meyer, The biology and chemistry of high-valent iron-oxo and
iron-nitrido complexes, Nat. Commun. 3, 720 (2012).

[38] (a) P. Chaudhuri and K. Wieghardt, Phenoxyl radical complexes, in Progress in Inorganic Chemistry (50th ed.),
John Wiley & Sons, New York, 151–216 (2001); (b) T. Storr, P. Verma, Y. Shimazaki, E. C. Wasinger and T. D.
P. Stack, Ligand radical localization in a nonsymmetric one-electron oxidized NiII bis-phenoxide complex, Chem.
Eur. J. 16, 8980–8983 (2010).

[39] (a) J. Maurer, M. Linseis, B. Sarkar, B. Schwederski, M. Niemeyer, W. Kaim, S. Záliš, C. Anson, M. Zabel
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Cohen, H. Lin, S. Shaik and W. Thiel, Quantum mechanical/molecular mechanical investigation of the mechanism
of C−H hydroxylation of camphor by cytochrome P450cam: theory supports a two-state rebound mechanism, J.
Am. Chem. Soc. 126, 4017–4034 (2004).

[100] S. Shaik, H. Hirao and D. Kumar, Reactivity of high-valent iron–oxo species in enzymes and synthetic reagents: a
tale of many states, Acc. Chem. Res. 40, 532–542 (2007).

[101] S. Ye and F. Neese, Quantum chemical studies of C–H activation reactions by high-valent nonheme iron centers,
Curr. Opin. Chem. Biol. 13, 89–98 (2009).

[102] P. E. M. Siegbahn and T. Borowski, Modeling enzymatic reactions involving transition metals, Acc. Chem. Res.
39, 729–738 (2006).

[103] (a) S. P. de Visser, Propene activation by the oxo-iron active species of taurine/𝛼-ketoglutarate dioxygenase (TauD)
enzyme. How does the catalysis compare to heme-enzymes? J. Am. Chem. Soc. 128, 9813–9824 (2006); (b) S. P.



262 Spin States in Biochemistry and Inorganic Chemistry

de Visser, What factors influence the ratio of CH hydroxylation versus CC epoxidation by a nonheme cytochrome
P450 biomimetic? J. Am. Chem. Soc. 128, 15809–15818 (2006).

[104] (a) B. Ensing, F. Buda, M. C. M. Gribnau and E. J. Baerends, Methane-to-methanol oxidation by the hydrated
iron(IV) oxo species in aqueous solution: a combined DFT and Car−Parrinello molecular dynamics study, J. Am.
Chem. Soc. 126, 4355–4365 (2004); (b) L. Bernasconi, M. J. Louwerse and E. J. Baerends, The role of equatorial
and axial ligands in promoting the activity of non-heme oxidoiron(IV) catalysts in alkane hydroxylation, Eur. J.
Inorg. Chem. 2007, 3023–3033 (2007); (c) L. Bernasconi and E. J. Baerends, The EDTA complex of oxidoiron(IV)
as realisation of an optimal ligand environment for high activity of FeO2+, Eur. J. Inorg. Chem. 2008, 1672–1681
(2008).

[105] B. L. Conley, W. J. Tenn, K. J. H. Young, S. Ganesh, S. Meier, V. Ziatdinov, O. Mironov, J. Oxgaard, J. Gonzales,
W. A. Goddard and R. A. Periana, Methane functionalization, in Activation of Small Molecules: Organometallic
and Bioinorganic Perspectives, W. B. Tolman (ed.), Wiley-VCH, pp. 235–285 (2006).



12
Molecular Magnetism

Guillem Aromı́1, Patrick Gamez2,3 and Olivier Roubeau4
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Barcelona, Barcelona, Spain

2Bio-Inorganic Chemistry Group (QBI), Departament de Quı́mica Inorgànica, Universitat de Barcelona,
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4Instituto de Ciencia de Materiales de Aragón, CSIC and Universidad de Zaragoza, Zaragoza, Spain

12.1 Introduction

The field of molecular magnetism deals with magnetic properties of isolated neutral or charged molecules,
and assemblies of such molecules, that may contain one or several (electronic) spin carriers as either param-
agnetic transition metal ions, organic and inorganic radicals. Typical relevant examples here are biologically
active sites containing metal ions and their synthetic mimics and mono and polymetallic coordination com-
plexes behaving as magnets at the molecular scale. Assemblies may range from the weak interactions among
molecules within a crystal lattice to networks of varying dimensionalities of strong interactions through, for
example, covalent linkers, resulting in different kinds of molecular-based low-dimensional magnetic lattices
and bulk magnets. Molecular magnetism is thus highly multidisciplinary and lies at crossing points of the
areas of solid-state physics, physics of low-dimensional materials, inorganic and bio-inorganic chemistry and
materials science. The purpose of this chapter is to provide the reader with an overall view of the current
main areas of research in molecular magnetism, through short fundamental descriptions, reference to more
comprehensive reviews of subfields when available, and selected relevant examples, the choice of these latter
obviously being a reflection of the authors’ subjectivity.
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12.2 Molecular Magnetism: Motivations, Early Achievements and Foundations

Although the term molecular magnetism progressively took its acceptation in the 1980s until the publica-
tion of the eponym book in 1991 [1], the research field had nurtured in the 1960s and 1970s from efforts
by some inorganic chemists and solid-state physicists from an area then considered as a branch of magne-
tochemistry [2]. The former were interested in determining and understanding the magnetic interactions at
the molecular level, through the building of magneto-structural correlations for a number of simple systems.
These represented the basis for developing models of the magnetic exchange coupling based on molecular
orbital theory, and particularly on the definition of magnetic orbitals, which then found their demonstration
in the rational design of specific systems. Physicists sensed magneto-structural correlations as a valuable tool
to design specific systems of relevance for the physics of low-dimensional materials [3], through magnetic
lattice engineering. In 1983, a NATO ASI meeting on magneto-structural correlations in exchange coupled
systems gathered most of the community [4], launching the International Conference on Molecular Magnets
(originally on molecular magnetic materials) that has been held every 2 years since then. This meeting may
be considered a landmark for the development of the research field in its early times. Spin crossover (SCO) is
another of its core sub-areas, although with only little relation to others. This truly molecular phenomenon (see
section 4), originally observed in Fe(III) complexes in the 1930s [5], was really deeply studied and understood
in the 1970s and 1980s [6–8], thus contributing to the development of the field of molecular magnetism.

The starting point of the interest of inorganic chemists for magnetochemistry is arguably the understand-
ing that the “anomalous” magnetic behavior of copper acetate (Figure 12.1a) was due to a strong antiferro-
magnetic exchange coupling among pairs of Cu(II) ions, arising from an overlap of atomic orbitals [9, 10].
As for this seminal study, it is the combination of variable-temperature magnetic susceptibility and single-
crystal structure analysis of a series of dinuclear and polynuclear complexes of transition metal ions with the
same bridging moieties that allowed establishing definitive correlations between simple structural parame-
ters and the value of exchange coupling. The correlation found by Hatfield and Hodgson in di-𝜇-hydroxo
copper(II) complexes [11] (Figure 12.1b) is in this respect prototypical and has inspired many researchers
to seek similar correlations in other, more complex systems. Besides their direct application to the design of
molecules with magnetic properties a la carte, a practical interest of such correlations arises from studies
on natural enzymes and metalloproteins with multiple paramagnetic centers at their active site, such as the

Figure 12.1 (a) Structure of copper(II) acetate dihydrate with paddle-wheel tetra-acetate bridge and Cu⋅⋅⋅Cu
separation of 2.64 Å. (b) Linear correlation of the exchange coupling constant 2J with the Cu–O–Cu angle Φ for
a series of [Cu(L)2(𝜇-OH)2]A2 complexes (adapted from [11]). (c) Temperature dependence of the experimental
and simulated 𝜒T product of the [CuL(VO)(MeOH)(H2O)] complex (adapted from [14]) whose structure is shown
in (d). The ferromagnetic interaction is the result of magnetic orbitals designed to be orthogonal. In (a) and (d),
H-atoms are omitted.
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oxygen-evolving [MnII
2MnIII

2-Ca] cluster of Photosystem II or the [FeIIICuII] core of cytochrome c oxidase,
for which, structural information was not available or not to a sufficient resolution, making exchange coupling
a parameter in the design of synthetic models [12, 13].

Such empirical knowledge of the magnetic coupling in dinuclear systems stimulated its theoretical descrip-
tion based on quantum mechanical methods using molecular orbitals [15]. The proper definition of magnetic
orbitals and the energies of their bonding and antibonding combinations allowed to clearly delineate the role
of overlap in determining the sign and strength of exchange coupling [1, 16, 17]. The validity of these princi-
ples was elegantly demonstrated by rational design of specific homo and heterometallic systems [1, 18], such
as a [CuII(VO)II] complex in which orthogonality of the magnetic orbitals was forced by the ligand–metal
combination, resulting in the minimization of overlap and thus a dominant ferromagnetic coupling (Figures
12.1c and 12.1d) [14]. Using these principles and with improved computational capacities, calculations based
on wave function or density functional theory are nowadays used to evaluate exchange interactions in systems
of increasing complexity (and nuclearity), in some cases much beyond the dinuclear species initially studied
[19–21].

The primary method used to determine exchange coupling constants has and continues to be magnetic
susceptibility and its simulation. For this and more generally, a fundamental task in molecular magnetism
is to find the energies and eigenfunctions of the adequate spin Hamiltonian. For simple systems, analytical
expressions of the susceptibility can be derived, using the spin coupling or Kambe vector coupling methods
[1, 22, 23], but for more complex materials, either due to the inadequate symmetry of the exchange-coupling
scheme, the necessity to implement magnetic anisotropy and anisotropic exchange, or to an increased number
of spins, numerical methods were developed and implemented in a variety of software packages [24–26]. This
relates to an increasing interest in high-spin anisotropic molecules and their design, since the early 1990s and
in the slow relaxation and quantum tunneling exhibited by so-called Single-molecule magnets (SMMs, see
Section 3). The ability to use numerical packages and bulk magnetic susceptibility to evaluate ground state
and exchange couplings in complex systems is fundamental in the field of molecular magnetism, but this
thermodynamic technique has serious drawbacks, and should be complemented by other techniques such as
heat capacity [27], electron paramagnetic resonance (EPR) [28] or inelastic neutron scattering [29]. The ability
of the latter two methods to probe directly the spin levels can be very powerful, for example, in the assessment
of exchange constants and magnetic anisotropy parameters or for the detection of quantum tunneling between
mS states (Figures 12.2a and 12.2b) [29].

As originally anticipated, the rationalization of the exchange coupling at the level of molecular pairs was
used to design classical magnets using a molecular approach. Perhaps the most significant achievement in this
area is how the adequate combination of electronic configurations and symmetry was used to maximize the
antiferromagnetic coupling through cyanide bridges in analogues of the traditional Prussian Blue, bringing the
ferrimagnetic ordering temperature from 6 K up to above room temperature (Figures 12.2c and 12.2d) [30, 31].
Similar materials are currently still designed to implement other functions than just magnetic properties.

12.3 Molecular Nanomagnets (MNM)

In a rapidly developing research area the terminology also evolves very fast and sometimes in the absence of
a complete consensus by all the communities involved. The term molecular nanomagnet (MNM) has been
used to denote a large paramagnetic molecule, whether its magnetization relaxes slowly or not [33]. However,
it is also often used to group both, discrete and 1D molecular materials that exhibit such slow relaxation of the
magnetization, and we employ this definition here [34]. There are three groups of species that have typically
fallen into this category; SMMs, single-chain magnets (SCMs) and single-ion magnets (SIMs). SMMs con-
sist of coordination clusters of transition metals and/or lanthanides with a large spin ground state and strong
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Figure 12.2 (a) View of the complex cation of SMM [Fe8(tacn)6(𝜇-OH)2(𝜇-O)2]Br8 and (b) single-crystal EPR
showing several resonances corresponding to the indicated transitions between mS states (adapted from [32]).
(c) Idealized structure of the V[Cr(CN)6]0.86⋅2.8 H2O analogue with a central [Cr(CN)6]3− vacancy compensated
by coordinated water molecules. (d) The thermal dependence of its magnetization evidencing magnetic order
around 315 K (adapted from [30]). In (a) and (c), H-atoms are omitted.

magnetoanisotropy; SCMs are 1D coordination polymers containing highly anisotropic paramagnetic metals,
showing strong ferro or ferrimagnetic interactions within the chain; SIMs are coordination complexes featur-
ing one sole paramagnetic metal, exhibiting slow magnetic relaxation of molecular origin caused by the large
spin state and high anisotropy of this metal ion, the latter related to the unquenched orbital angular momen-
tum. This last group of compounds is the most recently described and many authors disagree with considering
those separately and different from SMMs, since in the end, SIMs are also slowly relaxing molecules.

12.3.1 Single-Molecule Magnets

12.3.1.1 The Discovery of a New Phenomenon

The name SMM is given to paramagnetic molecules that can retain the orientation of their magnetic moment,
and can thus be magnetized below a certain blocking temperature (TB), without the need of any interactions
with their neighbors. The discovery of this phenomenon occurred in a context where synthetic chemists were
active in the search of high-spin molecules as building blocks of molecule-based magnetically ordered mate-
rials; a possible alternative to traditional solid-state magnets or as models of the paramagnetic active site
of many metalloenzymes. Molecular slow magnetic relaxation was first noticed on a mixed-valence man-
ganese/oxo/carboxylate cluster with formula [Mn12O12(AcO)16(H2O)4]; [Mn12] (Figure 12.3a) [35]. The
observation that the magnetic susceptibility of this compound displays an out-of-phase component under
an alternating (ac) magnetic field was tentatively interpreted as a sign of superparamagnetic-like behavior.
This was subsequently confirmed on this complex and its benzoate analogue, as published on two consec-
utive papers that may be considered the birth certificates of SMMs [36, 37], although this generic name
appeared only some years later in the literature [38]. The importance of cluster [Mn12] and its analogues for
the development of the field has been reviewed [39].

12.3.1.2 Requirements of SMMs

In order for a molecule to behave as an SMM, it needs to exhibit two opposite orientations of a molecular
magnetic moment, that are “separated” by an energy barrier, so that once reached, either one or the other
direction may be retained below a certain blocking temperature, TB. This can be achieved if the molecule
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Figure 12.3 (a) View of the SMM [Mn12O12(AcO)16(H2O)4] ([Mn12]), with H-atoms omitted, showing the spin
coupling scheme that leads to an ST = 10. (b) Double-well potential used to represent the magnetic anisotropy
of an SMM (here for an ST = 10) and the energy barrier to reversal of the magnetization. (c) Hysteresis loops of
the magnetization of [Mn12] at three different temperatures, showing the steps caused by quantum tunneling of
the magnetization (QTM) (adapted from [40]).

possesses a large total (or collective) spin ground state, ST and Ising type magnetoanisotropy, thus a nega-
tive zero-field splitting (ZFS) parameter D, with large absolute value [41]. It is important that the molecules
are sufficiently isolated magnetically from one another. For [Mn12], the coupling of the ionic spin moments
within the molecule (Figure 12.3a) yields ST =10, while D = –0.46 cm−1 [29]. The energy barrier that needs
to be overcome to reverse the magnetization is |D|ST

2 (if ST is integer) or |D|(ST – 1/4)2 (for ST half-integer).
This is often represented as a double-well potential, showing the energy necessary to gradually changing the
orientation of the magnetization away the direction of the easy axis through the various ±MS states (Fig-
ure 12.3b). A powerful illustration of the molecular bistability of SMMs is the opening of hysteresis loops
during magnetization measurements. It was soon realized for the first SMMs that the hysteresis cycles very
often exhibit steps, corresponding to magnetic fields where the variation of the magnetization occurs much
faster (Figure 12.3c). This could be unambiguously attributed to the Quantum Tunneling of the Magnetiza-
tion (QTM), and represents a long-sought manifestation of quantum mechanical behavior at the macroscopic
level [40]. QTM represents an additional mechanism of relaxation and is the main reason why the measured
anisotropy energy barrier (Ueff) is smaller than the calculated one.

12.3.1.3 Evolution of the SMM Performance

The discovery of SMMs immediately raised huge expectations that it could be exploited to store magnetic
information within single molecules, thus dramatically increasing the potential density of storage capacity.
However, as can be seen in Figure 12.3, the property of bistability was only observed at very low tem-
peratures. The main mechanism of relaxation of the magnetization near TB is thermal activation over the
energy barrier, therefore, the height of the latter is the limiting factor in terms of raising this temperature.
Thus, researchers became quickly interested in making molecules with larger spin ground states and higher
magnetoanisotropy in order to increase the size of this barrier. An appropriate strategy seemed to be mak-
ing clusters of magnetically coupled paramagnetic ions with many unpaired electrons (to favour large ST
values) and large single-ion anisotropy (to generate important total D values), such as Mn(III) (S = 2).
Despite the production of many new SMMs composed of clusters of 3d metals [42], the activation energy
for the relaxation of the magnetization found for the original SMM ([Mn12], Ueff ∼ 60 K) [39] could only
be overcome by 14 years of intense research later, with cluster [Mn6O2(Etsao)6(BzO)2(EtOH)6]; [Mn6]
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(EtsaoH2 = 2-hydroxyphenylpropanone oxime) [43]. This cluster exhibits ST = 12 (as a result of the ferro-
magnetic alignment of the spins from its six Mn(III) ions) and D = –0.43 cm−1, which confers it with Ueff =
86.4 K. Short time after, it was proposed from a theoretical study that the fundamental relationship between D
and ST [44] leads to conclude that the increase of one parameter goes in detriment of the other, thus, it would
not be possible to increase significantly both of them [45]. This would explain the difficulties in reaching
higher TB values. A natural evolution in SMM research was to incorporate lanthanides as partaking of syn-
thetic strategies. Thus, many coordination Ln clusters have been reported, several of which exhibiting slow
relaxation of the magnetization [46, 47]. The magnetic relaxation properties of these species are most likely
dominated by the behavior of the individual metal components (see Section 12.3.3), especially given the fact
that the magnetic coupling between lanthanides is typically very weak. Nevertheless, the collective magnetic
properties of lanthanides within clusters have given rise to new interesting phenomena such as single-molecule
toroics [48]. Another class of potential SMMs are mixed metal 3d-4f clusters. In this case, the combined prop-
erties of both types of metals originate the collective properties of the magnetic relaxation. However, given
the radically different models necessary to describe the contribution from each type of metals, the magnetic
properties of 3d-4f clusters are very difficult to interpret. One of the most interesting examples of this type
of compounds is [Mn5Ln4O6(mdea)2(mdeaH)2(Piv)6(NO3)4(H2O)2]⋅(mdeaH2 = N–methyldiethanolamine),
which exhibits Ueff = 38.6 K [49]. Finally, a more sophisticated category of spin clusters features 4f metals
combined with p-unpaired electrons confined within organic radicals. Since the radicals act also as ligands
within the coordination aggregate, the direct overlap between magnetic orbitals very often ensures strong
couplings. In the case of the SMMs [(Cp∗2Ln)2(𝜇-bpym∙)] (Ln=Tb, Dy; Cp∗=pentamethylcyclopentadienyl,
𝜇-bpym∙−=radical anion of 2,2′-bipyrimidine) [50], such coupling ensures a large collective spin resulting
from the contribution of more than one Ln ion, leading to remarkable relaxation properties (with Ueff = 67.7 K
and Ueff = 135.1 K, for Tb and Dy, respectively). In addition to very interesting chemistry, the attraction gen-
erated by SMMs has stimulated a huge volume of interdisciplinary research resulting in the advancement of
many fundamental areas of physics or materials sciences. Some examples are the manifestation of quantum
interference phenomena in molecules containing two weakly coupled SMMs [51], the proposition of SMMs
as the hardware for the realization of quantum computing (QC) [52, 53], or the measurement of molecular
magnetoanisotropy through single-electron transport [54]. Meanwhile, in the chemistry arena, other devel-
opments opened new hopes of accessing increased blocking temperatures and therefore, better performing
MNMs. These are SCMs and lanthanide-based SIMs, as shall be seen below.

12.3.2 Single-Chain Magnets (SCM)

12.3.2.1 Discovery and Theoretical Basis

Although no spontaneous magnetic order can occur in 1D paramagnetic systems, the reversal of their mag-
netization can be significantly slowed down at low temperatures due to correlations along the chains, aris-
ing from a combination of significant intrachain interaction and axial anisotropy of the single-spin carriers.
This was originally predicted for chains of ferromagnetically coupled Ising spins [55], and the correspond-
ing Glauber dynamics were long-discussed by physicists until the experimental realization was published by
two groups at the beginning of the last decade, in [MnIII

2(saltmen)2NiII(pao)2py2](ClO4)2 (Figure 12.4a)
and [CoII(hfac)2(NITPhOMe)] (saltmen = N,N’-(1,1,2,2-tetramethylethylene) bis(salicylideneniminate);
pao = pyridine-2-aldoximate; hfac = hexafluoroacetylacetonate; NITPhOMe = 4’-methoxyphenyl-4,4,5,5-
tetramethylimidazolin-1-oxyl-3-oxide) [56, 57]. The term SCM was coined for these materials in analogy
with SMMs, even though the origin of the slow relaxation of the magnetization and the opening of hysteresis
loop at low temperatures are different and no quantum tunneling effects are observed. The field has been
reviewed from the synthetic, theoretical and experimental physics viewpoints [58–60].
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Figure 12.4 (a) View of two successive [MnNiMn] S = 3 units forming the chains in
[MnIII

2(saltmen)2NiII(pao)2py2](ClO4)2 and (b) typical Cole-Cole plot (at 4 K) showing its SCM slow relaxation,
following a Debye model (top) and Arrhenius plot (bottom) showing the crossover between infinite-chain to
finite-size regimes at T∗ (adapted from [56, 61]). (c) Typical ln(𝜒T) versus 1/T plot showing the linear regime
expected for a chain behavior (top) and large hysteresis observed at 1.8 K (adapted from [62, 63]) for an Fe
analogue of the [ReIVCl4(CN)2MnII(DMF)4] whose structure is shown in (d).

The adequate frame to describe real SCMs is the anisotropic Heisenberg chain model [58, 59], more com-
plicated than the theoretically widely studied Ising or Heisenberg ones due to the necessity to include the
finite anisotropy D of spin units S in the chain, in addition to the exchange coupling J. In this frame and
with uniaxial anisotropy, spin-like domains of twice the correlation length 𝜉 are separated by narrow domain
walls, 𝜉 increasing exponentially at low temperatures. It is then the energy to create a domain wall, Δ

𝜉
, that

defines the static susceptibility of the chain 𝜒T/C ≈ exp(Δ
𝜉
/kBT). Experimentally, a linear regime observed in

a ln(𝜒T) versus 1/T plot (Figure 12.2c) provides both an indication of chain behavior as well as a measure of
Δ
𝜉
. Δ

𝜉
is a complex function of S, D and J, only defined so far in the Ising (i.e., for |D|/|J|>4/3) and Heisenberg

(|D|≪|J|) limits as respectively Δ
𝜉
= 4JS2 and Δ

𝜉
≈ 4S2

√
|JD|. The slow dynamics of SCMs arises from the

combination of a significant Δ
𝜉

and the energy to reverse a single spin within the chain, ΔA = |D|S2. At low
temperatures and in the Ising limit, the exponential decay of magnetization of an infinite ferromagnetic chain
is then described by a temperature-dependent relaxation time 𝜏(T) ≈ exp[(2Δ

𝜉
+ ΔA)kBT] [58, 59]. Even a

minute number of defects within the chains result in finite-size segments, which have a significant effect on
both static and dynamic magnetic properties. Indeed, when the length L of the segments is smaller than 𝜉, all
spins within the segment are parallel and the segment behaves as an effective spin nS, with 𝜒T/C ≈ n. Also
the probability of flipping the spins at the end of the segments is much higher as they only have to overcome
one interaction. The activated energy gap of the Arrhenius law above then becomes equal to Δ

𝜉
+ΔA, and a

crossover between this finite-size regime and that of infinite chains is typically observed at a temperature T∗,
when L ≈ 𝜉 (Figure 12.4b) [58, 59]. Here it should be highlighted that both, static and dynamic properties have
to be properly studied to unambiguously demonstrate SCM behavior. Any other situation than Ising-like limit
with single-ion anisotropy is however more complicated to analyze, as no analytical model is available so far.
Strong interactions (|J|>|D|) are however particularly appealing as this is where SCMs are seen as superior to
SMMs with respect to reaching higher blocking temperatures.
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12.3.2.2 Synthetic Strategies

Several parameters need to be controlled for the successful preparation of SCMs [59]: (i) the spins along
the chains need not be cancelled, so that ferromagnetic or ferrimagnetic situations are required (canted anti-
ferromagnetic systems may be interesting but are difficult to design), (ii) at least one of the spin carriers
in the chains has to present a significant axial anisotropy and (iii) the interaction among chains has to be
minimized to avoid the building of 3D magnetic order. This makes a clear case in favor of rational design
versus serendipity, as indeed shown by the various synthetic strategies aimed at SCMs that have been suc-
cessful so far [58–60]. Perhaps the most elegant is that of using SMMs as building blocks, that is, uniaxial
anisotropic units with a known energy barrier ΔA, and bridges for which magneto-structural correlations are
available and allow the induction of ferromagnetic interactions. Thus a family of chain compounds with for-
mula [MnIII

2(5-R-saltmen)2NiII(oxime)2Lx]A2 was designed using the proper [MnIII(5-R-saltmen)]A and
[NiII(oxime)2] precursors (R = H and Me, oxime = pao, 1-alkylimidazole-2-aldoximate, L = monoden-
tate and bidentate N-ligands such as pyridines, N-methylimidazole, 2,2’-bipyridine and 1,10-phenanthroline,
A−=ClO4

−, BF4
−, PF6

−, ReO4
− and BPh4

−) [56, 61, 64, 65]. They are built on anisotropic [MnII–ON–
NiII–NO–MnIII] units connected through out-of-plane MnIII–O–MnIII bridges (Figure 12.4a), known to favor
ferromagnetic coupling [66]. The isolated [MnNiMn] units are SMMs with an S = 3 ground state resulting
from strong antiferromagnetic coupling through the oxime bridge, and with a D of the order of –2.5 K, and
ΔA ≈ 20K. Thus, with the ferromagnetic interactions among these units typically in the range 0.4–0.9 K, the
chains fall in the Ising-limit of Glauber dynamics, |D|/|J|>4/3. Indeed the whole family exhibits the expected
Glauber dynamics in this limit (Figure 12.4b) with energy gaps in agreement with the characteristic energies
derived from D, S and J values. This family of compounds has allowed the observation of the expected finite-
size regime (Figure 12.4b) as well as the predicted linear correlation of the energy gap with J and D in the
infinite-chain regime [64]. A similar strategy based on other MnIII-salen building blocks and [MIII(CN)6]3−

anions (M = Fe, Mn, Cr) has more recently given access to SCMs with characteristics ranging from the Ising
to the Heisenberg limits, useful to test theoretical models [67, 68]. Successful rational design is difficult, but
failure on some aspect may still result in interesting materials, as in the case of 1D antiferromagnetic assem-
blies of S = 9 [MnII

2MnIII
2] SMMs, that allowed the unique observation of the relaxation of the staggered

magnetization of such systems, thanks to finite-size effects [69, 70].
An alternative rational strategy is to use complexes of metal ions with uniaxial anisotropy and available

coordination sites. A number of heterospin SCMs have thus been designed using paramagnetic bridging lig-
ands (mostly nitronyl organic radicals) and simple precursors of CoII or LnIII (Ln = Tb, Dy, Ho, Er) Ising-like
ions [57, 71, 72], including the first reported SCM [CoII(hfac)2(NITPhOMe)] for which the mononuclear ana-
logue [CoII(hfac)2(NITPhOMe)2] could be isolated and its anisotropic nature characterized [57, 73]. The axial
Jahn–Teller elongation of six-coordinated MnIII complexes with Schiff-base and porphyrin ligands has also
been exploited to form either heterospin antiferromagnetic SCMs when combined with bridging TCNQ or
TCNE radical anions [74, 75] or a canted antiferromagnetic SCM using phosphinate bridges [76]. While the
latter does follow Glauber dynamics, alternating heterospin systems are more difficult to analyze due to the
lack of analytical expressions for the characteristic energies Δ

𝜉
and ΔA as a function of S, D and J in such

cases.
Another elegant strategy focuses on simple paramagnetic complexes used as metalloligands for anisotropic

metal ions. These building blocks are tailored with blocking ligands to favor the formation of various
chain topologies, that is, linear, zig-zag, ladders or ribbon-like. Successful preparation of SCMs with
this strategy have been obtained with cyanometallate [77, 78] and oxamato complexes [79, 80]. A rel-
evant Ising-like system is the neutral ferromagnetic cyanide-bridged 4,2-ribbon-like bimetallic chains in
[FeIII(bpym)(CN)4][CoII(H2O)2] that exhibit typical smooth hysteresis loops that are field-sweep-rate and
temperature dependent, and Glauber-like dynamics with a crossover to finite-size regime below 3 K [81].
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Perhaps the simplest series of SCMs has been obtained more recently with the trans-[ReIVCl4(CN)2]2−

anisotropic S = 3/2 precursor, with a D as high as –10 K, and MII salts (M = Mn, Fe, Co, Ni, Figure 12.4d)
[62, 63]. One of these SCMs with Fe exhibits one of the largest energy gap reported so far, at 65 K, as well
as a large hysteresis of ca. 2.5 T at the relatively high temperature 1.8 K (Figure 12.4c) [63]. The anisotropy
energy in these compounds is however not sufficiently larger than the exchange energy, resulting in broad
domain walls and thus in an intermediate dynamics regime between the Ising and Heisenberg limits.

12.3.2.3 Perspectives

While the physics of SCMs are now well understood and described for the Ising limit, efforts are still aimed
at the proper analysis of systems intermediate between Ising and Heisenberg limits, in particular to those with
strong intrachain interactions, that may exhibit SCM behavior at higher temperatures [82]. SCMs may also
serve as the basis for new materials in which the interchain interactions may trigger magnetically ordered
original phases [83, 84]. Synthetically, the challenge of increasing blocking temperatures remains, but many
paths are still to be explored. Actinide SCMs have only recently been reported [85], while highly anisotropic
building units inspired by SIMs may prove useful. The use of higher dimensionality networks to control the
interchain interactions [86] or multifunctional SCMs such as chiral [87] or photo-induced [88] SCMs are
other avenues for current and future investigations.

12.3.3 Single-Ion Magnets (SIM)

12.3.3.1 [Ln(Pc)2]n Complexes; A Renaissance

After 10 years of intense research aimed at outperforming the relaxation properties of the [Mn12] (unsuccess-
fully) leading to many polynuclear SMMs, an important development took place; a Japanese group reported
that mononuclear complexes of Tb(III) or Dy(III) coordinated to two phthalocyanine (Pc) ligands ([Ln(Pc)2]−;
Figure 12.5a) exhibit slow magnetic relaxation, for the former with the highest barrier to the reversal of the
magnetization ever reported by then (Ueff = 354 K) [89]. It must be mentioned that, although not in this
context, slow relaxation of the complex [Dy(acac)3(H2O)] had been observed as early as 1960 [90, 91]. The
structure of the compound was not available then, and this observation did not receive the attention it would
have attracted after the advent of SMM research. The theory of Orbach for the spin relaxation of such type of
system was put forward at the time [92]. After their re-discovery, this new group of slowly relaxing molecules

Figure 12.5 (a) Molecular structure of the SIM complex anion [Ln(Pc)2]−. (b) Representation of [(𝜂5-
Cp∗)Dy(cot)]. (c) Molecule of anion SIM [(tpa-Mes)Fe]−. (d) Plot of Ln𝜏 (𝜏 is the relaxation time) versus 1/T
for the K[(tpa-Mes)Fe]. The inset shows plots of 𝜒′′ (𝜒′′ is the out-of-phase signal of the molar magnetic suscep-
tibility) versus Frequency (adapted from [103]). In (a), (b) and (c), H-atoms are omitted.
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were named SIMs by many authors although, arguably, there is no consensus on this nomenclature (see Sec-
tion 12.3, introductory paragraph). The mechanism of the reversal of the magnetization differs from that of
3d clusters. Lanthanides possess a magnetic angular momentum, J, which results from the combination of
the spin and the orbital angular momenta, S and L, through the spin orbit coupling (except for these with 1S0
or 8S7/2 term ground states; L = 0). While J in the ground state might be quite large, its various ±MJ levels
are split by the crystal field often by several hundreds of cm−1. The reversal of the orientation of the ground
state magnetic moment through some of the ±MJ excited states may need an important kinetic energy barrier
originating the slow relaxation, and this is directly related to the strong single-ion anisotropy expected for
many of these metals. Several models to describe the anisotropy in relation to the symmetry of the crystal
field as a way to predict the relaxation properties of mononuclear Ln complexes have recently been reported
[93–95]. Variations to the Pc ligands in this type of complexes have influenced the coordination environment
of the metal and hence the magnetic anisotropy, allowing to fine tune the properties of this type of SIMs. Most
notably, these complexes may be oxidized at the macrocyclic ligands, causing an increase of the anisotropy
through a contraction of the coordination sphere. This has led to the observation of the hitherto largest encoun-
tered energy barrier to the magnetic relaxation for a molecule (Ueff= 790 K), featured by [Tb(Pc-(OEt)8)2]−

(Pc-(OEt)8 = dianion of 2,3,9,10,16,17,23,24-octaethoxyphthalocyanine) [96].

12.3.3.2 Other Ln-based SIMs and SMMs

The chemistry and physics of the vast family of “lanthanide-Pc” SIMs are so remarkable that these have
served as benchmark in the study of novel phenomena, especially at the single-molecule level [97, 98]. The
upsurge caused by these developments has prompted the revision of the magnetic properties of mononuclear
Ln complexes with other ligands or the preparation and study of new ones. An interesting example of this
is the re-investigation of the family of complexes [(𝜂5-Cp∗)Ln(cot)] (cot = cyclooctatetraene; Ln = Tb, Dy,
Ho, Er, Tm; Figure 12.5b) [99], unveiling the first organometallic members of this series and the “lightest”
SMM to date [100]. The structure and magnetic properties of other families of Ln-SIMs have been reviewed
[101]. In view of the exceptional behavior of mononuclear Ln complexes, it was clear that the synthesis and
magnetic properties of polynuclear clusters of Ln ions deserved to be explored. Thus, many such species have
been prepared in the last decade, especially of Dy(III) [47]. Indeed, the magnetization reversal barriers for
such species have very often exceeded those observed for 3d clusters. It seems however that with lanthanides
the relaxation properties are marked by the single-ion behavior (the mutual influence of the various ions of the
cluster only having the role of a perturbation). The largest anisotropy barrier ever observed for a Ln-cluster
is Ueff = 530 K, measured for [Dy5O(OiPr)13] [102].

12.3.3.3 SIMs with Other Metals

The same characteristics that confer lanthanide ions the ability to magnetize at the molecular level (see above
in this section (12.3.3 [Ln(Pc)2]n Complexes; A Renaissance)) hold, and could be even enhanced, for the
family of actinides. Their chemistry and properties are indeed harder to investigate due to the instability of
many among them. Nevertheless, SIM properties have already been revealed for [Np(cod)2] [104] and for the
U(III) complexes [U(Ph2BPz2)3] (Ph2BPz2

−=diphenylbis(pyrazolylborate) [105] and [U(TpMe2)2(bipy)]I
(TpMe2 = tris-(3,5-dimethylpyrazolyl)borate; bipy = 2,2’-bipyridine) [106]. Quite recently, it has been dis-
covered that mononuclear complexes of some first row transition metals are also capable of behaving as SIMs.
Specifically, the large magnetic anisotropy of Fe(I), Fe(II), Fe(III), Co(II) or Mn(III) in some coordination
geometries favor the freezing of the orientation of the magnetic moment associated with the projection of their
spins at the ground state [107]. The first iron complex to show this behavior is the previously reported [108]
tetracoordinated species K[(tpa-Mes)Fe] (tpa-Mes = tris(4-mesitylpirrolydin-2-ylmethyl)amine; Figure12.5c



Molecular Magnetism 273

and 12.5d) [103], which features Ueff ∼ 65 K, less than one third of the calculated one, as a result of fast QTM.
The first published Co(II) SIMs are the square pyramidal complexes [Co(bipR)(SCN)2] (bipR= 2,6-(bis-(2,6-
isopropylphenyl)-1-R)-pyridine; R=Me or Ph) [109], which show slow relaxation of the MS =±3/2 magnetic
moment in oscillating magnetic susceptibility measurements under the influence of a constant magnetic field.
Very recently, a Mn(III) mononuclear species, Ph4P[Mn(opbaCl2)(py)2] (H4opbaCl2=N,N’-3,4-dichloro-o-
phenylenebis(oxamic acid), was demonstrated to exhibit field-induced magnetic hysteresis [110].

12.4 Switchable Systems

A number of molecular magnetic materials exhibit a bistable character that can be used to externally switch
some of their physical properties, as for example, SMMs and SIMs whose extraordinary magnetic (quantum)
properties may be addressed and switched through magnetic or electric fields. Perhaps the most extraordinary
molecular source of bistability is provided by the spin-crossover phenomenon, although valence-tautomerism
or electron-transfer systems are also relevant. These are shortly introduced in this section through selected
examples.

12.4.1 Spin Crossover (SCO)

Octahedral coordination compounds from transition metal ions with configurations d4 to d7 may exist in
either the high-spin (HS) or low-spin (LS) state, depending on the nature of the ligand field about the metal
center. For the d6 case for instance, in weak fields, the HS state (eg

2t2g
4, paramagnetic, S = 2) will be favored,

whereas, strong fields will stabilize the LS state (t2g
6, diamagnetic, S = 0). Hence, for intermediate fields,

the transition metal compound may exhibit LS ↔ HS switching properties upon application of an external
stimulus such as temperature, pressure or light [111].

Iron(II) complexes are certainly the most widely studied in the area of SCO materials (see also Chapter 5
of this book). Iron(II) SCO compounds usually possess an [N6] donor atom set, produced by N-coordinated
ligands of variable denticity. For instance, complexes of the type [Fe(diimine)2(NCS)2] are typically found
in the literature, the classical ones being with diimine = 1,10-phenanthroline (phen) or 2,2’-bipyridine (bipy)
[112]. [Fe(phen)2(NCS)2] (Figure 12.6a) was among the first iron(II) SCO compounds reported in the liter-
ature, and its switching properties have been investigated thoroughly [113]. Hence, thermal SCO has been
observed with this compound (Figure 12.6b), as indicated by the temperature-dependent magnetic suscepti-
bility data of a polycrystalline sample of it that show an abrupt drop around T1/2 = 176.5 (Figure 12.6b) [113].
Numerous systems have been reported with various transition metal ions and thermal transitions ranging from
gradual (solution-like) to cooperative with hysteresis, including cases of multiple-step transitions [114].

12.4.2 Valence Tautomerism (VT)

The frontier energy of the 𝜋-orbital of redox-active o-benzoquinones is comparable to the valence d-orbital
energy of first-row transition metal ions. O-benzoquinones may coordinate as semiquinonato radical-anionic
(SQ) or catecholato dianionic (Cat) ligands to metal centers; hence, if the energy difference between the
two electronic tautomers is small then intramolecular electron transfer between localized metal and quinone
electronic levels may occur, giving rise to a valence tautomeric equilibrium which is accompanied by changes
in spectral and magnetic properties [115].

The first example of VT was reported in 1980, with a cobalt(III) system based on SQ/Cat tautomerism [116].
Actually, reaction of the cobalt(II)-semiquinone complex [Co4(3,5-DBSQ)8] (where 3,5-DBSQ stands for the
semiquinonato form of 3,5-di-tert-butyl-o-benzoquinone) with 2,2’-bipyridine (bipy) generates the complex
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Figure 12.6 (a) Representation of the single-crystal X-ray structure of [Fe(phen)2(NCS)2] (with H-atoms omitted
for clarity). (b) Temperature dependence of 𝜒MT for a polycrystalline sample of [Fe(phen)2(NCS)2] (adapted from
[113]).

[Co(bipy)(3,5-DBCat)(3,5-DBSQ)] (where 3,5-DBCat symbolizes the catecholato form of 3,5-di-tert-butyl-
o-benzoquinone), whose solid-state structural (Figure 12.7a) and magnetic properties and EPR spectra are
indicative of a cobalt(III) species with two dioxolene ligands in different oxidation states, namely the tautoi-
someric forms Cat and SQ [116].

In solution (toluene), magnetic (Figure 12.7b) and EPR data reveal the occurrence of a temperature-
dependent phenomenon, which suggests an equilibrium between two species. In fact, an intramolecular elec-
tron transfer occurs between the catecholato ligand and the cobalt(III) ion that results in a change of the
electronic configuration from a S = 1/2 ground state formed by a LS Co(III) ion (t2g

6, diamagnetic, S = 0),

a catecholato ligand (p∗2, S = 0) and a semiquinonato ligand (p∗1, S = 1
2
) to a system including a HS Co(II)

ion (t2g
5eg

2, paramagnetic, S = 3/2) and two semiquinonato radicals (Figure 12.7c). The cobalt(II) species

Figure 12.7 (a) Representation of the single-crystal X-ray structure of [Co(bipy)(3,5-DBCat)(3,5-DBSQ)] (with
H-atoms omitted for clarity). (b) Magnetic susceptibility (black dotted line) and effective magnetic moment (line)
as a function of temperature for [Co(bipy)(3,5-DBCat)(3,5-DBSQ)] in toluene. (c) Intramolecular electron transfer
between an LS cobalt(III) and HS cobalt(II) species (adapted from [116]).
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exhibits a more complicated spin multiplicity, with one doublet, two quartets and one sextet depending on the
exchange coupling [116].

12.4.3 Charge Transfer (CT)

The electron transfer from a donor (D) to an acceptor (A) may generate charge distributions with the creation
of a new set of S = 1

2
spins with exchange interaction. In addition, the CT process D0A0 ↔ D𝛿+A𝛿− may

produce structural modifications. All these changes may be associated with (electron/hole)-transport prop-
erties, magnetic ordering and dielectric responses. Consequently, the design of CT systems may allow the
development of multifunctional magnetic/conductive materials [117].

An illustrative example of this category of switching materials is represented by the molecule
ethylenedioxytetrathiafulvalene (EDO-TTF; Figure 12.8a). The electrocrystallization of EDO-TTF
in the presence of tetrabutylammonium hexafluorophosphate (nBu4PF6) generates the compound
bis(ethylenedioxytetrathiafulvalene) hexafluorophosphate, that is, (EDO-TTF)2PF6 [118]. The study of the
temperature dependence of the electrical resistivity reveals that this compound exhibits a metallic behavior
down to 280 K where a clear jump is observed, which is indicative of the occurrence of a metal–insulator
(MI) transition, providing insulating features to the material (Figure 12.8c) [118]. Temperature-dependent
magnetic susceptibility measurements show a hysteresis near the MI transition temperature (Figure 12.8d),
which suggests that a first-order MI transition is taking place. The magnitude of 𝜒M, namely ca. 2.5 × 10−4

cm3 mol−1 (Figure 12.8d), of the room-temperature phase is consistent with a Pauli paramagnetic behavior
of the material. The annihilation of 𝜒M below the transition temperature most likely arises from the nest-
ing of the Fermi surface and from molecular deformation (Figure 12.8b) upon MI transition [118]. Actually,
the room-temperature metallic phase is composed of flat EDO-TTF molecules (Figure 12.8b left) with +0.5
charge, whereas, the low-temperature insulating phase includes both flat mono-cations and bent neutral EDO-
TTF molecules (Figure 12.8b right) with charge-ordered stripes (+1, +1, 0, 0). In fact, the phase transition
observed occurs via a cooperative mechanism with charge-ordering (CO), anion order–disorder (AO), Peierls-
like lattice distortion [118].

Molecular (soluble) analogues of Prussian blue, such as a cyanide-bridge [Co4Fe4] cube [119], also deserve
a mention here, as both thermally and light-induced CT systems.

Figure 12.8 (a) Schematic representation of the structure of ethylenedioxytetrathiafulvalene (EDO-TTF). (b) Side
views of the columnar packing of (EDO-TTF)2PF6 above (left) and below (right) the MI transition temperature. (c)
Resistivity of (EDO-TTF)2PF6. (d) Temperature dependence of the magnetic susceptibility, 𝜒M, of (EDO-TTF)2PF6,
the arrows indicating the metal-insulator (MI) transition (adapted from [118]).
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12.4.4 Light-Driven Ligand-Induced Spin Change (LD-LISC)

The change of the spin state of a transition metal ion may be realized by using ligands that can isomerize upon
irradiation with concomitant modification of their ligand-field strength. This spin-state photoswitching leads
to a change in the magnetic properties of the coordination compounds [120]. A recent alternative approach has
been reported, which is based on the fact that for particular oxidation states some transition metal ions may
exist in two or three different spin states that will depend on their coordination number. Changes to the latter
can be triggered by light-induced ligand rearrangement in a process defined as light-driven, coordination-
induced spin-state switching (LD-CISSS) [121].

The first LD-LISC compound was obtained by reaction of iron(II) thiocyanate with either trans-4-
styrylpyridine or cis-4-styrylpyridine, which respectively generated [Fe(trans-stpy)4(NCS)2] and [Fe(cis-
stpy)4(NCS)2] (where stpy stands for 4-styrylpyridine) (Figure 12.9a [120]. The study of the temperature
dependence of the magnetic susceptibility shows that the trans iron(II) complex exhibits SCO behavior (with
T1/2 ≈ 108 K), while the cis isomer remains HS down to 4.2 K (Figure 12.9b) [120]. The trans/cis isomers
can be interconverted through the application of light, hence altering their magnetic properties [120].

A drawback of the LD-LISC is that the variation of ligand-field strength provoked by external stimuli is
minor. Moreover, a complete switching between magnetic states over a wide temperature range cannot be
easily realized by applying this concept. Compared to the ligand-field strength, variation of the coordination
number provides a stronger alteration of the physical properties of a metal complex; furthermore, the conse-
quent distinct magnetic states (i.e., resulting from different coordination numbers) are expected to be more
robust to external changes, such as the temperature. In that context, a new system based on “coordination-
number change” has been recently described, which displays remarkable properties [121]. Thus, a nickel(II)
complex was prepared from a porphyrin ligand bearing a functional side arm containing an azo group than
can exhibit trans or cis configuration and a pyridine moiety, which can coordinate a metal ion (Figure 12.10).
For the trans-azo isomer, the pyridine N-donor cannot coordinate the nickel(II) ion bound to the porphyrin
ring. Consequently, the metal center is in a four-coordinate square-planar environment, which confers a S =
0, diamagnetic ground state to the nickel(II) ion. Conversely, the cis-azo isomer allows the binding of the
pyridine ring to the five-coordinate metal ion, which now presents a square-pyramidal geometry. As a result,
the nickel(II) ion exhibits a S = 1, paramagnetic ground state (𝜇eff = 2.989 B.M.) [121]. This light-driven

Figure 12.9 (a) Single-crystal X-ray structures of [Fe(trans-stpy)4(NCS)2] and [Fe(cis-stpy)4(NCS)2], which can
be photo-isomerized (H-atoms omitted). (b) Temperature dependence of 𝜒MT for polycrystalline samples of
[Fe(trans-stpy)4(NCS)2] and [Fe(cis-stpy)4(NCS)2] (adapted from [120]).
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Figure 12.10 Reversible light-driven switching of the magnetic properties of a Ni-porphyrin functionalized with
an azopyridine group, via photo-isomerization of the ligand [121]. (H-atoms omitted)

switching of magnetic properties is fully reversible and the compound is completely stable under ambient
conditions.

12.4.5 Photoswitching (PS) Through Intermetallic CT

The switching of the magnetic properties of a material through light irradiation is known as photomagnetism.
This phenomenon involves a light-induced electron transfer with concomitant swapping of the direction of an
electron-spin. This event gives rise to an increase of spin concentration that produces the magnetic transition.

One of the most promising groups of this category of molecular photomagnetic materials are Prussian blue
analogs [122]. The first cyanide compound of this family with a spin-transition magnetic behavior via pho-
toinduced CT is a Prussian blue analog containing a CoFe core (Figure 12.11a) [122]. This compound, namely
K0.2Co1.4[Fe(CN)6]⋅6.9H2O, undergoes metal-to-metal CT upon red-light irradiation, converting the redox
state of the [CoIII

LS−NC−FeII
LS] pair into [CoII

HS−NC−FeIII
LS]∗ at low temperatures [122]. The contribu-

tion of the state of FeII(t2g
6, S = 0)−CN−CoIII (t2g

6, S = 0) is much reduced by red-light irradiation while
that of FeIII(t2g

5, S = 1/2)−CN−CoII (t2g
5eg

2, S = 3/2) is increased; therefore, the increase of the param-
agnetic components gives rise to an enhancement of the magnetization value (Figure 12.11b) [123]. This

Figure 12.11 (a) Face-centered cubic structure of K0.2Co1.4[Fe(CN)6]⋅6.9H2O (interstitial K+ ions and water
molecules are omitted for clarity). (b) Switching of the magnetization (M) of this compound induced by alternating
blue- and red-light irradiation during 10 minutes at 5 K (adapted from [123]; ⋅: after red-light irradiation; : after
blue=light irradiation).
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enhancement of M can be partly annulled with blue light (Figure 12.11b). Full transformation between dia-
magnetic and para/ferromagnetic phases have been obtained by the adequate tuning of the material stoichiom-
etry [124].

12.5 Molecular-Based Magnetic Refrigerants

The magnetocaloric effect (MCE) intrinsic to magnetic materials [125, 126] can be exploited technologically
for magnetic refrigeration in different ranges of temperatures. It is described either as an isothermal mag-
netic entropy change, ΔSm, or an adiabatic temperature change, ΔTad, resulting from a modification of the
applied magnetic field. In particular, the use of adiabatic demagnetization to attain sub-Kelvin temperatures
was proposed more than a century ago [127, 128] and demonstrated using gadolinium sulfate as the mag-
netic refrigerant [129]. Since then, magnetic refrigeration is a standard technique in cryogenics [130, 131],
used to cool superconducting magnets and medical instrumentation or to liquefy helium, as well as in many
fundamental research activities. Adiabatic demagnetization refrigerators (ADR) are alternatives to 3He-4He
dilution fridges for ultra-low-temperature space applications, and magnetic refrigeration at liquid helium tem-
peratures in fact represents a general alternative to helium itself given the rareness of 3He and the increased
costs of both isotopes.

Since the beginning of last decade, there have been an increased number of investigations focusing on
the use of molecular and molecular-based magnetic coordination compounds for cryogenic cooling through
the MCE. It is believed that optimized molecular-based materials may surpass the currently used materials,
while opening new technological potentials. This section first intends to summarize the basic framework of
the MCE, how it is experimentally determined, and what are the key parameters to design materials with
optimized MCE properties. A chronological description of selected key materials is then provided, ending
with perspectives of the field. Critical reviews are available [132, 133], as well as rather recent reviews of
materials studied so far [133, 134].

12.5.1 The Magneto-Caloric Effect, Its Experimental Determination and Key Parameters

The natural framework to explain the MCE of a paramagnetic material and its origin is given by the ther-
modynamic relations between temperature, the magnetic field H, the material’s magnetization M and spe-
cific heat C, and the magnetic entropy Sm [133]. The latter can be defined generally as Sm = R ln(2s + 1)
for an effective spin s, describing the multiplicity of the relevant material’s magnetic states. The tempera-
ture dependence of Sm is thus strongly affected by an applied field (Figure 12.12a), and magnetization and
demagnetization processes result in variations of the temperature and/or entropy, depending on the thermo-
dynamic conditions. Under adiabatic conditions, that is, when the total entropy of the system S is constant,
the variation in magnetic entropy Sm induced by a magnetic field change ΔH has to be compensated by
an equivalent but opposite variation of the entropy associated with the material’s lattice, which results in
a change in the material’s temperature. On the other hand, if the temperature is maintained constant, then
the total entropy of the system varies by the amount of Sm change induced by ΔH. These two processes
define the MCE and its characteristic parameters ΔSm and ΔTad, respectively (Figures 12.12a and 12.12d).
The relationship of both parameters with H, M and T is given by the Maxwell expression for the mag-
netic entropy (𝜕Sm(T , H)∕𝜕H)T = (𝜕M(T , H)∕𝜕T)H , which allows defining ΔSm and ΔTad as respectively

ΔSm(T ,ΔH) = ∫ Hf

Hi
(𝜕M(T , H)∕𝜕T)HdH andΔTad(T ,ΔH) = ∫ Hf

Hi
(T∕C(H, T))H(𝜕M(T , H)∕𝜕T)HdH by inte-

grating for the respective isothermal and adiabatic processes [133].
Hence ΔSm can be determined from magnetization experiments at various temperatures in the range of

interest. This indirect method has the advantage of being fast and only requiring a conventional magnetometer
and has indeed been the most widely used. It is however affected by the fact that the measured variations are
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Figure 12.12 (a) Schematic representation of the entropy of a paramagnet as a function of temperature for two
applied magnetic fields showing the isothermal and adiabatic changes induced by variation of the field. (b). A view
of the structure of complex [MnIII

4GdIII
4(OH)4(C4)4(NO3)2(DMF)2(H2O)2](OH)2 (C4 = calix[4]arene) [137]. (c)

The ferromagnetic prototype molecular cooler [Gd2(OAc)6(H2O)4] and (d) the temperature dependence of its
magnetic entropy Sm at various applied magnetic fields (adapted from [138]). In (b) and (c), H-atoms are omitted.
(See colour plate section)

used instead of the exact differentials. Similarly, specific heat measurements give access to a measure of
both ΔSm and ΔTad, through the temperature dependence of Sm (Figure12.12d and 12.13b), determined by
integration of the magnetic specific heat Cm. This second indirect method is by far more complete, but its
accuracy depends critically on the necessary extrapolation of C for T→0. Both methods share the drawback
of relying on numerical evaluation of integrals, which may inherently induce large errors [133]. A more
reliable determination of the MCE is by using direct measurements, in which the temperature is measured
versus time while applying magnetic field variations. Obviously, the unavoidable experimental lack of ideal
adiabatic conditions should be taken into account and minimized. A method is based on applying a fast ΔH
during a correspondingly short time interval of a single measurement, considering adiabatic conditions as a
rough approximation [135]. A more elegant method recently reported uses a cycle of gradual magnetization

Figure 12.13 (a) View of the structure of the MOF cooler [GdIII(HCOO)(tpa)] (H2tpa = terephatlic acid) [152].
(b) Temperature dependence of the magnetic entropy change –ΔSm of the ultimate molecular-based cooler
[GdIII(HCOO)3], as obtained from magnetization, M, and heat capacity, C, data for three applied-field changes
(adapted from [136]). (c) View of the hexagonal network of GdIII chains in the structure of [GdIII(HCOO)3]. In
(a) and (c), H-atoms are omitted.
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and demagnetization with relaxations back to thermal equilibrium, and considers all the physical processes
involved [133]. The first application of the method to [Gd(HCOO)3] demonstrates that it indeed provides a
direct reliable estimation of the parameters defining the MCE [136].

From its definition above, it is obvious that any magnetic material will exhibit a MCE, but the actual
values of ΔSm and ΔTad will strongly depend on a number of parameters, key for the design of efficient
refrigerants [132, 133]. The most obvious is the type of spin itself, since it determines the magnetic entropy.
In this respect, metal ions with the largest spin value, that is, GdIII, MnII or FeIII with respectively s = 7/2
or 5/2 are preferred constituents, the lack of orbital momentum contribution to the ground state of the GdIII

ion making it the ideal one, with the largest magnetic entropy per single ion, Rln(8), fully available at liquid
helium temperatures. Indeed, another condition favoring larger MCE is a relatively small magnetic anisotropy
(produced by crystal-field effects and/or anisotropic interactions), since large anisotropies set a preferential
orientation for the spins. When this is the case, the spin polarization is less sensitive to H, that is, larger fields
are required, resulting in a reduction of the MCE. Intramolecular interactions among the spins also play an
important role, by changing how the maximum entropy available is released as a function of temperature. In
particular, the curve of Sm(T) becomes steeper at temperatures where interactions become important, which
can be used to favor larger –ΔSm values over a more limited range of T or H. Of course the sign of these
interactions is important, ferromagnetic interactions being highly preferable over antiferromagnetic ones, as
it promotes an increased MCE for the same ΔH (instead of a decreased MCE for the case of antiferromagnetic
couplings). The difference, particularly relevant at low values of ΔH, gradually disappears for higher fields as
the limit of full entropy content is reached. On the contrary, the appearance of long-range magnetic order in
the temperature range of interest should be avoided since the MCE rapidly falls to zero close to the TC of any
magnetic phase transition. A final parameter of paramount importance is the density of magnetic elements,
the more spin carriers per volume unit, the better MCE. This density has to be taken into account to assess the
applicability of a refrigerant material, and for this purpose the best suited units are volumetric ones, that is,
mJ⋅cm−3⋅K−1, thus expressing MCE as –𝜌ΔSm, 𝜌 being the material’s mass density. Therefore not only high
magnetic over non-magnetic element ratios should be sought, also the overall density of the material should
be maximized to attain optimal MCE [133].

12.5.2 Molecular to Extended Framework Coolers Towards Applications

12.5.2.1 Early Studies

The first evaluation of high-spin molecules for MCE at the beginning of last decade dealt with the SMMs
[Mn12] and [Fe8] [139], with not exceptionally high –ΔSm values of the order of 11–12 J⋅kg−1⋅K−1, as
expected for materials with high anisotropy and antiferromagnetic interactions. Isotropic chromium rings
were then studied and reported to have significant MCE below 2 K, but their MCE was limited by the relatively
low s= 3/2 spin of CrIII [140]. The highly symmetric [FeIII

14(bta)6O6(MeO)18Cl6] cluster, with its high s= 25
ground state and small magnetic anisotropy (D of the order of 0.04 K), represented a significant improvement,
with –ΔSm close to 18 J⋅kg−1⋅K−1 for ΔH = 7 T and T = 6 K [141], and most of all the first rational selection
of a material for MCE. A series of symmetric mixed-valent [Mnx] supertetrahedra and planar disks obtained
with bridging/chelating tripodal alcohols were also reported in the following years to have enhanced MCE
[142], in part due to the rather high magnetic versus non-magnetic ratios obtained with these relatively light
ligands, the high MnII content as well as low anisotropy. In [MnII

4MnIII
6(OH)6(amp)4(ampH)4I4(EtOH)4]I4

(ampH2=2-amino-2-methyl-1,3-propanediol), with weak ferromagnetic interactions and s = 22, and
[MnII

8MnIII
6(OH)2(Hpeol)4(H2peol)6I4(EtOH)6]I4 (H4peol=pentaerythritol), with weak antiferromagnetic

interactions and s = 7, the values of –ΔSm reached were respectively, 17 and 25 J⋅kg−1⋅K−1 for ΔH = 7 T. In
both cases the values are well above the maximum entropy corresponding to their spin ground state (as in fact
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for the [Fe14] molecule above), showing the interest for enhanced MCE of the added entropy coming from
low-lying excited spin-states, still populated at low temperatures in these materials.

12.5.2.2 The Gd Revolution

The next step in the design of materials with improved MCE had to be using GdIII, with its large spin, the
virtual absence of anisotropy and typically very weak exchange interactions. The first relevant work dealt
with the [MnIII

4GdIII
4(OH)4(C4)4(NO3)2(DMF)2(H2O)2](OH)2 complex (C4= calix[4]arene, Figure 12.12b

[137]. Despite a medium magnetic:non-magnetic ratio, the compound showed a high –ΔSm of 21 J⋅kg−1⋅K−1

at 4 K for ΔH = 9 T. Thanks to very weak ferromagnetic interactions and thus significant population of low-
lying levels, a significant ΔTad of 2 K is obtained for only ΔH = 1 T at 2 K, making this compound a very
fine refrigerant for this range of temperatures. More importantly, this study started a sort of Gd revolution,
most compounds designed and studied for their MCE since then involving the GdIII ion [133, 134, 143, 144].

The next evolution was to use only GdIII as spin carrier, as well as realizing that high nuclearity was not a
necessity. Even though a number of medium- and high-nuclearity homometallic GdIII compounds have been
reported with good to excellent MCE [145–147], this is ideally exemplified with gadolinium acetate tetrahy-
drate, [Gd2(OAc)6(H2O)4]⋅4H2O, a ferromagnetic molecular dinuclear compound (Figure 12.12c) [138]. Due
to the low nuclearity, its –ΔSm is only about 4R at 1.8 K for ΔH = 9 T, but this translates into as much as
41 J⋅kg−1⋅K−1 once the low molecular mass is taken into account. Thanks to the ferromagnetic interactions,
–ΔSm remains particularly large at low fields, for example 27 J⋅kg1⋅K−1 for ΔH = 1 T. The relatively large
(for a molecular material) density of 2.04 gcm−3 gives a volumetric –𝜌ΔSm of 83 mJ⋅cm−3⋅K−1 and 55
mJ⋅cm−3⋅K−1, respectively, for ΔH = 7 and 1 T, making [Gd2(OAc)6(H2O)4]⋅4H2O the prototype of a truly
molecular cooler.

Because gadolinium sulfate exhibits (dipolar) magnetic order below 1 K (as indeed
[Gd2(OAc)6(H2O)4]⋅4H2O around 0.2 K), other magnetic refrigerants were used commercially to
achieve mK temperatures, that is, diluted paramagnetic salts such as cerium magnesium nitrate (CMN) or
chromic potassium alun (CPA). These however present significant magnetic anisotropy and low refrigeration
power. Molecular coolers may provide useful alternatives again, such as the polyoxometalates (POM)
Na9[GdW10O36]⋅35H2O and K12[GdP5W30O110]⋅54H2O, in which magnetic interactions are effectively
screened by the POM capping and the large inter-POM distances. Indeed, the former only orders magnetically
at 36 mK, while the latter remains paramagnetic down to the lowest accessed temperature of 10 mK [148].
Another approach, although more difficult to rationalize, is to limit dipolar interactions through symmetry
considerations, as observed in a [Fe17] complex [149].

12.5.2.3 Framework Coolers: Towards Applicable Materials

Gadolinium gallium garnet (GGG) is the reference magnetic refrigerant for liquid helium temperature range,
with a huge volumetric –𝜌ΔSm of 145 mJ⋅cm3⋅K1 for ΔH = 1 T, resulting from its high density of 7.08 g⋅cm−1

(its –ΔSm is only 20.5 J⋅kg−1⋅K−1 showing the importance of the choice of units). Its 3D ionic structure
clearly indicates that extended coordination frameworks may well provide improved density and thus opti-
mal molecular-based refrigerants, regardless of the magnetic dimensionality. A number of coordination chains
of GdIII with a variety of carboxylic ligands have indeed been reported with large MCE [150, 151], but the
true demonstration came with 2D and 3D metal-organic frameworks (MOFs) [152–155]. The 3D layered
structure of the simple MOF [GdIII(HCOO)(tpa)] (H2tpa = terephatlic acid) is built from a 2D network
of dinuclear GdIII units with connections only through light formate bridges, the planes being connected
through the dicarboxylic tpa ligand (Figure 12.13a) [152]. With its weak antiferromagnetic interactions, high
magnetic:non-magnetic ratio and high density, the –𝜌ΔSm of [GdIII(HCOO)(tpa)] reaches 123 mJ⋅cm−3⋅K−1
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and 68 mJ⋅cm−3⋅K−1, respectively, forΔH= 9 and 1 T. Nevertheless, the ultimate material is [GdIII(HCOO)3],
with a 3D network built solely on light formate ligands. Its structure builds on chains of GdIII ions bridged
through three formate 𝜇-O atoms, the chains being connected into a compact hexagonal framework through
𝜇-O,O’ anti-anti formate ions (Figure 12.13c). The resulting high density, 3.86 g⋅cm−3, and low molecular
mass for a high GdIII content then turns the modest –ΔSm of about 2R at 1.9 K andΔH= 7 T into spectacularly
large –𝜌ΔSm of 183 and 120 mJ⋅cm−3⋅K−1 for ΔH = 3 and 1 T (Figure 12.13b) [136]. Both these values and
the corresponding relative cooling power of 522 mJ⋅cm−3 (RCP, the product of ΔSm

max and the full width at
half maximum of the ΔSm(T) curve) compare favorably with GGG (RCP = 478 mJ cm−3).

12.5.2.4 Perspectives

With the intrinsic robustness of 3D frameworks, the impressive cooling properties of [GdIII(HCOO)3] and
the available technological developments of MOFs in general, the application of molecular-based materials
for cryogenic cooling through MCE definitively appears possible. For bulk refrigeration such as in ADR, the
remaining necessary improvements are avoiding long-range magnetic order ([GdIII(HCOO)3] for example
orders antiferromagnetically around 0.8 K) and to achieve reasonable thermal conductivity.

On the other hand, molecular-based coolers may find a perfect field of application in sub-kelvin microre-
frigeration, an emerging field expected to open new markets by providing cheap (3He-free) and local cooling
with reduced amounts of refrigerant [157]. On-chip refrigeration of devices such as high-resolution x-ray
detectors is particularly appealing in the fields of materials science, astronomy or security instrumentation.
Current microrefrigerators are based on solid-state electronic schemes that provide a cooling of at best ΔT
≈ 0.1 K [157]. Surface deposits of molecular coolers would very likely outperform this technology, cooling
from liquid helium down to the mK range by providing a field change of a few T. Of course, this requires that
their magnetic properties are maintained once deposited and that a decent binding and thermal contact exist
with the substrate. A recent magnetic force microscopy (MFM) study on drops of the prototype molecular
cooler [Gd2(OAc)6(H2O)4]⋅4H2O deposited on Si by dip-pen nanolithography already demonstrated that the
former aspect is fulfilled [156]. Molecular-based magnetic materials thus have a promising future in cryogenic
refrigeration through MCE, especially for devices of reduced size.

12.6 Quantum Manipulation of the Electronic Spin for Quantum Computing

Exploiting the quantum mechanical properties of matter, in particular quantum coherence and entanglement,
provides the opportunity of enhancing the capabilities of computation beyond these ever achievable with
current technologies [158]. Quantum computing (QC) uses two states, |0⟩ and |1⟩, of a quantum system in
order to embody the “0” or “1” codification of a bit, here quantum bit (qubit). A main distinction here is
that besides these two possible states, a qubit may feature any quantum superposition of these, that is, |𝜑⟩ =
𝛼|0⟩ + 𝛽 |1⟩, thus furnishing an invaluable computing gain with the possibility of “quantum parallelism”. The
appropriate coupling of two or more qubits should allow the realization of multiqubit logic operations and
thus to the realization of multiqubit quantum gates (qugates). As in classical computing, a small set of single
and multiqubit gates is sufficient for constructing any possible algorithm. One such set is called “universal set
of gates”. For example, it has been shown that single qubit rotations and the CNOT qugate constitute such a
set [159, 160]. The CNOT qugate contains two qubits, a control and a target, and it flips the value of the target
if, and only if, the control is in the state |1⟩ (Figures 12.14a and 12.14b; the equivalent could be defined for
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Figure 12.14 (a) Representation of the rotation within a 2qubit quantum gate to bring about the CNOT opera-
tion. (b) Transformations of the 2qubit computational basis corresponding to a CNOT. (c) Structure of a photo-
switchable ligand displaying a diarylethene spacer between two N-oxide radicals. (See colour plate section)

|0⟩). Another important 2-qubit qugate is the
√

SWAP, which turns a |a,b⟩ state (“a” and “b” different) into
the superposition [(|a,b⟩+i|b,a⟩)/(1+i)].

One stringent requirement for any physical system to embody qubits and qugates is that they must exhibit
long enough quantum coherence of the states that are to be manipulated, so the quantum information is not
lost during the logic operations. Strong decoherence is the limitation of many proposed realizations. The first
physical realization of a qubit was made with single atomic ions fixed by radiofrequency traps and cooled with
laser beams [161]. The usable qubit states were internal atomic electronic states. Since Coulomb interactions
were exploited to couple these atomic qubits, this system allowed the first implementation of a CNOT qugate
[162]. Other proposed realizations of qubits are 1H and 13C nuclear spins [163], manipulated through NMR
techniques, photons [164], or superconducting circuits [165, 166]. Some proposals utilize the electronic spin
as contained in quantum dots [167, 168] or as atom impurities in semiconductors [169, 170] or diamond
[171]. A bottom-up approach that is lately gaining momentum is to exploit the electronic spin (or spins)
artificially incorporated within molecules designed specifically for this purpose [172, 173]. This approach
offers great advantages such as its versatility, the possibility of synthesizing molecules performing both, single
and multiqubit operations, the intrinsic monodispersity and 100% reproducibility in the production of these
species. Additionally, they should be amenable to integration into solid-state devices as a first step towards
the realization of hybrid computation architectures.

12.6.1 Organic Radicals

The simplest realization of a molecular spin-based qubit is the unpaired electron within an organic molecule.
With a molecule as simple as a malonyl radical (prepared within a matrix of malonic acid by X-ray irradiation),
the entanglement between the electronic spin and the nuclear spin of the 𝛼-H nucleus [174] was exploited for
implementing the super dense coding (SDC) algorithm [175] employing ENDOR (electron-nuclear double
resonance) techniques [176]. The same group demonstrated by continuous wave and pulsed double reso-
nance EPR that an organic molecule featuring two weakly coupled and dissimilar TEMPO radical moieties
(TEMPO = tetramethylpyperidine-1-oxyl), fulfils the requirements to realize CNOT logic operations [177].
In terms of switching the interaction between p unpaired electrons within one molecule, a species containing
two N-oxide radicals has been reported, displaying a coupling that can be controlled by irradiation of a pho-
tochromic spacer (Figure 12.14c) [178]. Another interesting development involving organic radicals as qubits
is the implementation of an error correction procedure by detuning the corruption by the environment of a
nuclear N-qubit coupled to the spin of a fullerene (an N@C60 ensemble) through a resonance radiofrequency
[179].
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12.6.2 Transition Metal Clusters

The coherent manipulation of the electronic spin of transition metal clusters has been proposed as a realiza-
tion of QC [172]. An early theoretical report demonstrates the feasibility of manipulating the states of the
spin manifold of the SMM [Mn12] (see Section 4), for implementing the Grover algorithm (one of the most
popular algorithms in QC) [52]. While this has not been yet realized, the quantum coherence between mag-
netic sublevels of another SMM, [Fe4(acac)6(Br-mp)2] (acac= acetylacetonate; Br-mp= 2-(bromomethyl)-2-
(hydroxymethyl)-1,3-propanediolate), could be measured as Rabi oscillations with pulsed EPR spectroscopy
[53].

The quantum entanglement of the wave functions of different qubits within a quantum gate is another
property inherent to QC. This occurs naturally, for example, upon implementation of a 2qubit qugate when
the input features one or more qubits in a quantum superposition of the basis states [180]. In relation to
this, an interesting experimental development was the demonstration by high field EPR of the quantum
entanglement of the wave functions describing the magnetic sublevels of two weakly interacting SMMs
[181]. The interacting molecules are a pair of high-spin (S = 9/2) mixed-valence clusters with formula
[Mn4O3Cl4(O2CEt)3(py)3]2. In addition to |mS⟩ sublevels of a spin ground state manifold, the possible S
= 1/2 collective spin ground state of a cluster of paramagnetic metals could also be exploited as qubit. The
advantages of this approach have been put forward in theoretical studies [182, 183]. Several real coordination
clusters have been proposed as experimental realizations of such category of potential qubits. An early exam-
ple is the [V15] cluster [V15As6O42(H2O)]6−, of 15 V4+ ions (S = 1/2) coupled antiferromagnetically, which
exhibits a spin doublet at the ground state and an S = 3/2 excited state. Two types of quantum resonances
were detected as Rabi oscillations, attributed to transitions within the doublet and the quartet respectively
[184]. However, the authors reported later that the former resonances could not be reproduced [185]. A well-
studied family of clusters, also possessing a collective S = 1/2 spin ground state consist of heterometallic
wheels with formula (Cat)[Cr7NiF8(piv)] (Cat = cation; piv = pivalate). In this case, the spin-lattice (T1) and
phase coherence (T2) relaxation times of the true ground state doublet were indeed determined unambigu-
ously using X-band pulsed EPR, and found to largely exceed the time needed for single qubit manipulations
[186]. It was subsequently proven that the phase memory time of the spin in these clusters could be modu-
lated through chemical engineering, by introducing changes to all possible variable components of the cluster.
Coherence times larger than 15 𝜇s were determined [187]. As an interesting example of synthetic control,
it is possible to link two rings of this kind through a variety of bridging ligands (Figure 12.15a). In this
way, the strength of the inter-qubit interaction could be engineered by chemical means, and the entanglement

Figure 12.15 (a) Molecular representation of two [Cr7NiF3(Etglu)(piv)16] (H5Etglu = N-ethyl–D–glucamine)
rings linked covalently by a pyrazine ligand. (b) Molecular representation of [Fe3O(PhCO2)5(H2O)(H2L1)]2
(H4L1 = 1,3-bis-(3-oxo-3-(2-hydroxyphenyl)-propionyl)-2-methoxybenzene). (c) Molecular representation of
[Cu2Ni2(L2)2(py)6] (H4L2 = 1,3-bis-(3-oxo-3-(2-hydroxyphenyl)-propionyl)-benzene). H-atoms are omitted.
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between them demonstrated with physical measurements [188]. In this respect, current efforts are directed
at exploiting the tools of cluster coordination chemistry synthesis for the design and preparation of pairs of
cluster qubits incorporated within the same molecule, thus weakly coupled magnetically but linked through
covalent bonds. The pair of Fe(III) triangles [Fe3O(PhCO2)5(H2O)(H2L1)]2 (Figure 12.15b; H4L1 = 1,3-bis-
(3-oxo-3-(2-hydroxyphenyl)-propionyl)-2-methoxybenzene) is an interesting example [189]. In this case, the
potential [Fe3] qubits exhibit a collective spin ground state of S = 3/2. It is possible however that the manifold
exhibits ZFS so as to display a ±MS =±1/2 doublet in the ground state. A similar molecular entity, engineered
through a different strategy is the pair of dimers [Cu2Ni2(L2)2(py)6] (Figure 12.15c; H4L2 = 1,3-bis-(3-oxo-
3-(2-hydroxyphenyl)-propionyl)-benzene) [190]. This molecule exhibits site selectivity of the metals, which
allows to pair and couple strongly Cu(II) ions (S = 1/2) with Ni(II) centers (S = 1) to obtain doublet ground
states and have two such moieties weakly connected within one molecule.

12.6.3 Lanthanides as Realization of Qubits

The electronic spin of lanthanide ions (4f) has emerged as a very interesting alternative to embody the qubits
necessary for QC. Indeed, many of these ions exhibit a degenerate ±mJ⟩ doublet at the ground state, arising
from the crystal field split states of the ground (2S+1)LJ term, lying sufficiently separated from the excited
states. Very often, the magnetic moment of these projections is relatively large, which upon application of
magnetic fields, ensures easy addressing and facilitates initialization by virtue of the large spin polarization.
Studies of the quantum dynamics of specific spin transitions for some lanthanide ions reveal good coherence
properties. All the above properties can be tuned conveniently, not only thanks to a large choice of 4f elements
with different electronic properties but through the chemical engineering of the coordination environment in
terms of symmetry and nature of the surrounding nuclei.

The convenient quantum coherence properties of lanthanides was proven by pulsed EPR techniques on
Er(III) ions (J = 15/2, gJ = 6/5) doped into the structure of the scheelite-like salt CaWO4 [191]. In this case,
specific transitions between different crystal field states were selected and their T2 values determined. By com-
paring this phase coherent time with the frequency of the Rabi oscillations, ΩR, associated to the transition
of interest, the number of qubit operations that can be performed before the quantum information is lost may
be estimated. This is called the figure of merit, QM = ΩRT2, and values of the order of 104 were determined
for this system. Another interesting contribution was the thorough investigation of the quantum coherence of
the transitions between the ZFS levels of two mononuclear Gd(III)/polyoxometalate complexes. Indeed, the
anisotropy of this ion is very weak, since its orbital angular momentum is zero (L = 0), and it arises from the
mixing-in of excited multiplets with L ≠ 0 into the ground state. Thus, as for the above example, the coher-
ence was studied between states of the crystal field manifold and not between both states of any ground state
doublet [192]. This, however was deemed to provide certain advantages in view of possible future implemen-
tations. The compounds studied had formulae [Gd(W5O18)2]9− (GdW10) and [GdP5W30O110]12− (GdW30)
and exhibit, respectively, square antiprism (D4d) and C5v, the latter symmetry resulting from five equatorial
donor atoms, five donors below the equatorial plane and a capping, axial donor atom above. This leads to
completely different anisotropy patterns, which should result into quite distinct quantum phase relaxation
properties. These where determined by pulsed EPR for GdW30 diluted into a crystalline matrix of a diamag-
netic analogue (YW30) [192, 193]. The corresponding figures were found to be of the same order of magnitude
as for Er(III) doped into a solid-state lattice as described above, when similar conditions were employed.

12.6.4 Engineering of Molecular Quantum Gates with Lanthanide Qubits

Implementation of QC requires qugates composed of more than one qubit; these are multiqubit qugates (see
Section 12.6, introductory paragraphs). In addition to the proposed implementation of the Grover algorithm
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Figure 12.16 (a) Representation of ligand H3L, 6-[3-oxo-3-(2-hydroxyphenyl)propionyl]pyridine-2-carboxylic
acid. (b) Representation of a complex of the type, emphasizing two Ln ions different in nature. (c) Represen-
tation of the field-dependent magnetic energy levels of the [Tb2] complex, showing two resonant transitions with
an X-band EPR radiofrequency excitation at two different fields, corresponding to a CNOT and a

√
SWAP qugate,

respectively, indicating that this molecule provides the basis for 2qubit quantum gate operations (adapted from
[194].

through manipulation of the crystal field states of SMMs (see Section 12.6.2) [52], other realizations of spin-
based, 2qubit qugates by means of molecules have been put forward. For example, it has been shown theoreti-
cally that the

√
SWAP 2qubit qugate may be brought about by molecules with formula [PMo12O40(VO)2]q−,

disposing two separated unpaired electrons at each end, trapped on the (VO)+ units. The central core has
a variable number of electrons, coupling both end unpaired electrons if odd or keeping these uncoupled if
even. Thus the inter-qubit interactions may be switched on and off electrochemically, by means of a time-
controlled gate voltage, which should allow to implement the

√
SWAP operation [159]. Recently, a chem-

ically designed molecular prototype of a CNOT quantum gate using lanthanides as qubits was reported
[194]. The requirements of one such molecule to fulfill this function are; (i) incorporate two lanthanide
ions, suitable as qubits, (ii) have these two ions to be magnetically non-equivalent, (iii) that these two qubits
exhibit a weak magnetic coupling. In fact, it is very difficult to design the chemical synthesis an “asymmet-
ric” molecule containing different Ln ions, since the tendency is to reach symmetric species. The reported
CNOT utilizes an asymmetric ligand (H3L3, 6-[3-oxo-3-(2-hydroxyphenyl)propionyl]pyridine-2-carboxylic
acid; Figure 12.16a, three units of which coordinate and bridge two Ln(III) ions furnishing dinuclear com-
plexes with formula [Ln2(HL)2(H2L)(NO3)(py)(H2O)] (Ln = any lanthanide) where both metals are sur-
rounded by completely different coordination environments (Figure 12.16b) [195]. The Tb(III) analogue,
[Tb2(HL)2(H2L)(NO3)(py)(H2O)], was studied in detail in terms of its suitability as possible qugate. This
ion exhibits a 7F6 (S = 3, L = 3, J = 6) ground term. The suitability as qubits of the Tb(III) centers in this
complex, their magnetic non-equivalence as well as the inter-qubit coupling was demonstrated by means of
very low-temperature magnetic susceptibility and specific heat measurements. This ensures the proper defi-
nition of a computational basis of four states (Figure 12.16c) suitable for the realization of a CNOT quantum
gate (Figure 12.14b). The possible realization of the gate was tested with X-band continuous wave EPR, which
revealed two transitions at two very distinct fields associated to the |1,0⟩↔ |1,1⟩ and |0,1⟩↔ |1,0⟩ resonances,
respectively, which correspond to the realization of the CNOT and

√
SWAP quantum gates. Future develop-

ments on this system will involve the characterization of the possible quantum coherence of these transitions,
the expansion of the synthetic scope to heterometallic [LnLn’] molecules and to explore the possible coupling
of this type of molecules with quantum devices, such as guide resonators [196].
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12.7 Perspectives Toward Applications and Concluding Remarks

The succinct overview of the field of molecular magnetism given in this section would not be complete with-
out mentioning recent and current efforts towards the realization of the potential applicability of a number
of molecular-based magnetic materials, in particular, MNMs (SMMs, SIMs), SCO and CT compounds and
molecular coolers. For the former (as well as quantum bits and gates), this requires implementation of the
isolated active molecules into solid-state devices and chips, and therefore their organization on surfaces,
which encounters several practical difficulties, although many approaches and studies have been reported
[197–199]. Ideally deposition on a surface as monolayers, and even at specific positions will at some point be
necessary, allowing thermal and electrical contact. For the access to the magnetic information, proper separa-
tion and organization will in addition be required. Interaction with the substrate may affect the properties of
the MNMs [197, 198], and such effect should be minimized. Finally, because the properties of SMMs arise
in part from their magnetic anisotropy, the orientation of the molecules may also need to be controlled. These
remain open and are highly challenging tasks, although great results have been obtained, including the obser-
vation of maintained quantum tunneling properties of deposited SMMs and SIMs [200, 201], Franck–Condon
blockade in a single [Fe4] SMM [202], or the electrical addressing of single [TbPc2] SIM and their nuclear
spin resonance [203].

The case of molecular-based cryogenic coolers is different. For their use as cooling platforms within all
those instruments where local refrigeration down to very low temperatures is needed, they would only need
to form a cold layer on the main component of devices. Thus, few-layers deposit of a dense molecular-based
material with high MCE may suffice, without particular structuration. Indeed, their MCE properties are not
expected to be significantly affected upon deposition, as shown recently in the first study of molecular coolers
confined on a surface [156]. Future studies should take advantage of the fact that extended GdIII frameworks
are ideal candidates for cryocooling [136], and adapt techniques developed for other applications of MOFs
[204, 205].

With respect to SCO materials, there has also been a number of studies aimed at depositing and studying
single SCO molecules, mostly with scanning probe techniques [206]. While the SCO itself is maintained in
some cases, the cooperative character that arises from elastic interactions within the solid is logically lost. On
the other hand, other studies have focused on SCO nanoparticles (NPs), available for a number of cooperative
systems, and known to maintain hysteretic behavior [207, 208]. Thus single and multiple NPs have been
detected and addressed electrically [209, 210]. Thin films of certain extended framework of SCO materials
can also be made [211], although the properties are somewhat modified from the bulk. Liquid crystals and
gels exhibiting the magnetic and optical transitions typical of SCO in FeII materials have also been reported
[212, 213], which may be useful for formulation of these materials. Although not treated here, there are
also interesting approaches towards multifunctionality involving molecular materials, for example, through
intercalation [214, 215].

The impressive progress made in the context of molecular magnetism in the last three decades has been in
part due to the increased collaboration between chemists and physicists. The inclusion in the field of other
specialists of materials sciences should provide the necessary ingredients to realize the definite step of con-
verting this knowledge into part of the revolution that the era of nanotechnology is bound to produce in the
near future.
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Surface-confined molecular coolers for cryogenics, Adv. Mater. 25, 2984 (2013).

[157] J. T. Muhonen, M. Meschke and J. P. Pekola, Micrometre-scale refrigerators, Rep. Prog. Phys. 75 (2012).
[158] M. A. Nielsen and I. L. Chuang, Quantum Computation and Quantum Information, Cambridge University Press

(2000).
[159] J. Lehmann, A. Gaita-Ariño, E. Coronado and D. Loss, Spin qubits with electrically gated polyoxometalate

molecules, Nat. Nanotechnol. 2, 312 (2007).
[160] J. Bell, Speakable and Unspeakable in Quantum Mechanics, Cambridge University Press, Cambridge (1987).
[161] J. I. Cirac and P. Zoller, Quantum computations with cold trapped ions, Phys. Rev. Lett. 74, 4091 (1995).
[162] C. Monroe, D. M. Meekhof, B. E. King, W. M. Itano and D. J. Wineland, Demonstration of a fundamental quantum

logic gate, Phys. Rev. Lett. 75, 4714 (1995).
[163] N. A. Gershenfeld and I. L. Chuang, Bulk spin-resonance quantum computation, Science 275, 350 (1997).
[164] E. Knill, R. Laflamme and G. J. Milburn, A scheme for efficient quantum computation with linear optics, Nature

409, 46 (2001).
[165] J. Clarke and F. K. Wilhelm, Superconducting quantum bits, Nature 453, 1031 (2008).
[166] M. H. Devoret and R. J. Schoelkopf, Superconducting circuits for quantum information: an outlook, Science 339,

1169 (2013).
[167] D. D. Awschalom, L. C. Bassett, A. S. Dzurak, E. L. Hu and J. R. Petta, Quantum spintronics: engineering and

manipulating atom-like spins in semiconductors, Science 339, 1174 (2013).
[168] D. Loss and D. P. DiVincenzo, Quantum computation with quantum dots, Phys. Rev. A 57, 120 (1998).
[169] B. E. Kane, A silicon-based nuclear spin quantum computer, Nature 393, 133 (1998).
[170] J. J. L. Morton, D. R. McCamey, M. A. Eriksson and S. A. Lyon, Embracing the quantum limit in silicon computing,

Nature 479, 345 (2011).
[171] R. Hanson and D. D. Awschalom, Coherent manipulation of single spins in semiconductors, Nature 453, 1043

(2008).
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13.1 Introduction

Iron–sulfur (Fe–S) clusters constitute the active sites of iron–sulfur proteins, which are among nature’s
oldest biological catalysts [1–3]. Fe–S proteins have great structural and functional diversity, and are dis-
tributed over all five kingdoms of life, but their physical and chemical properties reflect a number of common
themes.

These clusters, embedded in their protein-solvent environments, catalyze a wide variety of pro-
cesses, including “simple” electron transfer, proton-coupled electron transfer for energy transduc-
tion or for biosynthesis, or non-redox anchoring and polarization of charged groups for subsequent
biotransformation.

Iron–sulfur compounds participate in electron transfer and organic synthesis at hydrothermal vents in the
deep ocean, at both very long-lived alkaline vents and acidic vents (black smokers) [4, 5]. These systems have
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important implications for the development of early molecules and extended networks, potentially contribut-
ing to life’s origin and evolution. One significant observation is that these serpentine alkaline vents contain
an extensive network of small channels, which facilitate complex internal surface chemistry. Some impor-
tant biochemical pathways in ancient bacteria (example: Pyrococcus furiosis) utilize “simple” Fe–S proteins
(ferredoxins (Fd)) for electron transfer in glucose oxidation, while more moderate thermophiles use (NAD+,
NADH) or (NADP+, NADPH) as redox active cofactors [6].

“Simple” electron transfer proteins, “ferredoxins,” have Fe2S2, Fe3S4, or Fe4S4 clusters, with each Fe
covalently attached to a cysteine sulfur atom (linkage to a thiolate Cys anion). The thiolate side-chains are
connected, in turn, to the protein backbone. Typically, there is either one Fe–S cluster, or two clusters that
can interact electrostatically or via electron transfer through the intervening polypeptide chain. These related
motifs lead to the potential for cluster conversion, which has been demonstrated in both biological molecules
and synthetic analogues.

Many Fe–S proteins contain only Fe–S clusters attached to proteins. However, in other cases, Fe–S clusters
contain heteroatoms in addition to facilitate catalysis. Although Fe–S clusters with 1Fe, 2Fe, 3Fe, or 4Fe
are most frequently encountered in proteins and synthetic analogues, larger clusters have very significant
functions, and have been called “the great clusters of metallobiochemistry” [7]. Multiple clusters of this
type function in certain enzymes, of which nitrogenase is the prime example. This enzyme comprises two
different proteins that dock, one the Fe protein containing an Fe4S4 cluster with two bound ATP, and the
other, the MoFe protein, having both an Fe8S7 center (P cluster) and MoFe7S9 (M cluster or FeMo cofactor
cluster). Nitrogenase functions as a multi-electron oxidoreductase enzyme for the 8e− reduction of N2 + 8H+

+ 8e− → 2NH3 + H2. The large sizes of P and M clusters evidently facilitate the needed multiple transfers of
electrons and protons for the required 8e− reduction. In a very different multi-electron oxidoreductase, sulfite
reductase, which catalyzes the 6e− reduction reaction (SO3)2− +8H+ + 6e− → H2S + 3H2O, and similarly in
nitrite reductase, where (NO2)− + 7H+ + 6e− → NH3 + 2H2O a single Fe4S4 cluster is linked to a catalytic
Fe-siroheme via a cysteine sulfur atom bridge. The Fe4S4 cluster is the electron donor center (via a series of
1e− transfers) to the catalytic Fe-siroheme site.

Chains of interacting Fe–S clusters are involved in coupled electron–proton transfer in Complex I (NADH
dehydrogenase) in mitochondria and in aerobic bacteria, as well as in photosynthetic electron transfer using
photosystem I (PSI) in plant chloroplasts and cyanobacteria. In Complex III (cytochrome bc1) in mitochondria
and aerobic bacteria, electron transfer is linked to proton transport across the membrane through the interac-
tion of the Rieske Fe2S2 cluster (part of the Rieske protein fragment) with the adjacent reduced ubiquinone
and cytochromes c1 and b.

Iron–sulfur cluster assemblies and disassemblies are often parts of regulatory networks, and can involve
interactions with small molecules, including O2 and NO. Some iron ions may be labile so that cluster conver-
sions can occur by loss or gain of a single iron atom. Alternatively, more extensive cluster conversions can
occur.

The presence of a single labile Fe site, particularly in an Fe4S4 cluster is often associated with the coordi-
nation of an alternative ligand in place of cysteine sulfur (SR−). This ligand can originate from the substrate
(reactant or an intermediate), or from a different amino acid side-chain (e.g., a carboxylate from aspartate or
glutamate), or simply from OH− or H2O.

13.2 Iron–Sulfur Coordination: Geometric and Electronic Structure

In Fe–S clusters, sulfur is coordinated as anionic sulfide (S2−) or as thiolate sulfur (RS−) from cys-
teine. Anionic sulfur is a large, polarizable, weak field ligand, and typical sulfur coordination is distorted
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tetrahedral (4-coordinate) around Fe. If one S ligand is missing, then that site is typically substituted by one
or two ligand atoms (e.g., oxygen, nitrogen, or less frequently carbon), so 4 or 5 coordinate systems are
most frequent. In the presence of a weak ligand field of tetrahedral sulfur anions, Fe is in a high-spin (HS)
state, with site spin S = 5/2 and 2 for Fe3+ and Fe2+ oxidation states. These high-spin states lead to both
a large spin density at Fe and a large spin splitting between majority- and minority spin Fe-based energy
levels.

Simple mononuclear iron in Fe–S proteins appears as [Fe(SR)4]1−,2−, where each (SR−) is a cysteine
side-chain connected to the protein backbone in redox proteins called rubredoxins. Similarly, as men-
tioned above, typical 2Fe, 3Fe, and 4Fe clusters have compositions and net charge states [Fe2S2(SR)4]2−,3−,
[Fe3S4(SR)3]2−,3−, and [Fe4S4(SR)4]2−,3− (ferredoxins) or [Fe4S4(SR)4]1−,2− (high-potential iron protein
(HiPIP), high-potential Fe–S protein) in oxidized or reduced states, respectively. (Corresponding formal core
oxidation states are [Fe2S2]2+,1+, [Fe3S4]1+,0, [Fe4S4]2+,1+, [Fe4S4]3+,2+. This formalism is fine for electron
bookkeeping in the core, but it should not be forgotten that these clusters are anions. Also, when there are
changes in the terminal ligand coordination, as in removing or adding thiolates, true charge becomes very
important to the reaction chemistry and physical properties.)

As in the mononuclear Fe–S system, these dinuclear or polynuclear Fe–S clusters retain high-spin iron sites,
but these spins may not be evident particularly when the sites are spin-coupled. The first strong evidence that
something strange was afoot came in the surprising EPR g tensor observed in reduced plant ferredoxin (mixed
valence 2Fe with total S= 1

2
), where the average g value was clearly less than 2, something not seen in 1Fe sys-

tems [8]. This was explained by Gibson and coworkers [8] as resulting from anti-ferromagnetic (AF) coupling
of high-spin Fe3+ (d5, S1 = 5/2) with Fe2+ (d6, S2 = 2) to give total S = 1

2
. For dinuclear or polynuclear Fe–S

systems with total S= 0, the strong spin polarization of different Fe sites is still there, but it is hidden by the spin
coupling. The underlying electronic structure was clearly revealed by Fe(3s) core photoelectron spectroscopy
(PES) of Clostridium ferredoxin (containing 2(Fe4S4) clusters) [9]. Ionization of an Fe(3s) core yields a final
3s hole state, where the unpaired Fe(3s) electron strongly exchange-couples with the large Fe(3d) unpaired
spin density, producing a 5 eV exchange splitting in the energies of the Fe(3s) peaks in the photoelectron
spectrum Fe(3s𝛼) versus Fe(3s𝛽), where 𝛼 and 𝛽 are up and down with respect to the Fe site valence majority
spin. In this context, it is important to recognize that such core ionization is essentially local to each Fe atomic
site. In this experiment, we see a type of “experimental symmetry breaking” [10] from the strong interaction
between the core hole generated on a site and the valence spin density on that same Fe site. The presence
of significant site spins even in a spin-coupled total S = 0 is also shown by temperature-dependent methods,
including magnetic susceptibility and paramagnetic nuclear magnetic resonance (NMR). Later these methods,
complementary spectroscopies, and theoretical density functional theory (DFT) calculations/analysis gave
much more information. These spectroscopies include core and valence PES, MCD, Mössbauer, and ENDOR
[2, 3].

Early evidence also showed an upper limit on the physical Fe oxidation state in Fe–S compounds in com-
parison with other iron ligands, such as oxides. Experiments on Mossbauer isomer shifts in a series of solid
state barium–Fe–S compounds by Hoggins and Steinfink [11] showed that even in systems where the for-
mal Fe oxidation state was Fe4+, the measured isomer shift parameter was consistent with high-spin Fe3+

for those Fe sites, and therefore some charge and spin density must have migrated to the bridging sul-
furs. In terms of electron density, there is migration of negative charge from sulfide S2− to Fe4+, yielding
some S− radical or partial radical bridges. This is an early example of a redox active or “non-innocent lig-
and,” now a large and growing field [12] (see also Chapter 11 of this book). The Mössbauer observation of
Steinfink is also an early experimental indicator that for high-spin Fe the corresponding spin polarization
splitting is very large, as predicted by early density functional calculations on 1Fe and 2Fe sulfur complexes
[13–15].
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13.3 Spin Polarization Splitting and the Inverted Level Scheme

The compact Fe(3d) shell and the presence of several unpaired electrons in the high-spin Fe d5 and d6

configurations lead to a very substantial spin splitting between the majority spin Fe(3d) and minority spin
Fe(3d) levels. Further, sulfide and cysteine thiolate ligands are both anions and of moderate electronega-
tivity (compared with Cl−), so these energy levels appear fairly high in the occupied band of levels. As a
result, driven by spin polarization, the Fe(3d) majority spin band is deeper in energy than S(3p), while the
Fe(3d) minority spin band lies higher than S(3p) (and is either unoccupied for oxidized site Fe3+, or partly
occupied for reduced site Fe2+) [13–15]. This orbital level diagram is called “the inverted level scheme”
to distinguish it from the “normal level scheme” often depicted in textbooks, where all occupied metal
(nd) levels lie above all occupied ligand levels [16–19]. The normal level scheme is typical for low-spin
organometallic complexes and some low-spin complexes with highly electronegative ligands. A very rel-
evant example is in dinuclear Fe–S complexes, with multiple CO and NO ligands, where the strong CO
and NO sigma donation drives each site in low spin, similar to the coordination geometry and electronic
structure for the Fe–Fe hydrogenase catalytic cluster. Two simple systems related to the Fe–Fe hydroge-
nase cluster are [Fe2(CO)6S2]0,2−. While the highest molecular orbitals of [Fe2(CO)6S2]0 are mainly metal,
with a persulfide bridge between the Fe–Fe, in the corresponding [Fe2(CO)6S2]2− dianion, with two sulfide
bridges, the HOMO is sulfur [20]. So even here, with low-spin Fe1+, an “inverted” level scheme applies.
Between these two boundaries is the “mixed level scheme,” where spin-polarized metal site energy levels
show strong mixing with ligand-based levels, as in dinuclear and polynuclear manganese-oxo (carboxylate)
complexes, including those in the water oxidation complex (WOC) of photosystem II. We note that only
the minority spin metal levels in the inverted level scheme or the mixed level scheme are properly “ligand
field levels” since these are weakly or strongly anti-bonding, while the majority spin metal (3d) levels are
bonding.

13.4 Spin Coupling and the Broken Symmetry Method

In dinuclear and polynuclear Fe–S complexes, these high-spin iron sites are spin-coupled, as facilitated by
the bridging sulfide ligands. These bridged Fe–Fe and Fe–S interactions are essentially a form of weak-to-
moderate strength metal–metal bonding. The interaction energy depends on the relative alignment of the
site spins, and takes the form of a Heisenberg exchange coupling. The Heisenberg coupling typically favors
opposite (anti-ferromagnetic alignment) of neighboring site spins. In a dinuclear system, quantum mechanics
predicts that for two coupled site spins with spin quantum numbers SA and SB, the coupled total spin Stot obeys
the triangle inequality |SA − SB| ≤ Stot ≤ |SA + SB|, with each step differing by one unit. With the Heisenberg
Hamiltonian H = JSA⋅SB, and for J > 0 (AF), this yields a Heisenberg ladder of spin states of the form E(Stot)
= (J/2) Stot(Stot + 1). Here J is the Heisenberg-coupling parameter, which reflects the separation of spin states,
and follows the E(Stot) rule above (Lande interval rule). For an oxidized Fe2S2 ferredoxin cluster, with 2Fe3+

SA = SB = 5/2 sites, Stot = 0 to 5 in integer units. Stot = 0 is the lowest (ground) state (AF aligned), and
Stot = 5 is highest energy spin state (ferromagnetically (F) aligned, or high-spin state). The direct quantum
mechanical description of spin-coupled states is difficult. Within DFT, a very useful approach is to construct
an SCF solution for two spin alignments, the HS maximum spin state, Stot = Smax, and a broken symmetry
state (BS) [21, 22], constructed by rotating one of the site spin vectors of the high-spin state to opposite
alignment, and reconverging the SCF solution to obtain the BS state and energy EBS. The BS state is not a
pure spin state but is instead a specific mixture of pure spin states (with a well-defined z component of total
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spin MStot), and with an energy which is a weighted average of pure spin state energies E(Stot). The energy
difference EHS − EBS can be related to the Heisenberg-coupling parameter using

J = (EHS − EBS)∕
(
2SASB

)
(13.1)

for weak-to-moderate strength spin coupling [23], and more broadly using the Yamaguchi equation, which
applies also to stronger spin coupling,

J = 2(EHS − EBS)∕(< S2
>HS − < S2

>BS) (13.2)

The calculation of J allows for the construction of the entire Heisenberg spin ladder, and by aligning to
the position of EHS in equations (13.1) and (13.2), the approximate spin-projected ground state energy can
be found. For example, for oxidized 2Fe ferredoxin, the position of the pure spin E(S=0) ground state can be
found. From equation (13.1), it lies (5/2)J below EBS. For polynuclear Fe–S complexes, a number of different
BS states are calculated in some cases, representing different spin alignments, and replacing a much larger
set of pure spin states of the spin-coupled system. In practice, a few J parameters can be well determined
(two different J parameters are typical if the coupling strengths differ significantly), and a more complex
Heisenberg Hamiltonian can be built and solved. However, another important influence in polynuclear and
some dinuclear Fe–S complexes is spin-dependent delocalization (SDD), as discussed in Section 13.5.

We can think of spin coupling as a form of spin-dependent bonding energy (SDBE), but to do so, we need
to set up a good reference state. For this, we use the spin barycenter energy, which is the spin multiplicity
weighted average over all total spin (Stot) states. The spin multiplicity is D(Stot) = (2Stot + 1) starting from
fragment spins SA and SB. For the 2Fe ferredoxin (oxidized cluster) above, the E(Stot = 0) state lies 9J below
the spin barycenter energy (EBAR−J), but only (5/2)J below EBS, which shows that EBS possesses most of the
SDBE found in the ground state Stot = 0. In general, SDBE = (EBAR−J) − E(S)min, where E(S)min is the ground
state energy. Here we treat J terms only. For the influence of delocalization terms, see the next section.

13.5 Electron Localization and Delocalization

Both dinuclear and polynuclear Fe–S systems can have mixed valence pairs of sites. For a spin-coupled Fe2+–
Fe3+ pair, if the sites are nearly equivalent with respect to energy, there will be a significant spin-dependent
electron delocalization energy. This energy, also called “resonance delocalization” or “double exchange,”
favors parallel (F) alignment of the site spins, and acts in competition with the Heisenberg J term, which
favors anti-parallel (AF) alignment. Figure 13.1 shows an energy diagram of different Stot states for an Fe2S2
ferredoxin-type cluster (reduced state). The overall energy equation is (S = Stot):

E (S) = (Jred∕2)S (S + 1) ± B
(
S + 1∕2

)
(13.3)

The coupled states have total spin 1
2
≤ Stot ≤ 9/2, with the minus (−) root representing the lower delocalized

bonding state. Let Eres = B(S + 1
2
). Then, from Figure13.1, the resonance splitting grows linearly with S. It

is opposed by the Heisenberg coupling, as well as by an additional vibronic plus static trapping energy of the
form

ΔEtrap = ΔEvib + ΔEAB,static, (13.4)

which tends to quench the resonance splitting, depending on the ratio Rloc = ΔEtrap/B(S + 1
2
) [24, 25].

Large values of Rloc (≥3) give nearly complete localization; small values, Rloc ≤ 0.4, give nearly complete
delocalization, and equation (13.3) applies. For a strong pairwise Heisenberg (AF) coupling, as depicted in
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Figure 13.1 Spin state energy diagram for [Fe2S2(SR)4]3−, R = CH3. (Left) The position of the spin barycenter
energy (EBAR−J) and the spin ground state, total S = 1

2
are shown; (middle) the Heisenberg-spin ladder (depending

on Jred) and resonance splitting are shown (the resonance splitting of the high-spin S = 9/2 state is indicated); (right)
the calculated broken symmetry (BS) and the lowest energy high-spin (HS) states are portrayed (thick lines). The
calculated energy difference 10Jred is shown. From this, the energy difference, 2Jred, between BS and the ground
state (S = 1

2
) is found, and the calculated parameter Jred is used to construct the complete Heisenberg ladder.

Reprinted from [23] with permission from American Chemical Society.

Figure 13.1, a low total spin S = 1
2

is stabilized, and then Eres is small (Eres = B), and quenched easily.
Conversely, a small AF coupling strength will favor a higher total spin, and more extensive delocalization
with Rloc small. Returning to the localized regime, the effective Heisenberg J term becomes

Jeff = J0 + JF, (13.5)

where JF = −2B2/ΔEtrap, and J0 is the Heisenberg term in the absence of any delocalization. Typically, for

Fe2S2-reduced ferredoxins, trapped valence is found, with an AF S = 1
2

ground state [26]. However, for
two mutants of Clostridium pasteurianum ferredoxin (Cys60Ser and Cys56Ser), both a trapped valence (S
= 1

2
) and a delocalized high spin (S = 9/2) coexist as a mixture as found by MCD, magnetic Mössbauer

spectroscopy, and magnetic susceptibility [27, 28]. Equally intriguing is the reduced Fe2S2 cluster of the
Rieske Fe–S protein, with composition Fe2S2 (SCys)2(His)2. Here the g tensor (S = 1

2
) is highly anisotropic at

pH 14, and much less so at pH 7. Our DFT calculations on this center indicate that the static energy difference
ΔEAB,static is much smaller when both His residues are deprotonated (His−) (pH = 14) than when these
are both protonated (pH=7), see equations (13.4) and (13.5). The predicted ferromagnetic JF term becomes
roughly twice as large [29, 30], and the smaller Jeff causes the higher g anisotropy at pH 14.
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13.6 Polynuclear Systems – Competing Heisenberg Interactions and Spin-Dependent
Delocalization

Fe4S4 clusters typically appear in three different oxidation states, with true cluster charges 1−,2−,3− orga-
nized into two different redox couples (1−,2−) and (2−,3−). The all-ferrous form of Fe4S4 is attainable with
strongly negative reductants (4−). We want to emphasize here a central point most easily exhibited by the
(2−) cluster, which is mixed valence 4Fe2.5+ (same electron count as 2Fe2+2Fe3+). In the absence of electron
delocalization, the spin coupling would exhibit a very high near degeneracy. With an overall AF Heisenberg
coupling for all Fe-Fe pairs, the ground state should be spin Stot = 0. Assembling the spin coupling in pairs,
let SA = S12 with range 1

2
≤ S12 ≤ 9/2, and similarly SB = S34 with range 1

2
≤ S34 ≤ 9/2. Then |SA − SB| ≤

Stot ≤ |SA + SB|, and there are several ways to generate Stot = 0. However, pairwise electron delocalization
favors parallel spin pairs, and with two delocalized electrons, two high-spin pairs are selected, while allowing
four anti-parallel spin pairs. This selection achieves a favorable spin-coupling energy, and resolves the near
degeneracy of states. A similar story applies for the high potential oxidized (1−) and the 4Fe ferredoxin-
reduced cluster [23, 31]. In contrast to the Fe2S2 mixed-valence complexes, the B terms need not compete
directly against the J terms. One consequence is that the B term stabilization of the 2− state (10Bm) is much
larger than those for the 1− (high potential, HiPIP, oxidized) (5Box) or the ferredoxin reduced (3−) (5Bred),
all of these being pairwise delocalized terms of similar type (𝜎 bonding). Taking energy differences, these
terms account for a substantial positive shift in the (1−,2−) redox potential, and a substantial negative shift
in the (2−,3−) redox potential, about ±0.5 V. The corresponding J term, SDBE difference with respect to the
spin barycenter, produces an additional negative shift of the redox potential for the (2−,3−) couple (about
−0.6 to −0.7 V, based on initial calculations) [23]. More recent redox potential calculations, accounting for
geometry optimization, and for the detailed electrostatic/dielectric stabilization from the protein-solvent envi-
ronment give reasonable accuracy, errors about 0.2–0.3 eV, compared with the experiment (Figures 13.2 and
13.3). More amide NH⋅⋅⋅S hydrogen bonds are present (about 10–14) for the (2−,3−) couple than for (1−,2−)
(about five bonds) in these 4Fe proteins, and these interactions appear necessary to shift the reduced (2−,3−)
couple into the physiological range.

13.7 Preamble to Three Major Topics: Iron–Sulfur–Nitrosyls,
Adenosine-5′-Phosphosulfate Reductase, and the Proximal Cluster of
Membrane-Bound [NiFe]-Hydrogenase

We now explore three topics in more detail: (1) Electronic structure and spin coupling in a variety of nonheme
iron nitrosyl complexes, with particular emphasis on Fe–S–nitrosyl complexes; (2) the catalytic, but non-
redox function of the Fe–S center in the enzyme adenosine-5’-phosphosulfate reductase; and (3) the two-
electron transfer (redox) and proton transfer activity of the proximal Fe4S3 cluster in membrane bound [NiFe]-
hydrogenase, which allows two-electron transfers at nearly the same redox potential, in contrast to most other
Fe4Sn centers.

13.7.1 Nonheme Iron Nitrosyl Complexes

The reaction of NO with iron complexes located in protein active sites can lead to the formation of iron
nitrosyl species and appears to be a biologically relevant process to modulate protein function and activity
[33–35]. Nitrosylation of nonheme Fe–S clusters of the type Fe4S4 leads to their degradation and to the
formation of mono- and polynuclear degradation products such as dinitrosyl iron complexes (DNICs, typically
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Figure 13.2 Ribbon drawings of various Fe4S4 Fe–S proteins for comparison of DFT-calculated (BP86 exchange-
correlation potential) redox potentials with experiment (see Figure 13.3). Reprinted from [32] with permission
from American Chemical Society. (See colour plate section)

[Fe(NO)2(SR)2]−) and Roussin’s black salt, [Fe4(NO)7(𝜇3-S)3]− [36–39]. DNIC formation is also observed
for the reaction of NO with Fe2S2 centers, but for Rieske-type Fe2S2 centers, the main product appears to
have a Roussin’s red ester formula, [Fe2(NO)4(𝜇-SR)2], alongside formation of DNICs [34, 38, 40, 41].
Interestingly, DNICs have been proposed to be implicated in the storage and transport of NO in cells [42].
It has also been shown that reassembly of Fe2S2 and Fe4S4 iron–sulfur clusters from DNICs is possible
[43, 44].

The interaction between Fe and NO has intrigued experimental and theoretical chemists alike. The FeNO
angle depends on the type of complex and can be linear or bent [45]. The assignment of the oxidation state of
the NO and Fe sites is non-trivial. NO, which is a radical in the diatomic state, is a non-innocent ligand, and
upon metal-coordination it can formally be viewed as NO+, NO., or NO− (also more complex electronic res-
onance structures have been proposed for dinitrosyl species, for example, an overall (NO)2

− ligand, formally
corresponding to −0.5 on each NO) [46]. To facilitate the assignment of the electronic state of metal–nitrosyl
complexes, an Enemark–Feltham notation is often employed [47]. This notation gives the total number of
electrons (n) in the outer d shell of the metal (here Fe) and in the NO 𝜋

∗ orbitals, written as {FeNO}n or
{Fe(NO)2}n, depending on the number of NO ligands. A {FeNO}7 complex might thus originate from a d5

Fe(III) center ligated to a single NO− ligand with occupancy (𝜋∗)2. Note that a description involving d7 Fe(I)
ligated to NO+ (𝜋∗)0 formally is equally accurate. For the {Fe(NO)2}9 unit, Ye and Neese have proposed that
the electronic structure should be viewed as a resonance hybrid involving a high-spin d5 Fe(III) (SFe = 5/2)
ligated to two NO− ligands (SNO = 1) and a d6 Fe(II) (SFe = 2) ligated to an (NO)2

− ligand (S(NO)2 = 3/2)
[46]. Assignment of the electronic structure of FeNO units is thus non-trivial, emphasizing the usefulness of
the Enemark-Feltham notation.
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Figure 13.3 Computed versus experimental redox potentials (in eV) for the following proteins and redox couples:
HiPIP (1−,2−) (two different proteins), ferredoxins (2−,3−) (three different proteins), photosystem I clusters (X,
A, and B clusters) (2−,3−), and iron protein of nitrogenase (Fe protein) (two different redox couples (2−,3−) and
(3−,4−)). The dashed line shows the line of identity. The electrostatic/dielectric environment for protein–solvent
utilizes the Poisson–Boltzmann equation, and the cluster is represented by electrostatic potential (ESP) charges.
The redox potentials become more negative for greater negatively charged redox couples. Reprinted from [32]
with permission from American Chemical Society.

The overall spin state of an iron nitrosyl complex depends on the number of electrons n on the FeNO unit,
the spin state of the iron (low, high, or intermediate spin) as well as the mode of magnetic coupling between
Fe and NO (normally anti-ferromagnetic). An {FeNO}7 unit might thus display an overall spin Stot =

1
2

(for

example, arising from low-spin Fe(II) coordinated to NO.) or Stot = 3/2 (for example, arising from high-spin
Fe(III) coupled anti-ferromagnetically to NO−). Anti-parallel alignment of the spin on NO and Fe results
in anti-ferromagnetic coupling between ligand and metal. Further, if more than one FeNO unit is present
in the complex, the different units can magnetically couple to each other, typically in an anti-ferromagnetic
fashion (for the polynuclear systems discussed here, the ferromagnetic states lie significantly higher in energy)
[48–50]. For many of the polynuclear iron nitrosyl complexes, this coupling scheme results in an overall Stot
= 0 for the molecule, that is, a diamagnetic state. Computational studies show that the Heisenberg-coupling
constants for iron nitrosyl complexes are very large, indicating very strong magnetic-coupling constants, both
within the FeNO unit and between units [48, 49]. The strong coupling implies that the Noodleman approach
for computing the Heisenberg-coupling constants should be applied with caution for such complexes [23, 51].
The discussion in the following will quote coupling constants computed with the Yamaguchi approach [52]
and a spin Hamiltonian H = JABSA⋅SB, unless otherwise noted.

An example of a mononuclear {FeNO}7 complex is the brown ring compound [Fe(NO)(H2O)5]2+, known
from the brown ring test for nitrate (Figure 13.4a). The electronic state of this compound is best described
as Fe(III) anti-ferromagnetically coupled to NO− [53]. The spin density on NO is cylindrical, in agreement
with a doubly occupied 𝜋

∗ orbital (Figure 13.4a, right) [48]. The NO− ligand adopts a triplet state (SNO =
1), with the electrons aligned anti-parallel to the unpaired electrons on iron (SFe = 5/2). The total spin on the
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Figure 13.4 Examples of mono- and dinuclear nonheme iron nitrosyl complexes. Schematic descriptions are on
the left, and computed spin densities are on the right (OLYP/TZP/COSMO). The computed Heisenberg-coupling
constants are from [48a] and [49b,c]. An experimental value is given in parenthesis for b [56].

{FeNO}7 unit is thus S = 3/2. Note that the computed spin populations might be significantly smaller than
one might expect on the basis of the formally assigned site spins. For the brown ring complex, computed
OLYP Mulliken spin populations are 3.6 on Fe and −0.8 on NO [48, 50]. This distribution might be inter-
preted as arising from a d6 high-spin Fe(II) ligated to NO. (as also suggested, on basis of the Mulliken spin
populations, for an S = 3/2 {FeNO}7 unit formed at the nonheme iron site of NO reductase) [54] instead of
the Fe(III)-NO− assignment preferred here [53, 55]. Yet, it should be noted that the computed local Fe and
NO spin populations are reduced due to the strong magnetic coupling between Fe and NO. The Heisenberg-
coupling constant computed for the anti-ferromagnetic interaction between Fe and NO in the brown ring
compound is 5796 cm−1 (OLYP/TZP/COSMO), implying a very strong interaction [48]. In computations, in
particular those employing pure DFT functionals, the spin population can be as small as 0.6 on iron in an
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{Fe(NO)2}9 unit (for example in Roussin’s black salt), although the Mössbauer isomer shifts computed for
this electronic structure, as well as experimental results, support a high-spin Fe(III) assignment for this iron
[48, 50].

Biologically relevant dinuclear complexes with two {FeNO}7 units are known. An example
is [Fe2(NO)2(Et-HPTB)(O2CPh)]2+ (Et-HPTB = N,N,N’,N’-tetrakis-(N-ethyl-2-benzimidazolylmethyl)-2-
hydroxy-1,3-diaminopropane; Figure 13.4b), which is a synthetic analogue of the NO-bound state of the
dinuclear active site complex of ribonucleotide reductase subunit R2 [56, 57]. Magnetic susceptibility stud-
ies indicate a site spin of S = 3/2 for each {FeNO}7 unit, with a coupling constant of 46 cm−1 (translated
to H = JABSA⋅SB) [57]. BS–DFT calculations give an electronic description of two anti-ferromagnetically
coupled FeNO units (Figure 13.4b, right), with the computed Heisenberg-coupling constant of 184 cm−1

(OLYP/TZP/COSMO) [49], implying an overestimation compared with experiment. Note that the computed
coupling constants of polynuclear iron nitrosyl complexes only give the strength of the coupling between the
two FeNO units, not within a unit.

The intrinsic coupling strength between FeNO units in iron nitrosyl complexes is dependent on the bridg-
ing ligands, the type of units that couple, and the geometry of the complex (also, for computed coupling
constants, the magnitude is highly geometry- and basis set-dependent, in addition to the dependence on the
DFT functional) [49]. In [Fe2(NO)2(Et-HPTB)(O2CPh)]2+, the bridging ligands between the {FeNO}7 units
are an alkoxide and a carboxylate anion (Figure 13.4b), providing low coupling strength. If sulfur atoms
bridge the FeNO units, much stronger couplings are observed. For a dinuclear sulfur-bridged {FeNO}7 com-
plex, [Fe2(NO)2(SH)2(𝜇-S)2]2−, a computed Heisenberg-coupling constant of 813 cm−1 has been reported
(vide infra), i.e. around an order of magnitude stronger [58]. If one {FeNO}7 unit is replaced with an
{Fe(NO)2}9 unit, the coupling strength between units increases. For the [Fe(NO)2{Fe(NO)(NS3)}-S,S] com-
plex [59], featuring one {FeNO}7 and one {Fe(NO)2}9 unit, the computed spin-coupling constant is 3055
cm−1 (OLYP/TZP/COSMO on PW91 geometry; Figure 13.4c) [49]. The overall spin state of this complex
is Stot = 1, corresponding to anti-ferromagnetic coupling between the S = 1

2
and 3/2 units, and in agreement

with the experimentally determined magnetic moment of 𝜇eff = 2.81 [59]. If two {Fe(NO)2}9 units couple, the
interaction is still stronger. Roussin’s red salt, [Fe2(NO)4(𝜇-S)2]2− [60, 61], features two {Fe(NO)2}9 units
with fragment spins of S = 1

2
(Figure 13.5a), for which a very strong coupling constant of 4322 cm−1 has

been computed (B3LYP/6-311G(d,p)/COSMO on OLYP geometry) [49]. Interestingly, Lippard and cowork-
ers have shown that the primary product formed in the reaction of NO with a Rieske-type Fe2S2 cluster in a
protein active center has a Roussin’s red ester formula (i.e., as in red salt but with substituents on the bridging
sulfurs), [Fe2(NO)4(𝜇-SCys)2], where Cys = cysteine [40].

A recent study by Tsou et al. compared the Heisenberg-coupling constant computed for Roussin’s red
salt with two related complexes, also featuring bridging sulfur atoms, but replacing the NO ligands with
SH ligands [58]. The [Fe2(NO)2(SH)2(𝜇-S)2]2− complex, already mentioned above, has two NOs replaced
with SH compared with red salt, resulting in a complex with anti-ferromagnetic coupling between two
{FeNO}7 S = 3/2 units, with a computed coupling constant of 813 cm−1 (BP86/SDD(Fe),BSXLANL(S),6-
311++G∗∗(H,N,O)/PCM, Figure 13.5b) [58]. Replacement of all NO ligands with SH gives the di-iron
complex [Fe2(SH)4(𝜇-S)2]2– with S = 5/2 on each iron, with the computed coupling constant of 415 cm−1

(BP86/SDD(Fe),BSXLANL(S),6-311++G∗∗ (H,N,O)/PCM; Figure 13.5c) [58]. A related Fe2S2 non-nitrosyl
complex, [Fe2S2(S2-oxyl)2]2−, shows a comparable computed Heisenberg spin-coupling constant of 446
cm−1 (B3LYP/TZVP on OLYP/COSMO geometry; Figure 13.5d) [48]. Again, this is somewhat overesti-
mated compared with the experimental value of 296 cm−1 (translated to H = JABSA⋅SB) [62]. It can be
concluded that fragment spins in dinuclear iron nitrosyl complexes couple far stronger to each other than in
non-nitrosyl complexes, and that {Fe(NO)2}9 units result in stronger inter-fragment couplings than {FeNO}7

units.
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Figure 13.5 Comparison of nitrosylated (a, b) and non-nitrosylated (c, d) Fe2S2 complexes. The computed
Heisenberg-coupling constants are from [49a], [58b,c], and [48d] (with the experimental value in parenthesis
[62]).

The bonding interactions in nitrosyl and non-nitrosyl iron complexes can be further compared by evaluating
the SDBE, which gives an estimate of the contribution of spin coupling to the overall bonding interaction. For
the {Fe(NO)2}9/{FeNO}7 complex [Fe(NO)2{Fe(NO)(NS3)}-S,S] (Figure 13.4c) and for the di-{Fe(NO)2}9

complex Roussin’s red salt (Figure 13.5a), the values obtained are SDBE = 1.25 J and 0.75 J, respectively.
For the non-nitrosyl complex [Fe2S2(S2-oxyl)2]2− (Figure 13.5d), the value obtained is SDBE = 8.75 J. By
inserting the computed J values (as given in Figures 13.4 and 13.5), these translate into energies of 0.47, 0.40,
and 0.48 eV for these three complexes, respectively. The spin bonding energies are thus comparable for the
nitrosyl and non-nitrosyl Fe2S2 complexes.

Particularly intriguing are tetranuclear iron nitrosyl complexes such as Roussin’s black salt, [Fe4(NO)7(𝜇3-
S)3]− [60, 63–65], and the related cubane [Fe4(NO)4(𝜇3-S)4]0/−1 (Figure 13.6) [66–68]. Nitrosylation of syn-
thetic analogues of Fe4S4 clusters found in the active sites of, for example, ferredoxins and HiPIPs leads to
the formation of Roussin’s black salt as the end product [36]. Recent work by Victor and Lippard indicate
that the cubane complex [Fe4(NO)4(𝜇3-S)4]− might be an intermediate formed when Fe4S4 clusters are nitro-
sylated [69]. This nitrosyl cubane species has four FeNO units and is EPR-active (Stot =

1
2
; Figure 13.6b).

DFT calculations show that different electronic states are possible for this complex, i.e. 3 {FeNO}7 units
coupled anti-ferromagnetically to 1 {FeNO}8 unit, or alternatively a pair of {FeNO}7 units coupled anti-
ferromagnetically to a pair of {FeNO}7.5 units (the latter state is shown in Figure 13.6b) [48]. Loss of sulfur
and further nitrosylation converts [Fe4(NO)4(𝜇3-S)4]− to the diamagnetic (Stot = 0) Roussin’s black salt [69].

Roussin’s black salt comprises an apical {FeNO}7 unit and three basal {Fe(NO)2}9 units, bridged by three
sulfur atoms (Figure 13.6a). Assuming a high-spin Fe(III) description for all iron atoms, that is, SFe = 5/2,
implies that all nitrosyls are NO− (SNO = 1). This would imply that there are 34 unpaired electrons in black
salt that couple to each other! The anti-ferromagnetic coupling between iron and nitrosyl within the {FeNO}7

unit results in an S= 3/2 fragment spin for this unit, and the corresponding coupling in the {Fe(NO)2}9 units in
an S= 1

2
fragment spin. The coupling within the FeNO units is so strong that the interaction is almost covalent,

with a computed spin population of only ±0.62 to 1.18 on the iron atoms and ±0.17 to 0.29 on the nitrosyl
ligands [48]. The fragment spins on the three basal {Fe(NO)2}9 units are aligned opposite to that of the apical
{FeNO}7 unit, resulting in an overall Stot = 0 for Roussin’s black salt. The Heisenberg spin Hamiltonian
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Figure 13.6 Examples of tetranuclear iron nitrosyl complexes. Schematic descriptions are on the left, and com-
puted spin densities are on the right (OLYP/TZP/COSMO) [48]. The computed Heisenberg-coupling constants
are from [49].

describing the coupling between the units is assumed to have the form H = J12 (SA⋅SB+SA⋅SC+SA⋅SD) +
J22 (SB⋅SC+SB⋅SD+SC⋅SD), where SA = 3/2 and SB = SC = SD = 1

2
. J12 describes the interaction between the

apical and basal units, and J22 describes the the interaction between the basal units [49]. The J12 was estimated
to be ∼3539–3577 cm−1 (OLYP/TZP/COSMO) and is thus very strong and similar to the interaction between
{FeNO}7 and {Fe(NO)2}9 computed for the dinuclear complex [Fe(NO)2{Fe(NO)(NS3)}-S,S] (Figure 13.4c)
[49]. The J22 is small, 147–214 cm−1 (estimated by employing the Noodleman approach) and negligible
compared with J12 [49].

Again it is instructive to compare the nitrosylated tetranuclear complexes with non-nitrosyl analogues such
as the Fe4S4 complex [Fe4S4(SCH3)4]2−, for which an effective spin Hamiltonian is H = JmS12⋅S34 with
S12 = 9/2 and S34 = 9/2. Calculations estimated Jm to be 645 cm−1 (the Vosko–Stoll exchange correlation
potential and the Becke perturbative correction (VS+B), vacuum) [23]. Experimental values for synthetic
Fe4S4 complexes indicate Jm = 295–413 cm−1 [70] and 261–397 cm−1 [71]. Jm of the non-nitrosyl tetranu-
clear complexes is thus an order of magnitude smaller than J12 of Roussin’s black salt, analogous to the din-
uclear Fe2S2 complexes (vide supra). Yet, the spin bonding energy is again more comparable. For Roussin’s
black salt, SDBE = 3.75 J12 (ignoring the small J22 term) but 24.75 Jm for [Fe4S4(SCH3)4]2−. Numerically,
this translates to 1.66 eV for black salt (J12 = 3577 cm−1) and 1.98 eV for [Fe4S4(SCH3)4]2−. Although
the comparison with experiments shows that the computed J values in general are overestimated, the values
indicate very strong and comparable spin bonding energies in these tetranuclear iron complexes.

The BS–DFT calculations on Roussin’s black salt also provide some insight into the directing power of the
FeNO unit and the geometry dependence of the magnetic interaction between fragments. Calculations of the
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Figure 13.7 Magnetic orbitals in Roussin’s black salt (from UCO analysis [49], 𝛼 orbital of two different magnetic
pairs,) illustrating interactions between a dz

2 orbital on a basal {Fe(NO)2}9 unit and the dx
2

–y
2 or dxy orbital on

the apical {FeNO}7 unit.

unrestricted corresponding orbitals (UCOs) [72] for black salt show 17 magnetic orbital pairs, 14 with very
strong overlap (corresponding to the FeNO interaction within units, four for each {Fe(NO)2}9 unit, and two
for the {FeNO}7 unit) and three magnetic pairs with somewhat weaker overlap, describing the interaction
between the apical and basal FeNO units [49]. The 𝛼 orbitals of two of these magnetic orbital pairs are shown
in Figure 13.7. The strong FeNO interaction of the apical {FeNO}7 fragment directs the fragment spin density
toward the basal fragments, and the basal {Fe(NO)2}9 fragments direct their spin densities upwards, resulting
in strong magnetic interaction between the fragments. If the apical {FeNO}7 unit is bent from 180◦ to 120◦,
the trans-directing ability is weakened, and the anti-ferromagnetic coupling between the apical and basal
fragments decreases in strength [49].

13.7.2 Adenosine-5′-Phosphosulfate Reductase

Adenosine-5′-phosphosulfate reductase (APSR) is an Fe–S protein, catalyzing the reduction of adenosine-
5′-phosphosulfate (APS) to sulfite and adenosine-5′-monophosphate (AMP) (Figure 13.8) in plants and in
many species of bacteria, including pathogenic bacteria [73, 74]. The reaction involves the nucleophilic attack
by a conserved cysteine residue in the C-terminal tail of APSR on APS to form a covalent S-sulfocysteine
intermediate, which is then reduced to sulfite and AMP through intermolecular thiol−disulfide exchange with
protein reductant thioredoxin (Trx) [73–79].
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Figure 13.8 Reaction catalyzed by APSR. Reprinted from [80] with permission from American Chemical Society.
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Figure 13.9 (a) The Fe4S4
2+ cluster in chain-A of the 2.7 Å crystal structure of Pa-APSR (PDB entry: 2GOY) [84]

without APS binding. (b) The positions and surrounding H-bonding interactions of the Fe4S4
2+ cluster and APS in

chain-B of 2GOY. Reprinted from [80] with permission from American Chemical Society.

APSR contains an Fe4S4 cluster, which has been shown to be essential for catalytic activity [76, 81–83] but,
interestingly, the Fe4S4

2+ cluster does not have direct contact with the substrate and does not undergo redox
changes during the catalytic cycle [77]. The 2.7 Å crystal structure of Pseudomonas aeruginosa (Pa) APSR
(PDB entry: 2GOY) [84] shows the Fe–S cluster coordinated by Cys228, Cys231, and an unusual tandem
pair, Cys139 and Cys140. No APS was found in chain-A of 2GOY. The Fe4S4 cluster and the nearby protein
residues in chain-A are shown in Figure 13.9a. Thr87, Arg143, and Trp246 are conserved residues forming
the charged or polar NH⋅⋅⋅S or OH⋅⋅⋅S hydrogen bonding interactions with the inorganic S or cysteine S

𝛾

atoms. The chain-B of 2GOY contains a bound APS (Figure 13.9b). The phosphosulfate group of APS is
positioned at a distance of approximately 7 Å from the iron site that coordinates with S

𝛾
-Cys140. Lys144

lies between the Fe4S4Cys4 cluster and the APS. Both the charged Arg242 and Arg245 side-chains have
H-bonding interactions with the phosphate and sulfate groups of APS.

Together with Carroll’s group, Noodleman’s group [80] has performed BS–DFT plus electrostatics calcu-
lations at the active sites of both chain-A (without APS) and chain-B (with APS) of the X-ray crystal structure
2GOY to study the spin states of Fe4S4Cys4 cluster and the feasible functions of the cluster, the highly unusual
Cys139/Cys140 tandem pair, and the role of Lys144 residue for APS binding.

The quantum models contain all the major residues surrounding the Fe4S4 cluster, with 211 atoms for
chain-A and 250 atoms for chain-B (including APS) [80]. The quantum cluster from chain-B is shown in
Figure 13.10. Figure 13.11 presents a closer look at the central atoms and the Cys139/Cys140 tandem pair of
the Fe4S4Cys4 center.

In order to see what changes would occur in the geometric and electronic structure of the cluster when
there is no linkage between Cys139 and Cys140, “no-tandem” computational models were constructed by
breaking the HN–CO peptide bond between Cys139 and Cys140 in both chains A and B. The –C=O group
of Cys139 was replaced by a hydrogen, meanwhile a hydrogen was added to the –NH group of Cys140 to fill
the open valence. The cluster center of the “no-tandem” models is shown in Figure 13.12.

Further, the K144A models (for both chains A and B) were also constructed by replacing Lys144 with Ala
in order to investigate changes in the properties of the Fe4S4 cluster without Lys144. Explicitly, the C

𝛽
–C

𝛾

bond of Lys144 was cut and a proton was added to C
𝛽

to complete the valence.
All geometries of the clusters were optimized using the OLYP functional [85, 86] within the conductor-like

screening (COSMO) [87–90] solvation model with dielectric constant 𝜀 = 20. The triple-𝜁 (TZP) (for Fe and
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Figure 13.10 The quantum cluster model of the Fe4S4 center in APSR with APS, taken from chain-B of the X-ray
crystal structure (PDB code: 2GOY) [84]. Reprinted from [80] with permission from American Chemical Society.

S) and double-𝜁 (DZP) (for other atoms) polarization Slater-type basis sets with frozen cores (C(1s), N(1s),
O(1s), S(1s,2s,2p), P(1s,2s,2p), and Fe(1s,2s,2p) are frozen) were applied for the calculations.

The resting state of the Fe4S4 core in APSR has +2 charge, Fe4S4
2+. The core plus the four Cys side-

chains have a net charge of −2, [Fe4S4(S
𝛾
-Cys)4]2−. Therefore, each of the four equivalent iron sites has a

2.5+ oxidation state [23, 32]. The AF-coupled Stotal = 0 ground state requires two mixed valence iron pairs
with opposite spins. The combinations of the spin states can be: {Fe1↓Fe2↓Fe3↑Fe4↑}, {Fe1↑Fe2↓Fe3↓Fe4↑},
and {Fe1↑Fe2↓Fe3↑Fe4↓}, where “↑” and “↓” represent spin up and down, respectively. Again, the AF-
coupled spin states were represented by BS states in calculations. Since the calculated BS energies of the
{Fe1↓Fe2↓Fe3↑Fe4↑} state in chains A and B are lower than the other two spin states by 1.0−8.4 kcal mol−1
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Figure 13.11 A closer look of the Fe4S4Cys4 center and the atom labels with four cysteine side-chains. Reprinted
from [80] with permission from American Chemical Society.
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Figure 13.12 The Fe4S4Cys4 center and the atom labels of the “no-tandem” computational models. Reprinted
from [80] with permission from American Chemical Society.
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[80], it is likely that the [Fe4S4(S
𝛾
-Cys)4]2− cluster of Pa-APSR is in the {Fe1↓Fe2↓Fe3↑Fe4↑} state before

and after substrate binding.
Each of the optimized [Fe4S4(S

𝛾
-Cys)4]2− clusters has a compression structure with four “short”

(∼2.2 Å) and eight “long” (∼2.3 Å) Fe–S distances. The two irons with the same spin direction are in an
Fe2S2 rhomb distorted butterfly “plane” with four “long” Fe–S distances, and the four Fe–S bonds between
the two “planes” have “short” distances. Taking the {Fe1↓Fe2↓Fe3↑Fe4↑} state (see Figure 13.11) as an exam-
ple, Fe1 and Fe2 (spin down) are on the plane containing Fe1-S1-Fe2-S2, and Fe3 and Fe4 (spin up) are on
the plane with Fe3-S3-Fe4-S4. As a result, the eight Fe–S bond lengths on the two planes are long (on average
2.30–2.33 Å), and the four Fe1-S3, Fe2-S4, Fe3-S1, and Fe4-S2 bonds between the two planes are shorter
(on average 2.21–2.23 Å) [80].

In general, from chain-A without substrate to chain-B with substrate binding, the [Fe4S4(S
𝛾
-Cys)4]2− clus-

ter becomes more negative and expands with longer Fe–Fe distances. For instance, the calculated total ESP
charge of the [4Fe-4S-4S

𝛾
] center of the wild-type chain-A is −2.11, and its average Fe-Fe distance is 2.67

Å. While in wild-type chain-B, the total charge of the [4Fe-4S-4S
𝛾
] center becomes −2.19 and the average

Fe–Fe distance is increased to 2.72 Å.
The calculations show that the special feature of the Cys139/Cys140 tandem pair is to keep the Fe4S4

cluster more compact and to prevent it from reduction [80]. After breaking the peptide bond between Cys139
and Cys140 (Figure 13.12), the Fe4S4

2+ core in both chains A and B expands. For chain-A, the Fe1–Fe2
distance is increased by 0.08 Å compared with wild-type. Fe1–Fe3, Fe1–Fe4, and Fe3–Fe4 are also increased
by 0.03, 0.04, and 0.02 Å, respectively. Except for Fe2-S2, Fe2-S4, and Fe2-S

𝛾
-Cys139, which are decreased

by 0.01 Å, all other Fe–S distances are increased by 0−0.03 Å. The Fe1–Fe2 distance is further increased
by 0.06 Å from chain-A to chain-B. It is known that once the [Fe4S4(S

𝛾
-Cys)4]2− cluster is reduced (net

charge of the cluster would be −3), the repulsion among the S⋅⋅⋅S atoms would be stronger, forcing the
expansion of the overall cluster [23]. The tandem structure in Pa-APSR makes the expansion of the Fe4S4
energetically unfavorable, which explains why it is difficult to reduce the cluster in experiments [91]. Further,
this conclusion is supported by the [Fe4S4(S

𝛾
-Cys)4]2−/[Fe4S4(S

𝛾
-Cys)4]3− redox potential (E0) calculations,

which show that from wild-type to no-tandem model, E0 becomes more positive by 0.10 V and 0.14 V in
chains A and B, respectively. Therefore, the no-tandem cluster of [Fe4S4(S

𝛾
-Cys)4]2− is easier to reduce than

the wild-type.
The calculations on the K144A cluster models show that, without charge transfer to Lys144+, the total ESP

charge of the [4Fe-4S-4S
𝛾
] center becomes more negative from −2.11 and −2.19 in the wild type to −2.28 and

−2.44 in the K144A models for chains A and B, respectively. The cluster is more compact in the wild-type
protein than in the K144A model. For instance, in chain-A, except for Fe2–Fe3, Fe1–S2, Fe1–S3, Fe2–S4,
and Fe3–S1, which either remain unchanged or are decreased by less than 0.01 Å, all other Fe–Fe and Fe–S
distances are increased by 0−0.04 Å from the wild-type cluster to the K144A model. Overall, the cluster in
K144A expands compared with the wild-type optimized cluster, which is consistent with the increase of the
electron density over the [Fe4S4(S

𝛾
-Cys)4]2− cluster, and the increasing lability of the cluster in K144A. The

calculated E0 of K144A is more negative than the wild type by 0.06 V in chain-A and 0.12 V in chain-B.
Therefore, the [Fe4S4(S

𝛾
-Cys)4]2− cluster in K144A mutant is more difficult to reduce, and the reduction

becomes even more difficult when APS2− is present. The lability of the cluster and difficulty in reduction
have been observed in EPR experiments, in which reduction of the cluster in the K144A mutant resulted in
a six-fold decrease of signal intensity and the appearance of an additional signal corresponding to free Fe3+

formed due to cluster degradation, compared with wild-type APSR [91].
In addition, the overall charge on APS becomes more negative, changing from −1.75 in wild type (in chain-

B) to −1.84 in the K144A model. This results in a strong repulsion between the [Fe4S4(S
𝛾
-Cys)4]2− cluster
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and APS, which is detrimental to substrate binding in the mutant protein. Kinetic studies show that there is a
400-fold decrease in the Kd of APS for K144A APSR, and consequently a decrease in the catalytic efficiency
of the mutant protein by almost 63,000-fold as compared with wild-type APSR [91].

In summary, even though APS does not have a direct interaction with the Fe4S4 cluster, the mid-range elec-
trostatic interactions between the two species indeed influence the charge distribution and the detailed geom-
etry within the Fe4S4 cluster, APS, and the surrounding charged residues, although the geometric changes
may not be large enough to be observed in EXAFS and Mössbauer experiments [80, 91]. The disordered
C-terminal segment of residues 250–267 (including the catalytically essential Cys256) is missing in the
Pa-APSR crystal structure 2GOY [84]. When the missing segment was modeled into the active site of Pa-
APSR using the structure of 3′-phosphoadenosine 5′-phosphosulfate reductase from Saccharomyces cere-
visiae [92], it was observed that Cys256 is proximal to the sulfate moiety of APS, and the side-chains of
Cys140 and Lys144 [91]. The charged residues of Lys144, Arg242, Arg245, and possibly Arg171 (present in
a flexible “Arg-loop”) function as “molecular guidewires” [93] to guide the substrate in the right position to
form the enzyme S-sulfocysteine intermediate. A role of the Fe4S4 cluster is to stabilize the transition state
via positioning the positively charged residues and maintaining the charge balance in the active site during
catalysis.

13.7.3 Proximal Cluster of O2-Tolerant Membrane-Bound [NiFe]-Hydrogenase in Three Redox
States

Hydrogenases [94–98], despite being commonly deactivated by trace amounts of molecular oxygen [97, 99,
100], extend into the aerobic world with several subgroups of the enzyme family [101–103]. Coupled to
the respiratory complex with O2 as terminal electron acceptor, the membrane-bound H2-oxidizing [NiFe]-
hydrogenase (MBH) hosts a remarkable Fe4S3 cluster revealed by recent X-ray structural determinations
(Figure 13.13) [104–108]. This cluster, corresponding to a canonical Fe4S4 cubane ∼11 Å proximal to the
active site in conventional [NiFe]-hydrogenases, in MBH is coordinated by two additional “supernumerary”
conserved cysteines [101, 109–112]. The proximal Fe4S3 cluster carries out a dual task in MBH: while this
unique cofactor (i) conducts electrons away from the [NiFe] center during H2 oxidation, it also (ii) supplies
two electrons rapidly and concertedly in the reverse direction to eliminate the unfavorable species arising upon
O2 binding at the active site. Within the physiologically relevant narrow (∼0.2 V) range of redox potentials
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[113–116], the cluster is thus capable to cycle between three oxidation levels: reduced Fe4S3
3+ (S = 1/2),

oxidized Fe4S3
4+ (S = 0), and superoxidized Fe4S3

5+ (S = 1/2) [110, 114]. Such an aptitude to carry out 2e−

(versus conventional 1e−) redox chemistry is largely unprecedented among biological Fe–S clusters. Similar
to the only known second example, the P-cluster of nitrogenase (vide infra), the 2e− transition in the proximal
cluster is achieved at the expense of an inorganic core conformational shift, accompanied by an exchange of
amino acid ligands to one or more Fe sites; see Figure 13.13 [102, 105, 106, 108, 117].

Several computational studies on the novel proximal cluster have been reported so far [104, 107, 108,
118, 119], all using BS–DFT methods. Initially focused on a comparison of the calculated 57Fe–Mössbauer
parameters to the experimental values in the superoxidized state that we call S-OXD/P (Figure 13.13) [114,
119], these reports rationalized the electronic structure of the Fe4S3

5+ core. While consensus was established
on the ferric (Fe3+) character of the “special” Fe4 site coordinating the backbone amide in S-OXD/P, the
spin-coupling schemes between the four Fe sites became a topic of a specific debate [119, 120]. The broken
symmetry states labeled as BS12, BS13, and BS34 (following the Fe site numbers carrying excess local spin
anti-parallel to the total spin S of the cluster, see example for BS12 in Scheme 13.1) have been independently
favored [104, 107, 108, 118, 119]. The large Aiso(14N) ∼ 13–15 MHz hyperfine coupling, which has been
attributed to the Fe4-bound N20 nitrogen atom by ENDOR [108, 121] and HYSCORE [116] spectroscopies,
was reproduced well using either BS12 or BS13 with the BS–DFT spin-projected Aiso(14N) ∼ 15–19 MHz
(see the spin-coupling model in Scheme 13.1) [104, 108]. In contrast, BS34 produced too low Aiso(14N) < 3
MHz for the same N20 ligand [104].

The reversible structural transformation of the proximal cluster (REDD ⇌ S-OXD/P in Figure 13.13), con-
comitant with the proton transfer between the Cys20 amide and Glu76 carboxylate, has been addressed com-
putationally at the three relevant Fe4S3

3+,4+,5+ oxidation levels [104]. Only at the Fe4S3
5+ superoxidized

level the “forward” RED → S-OX reorganization becomes both kinetically and thermochemically feasible,
see Figure 13.14. The reaction profiles at the Fe4S3

3+,4+ redox levels (not shown) were considered in detail
as well and permit the “backward” S-OX → RED transformation of the cluster. The behavior of the BS34
versus BS12/BS13 energies in Figure 13.14 can be explained in terms of valence delocalization among the
Fea and Feb sites, forming the [Fe2+↓, Fe3+↓] minority spin in the BSab state of the Fe4S3

5+ core. Electron
delocalization into a mixed-valence pair (here, [Fe2+↓, Fe3+↓] → [2Fe2.5+↓]) commonly stabilizes the energy
of an Fe–S cluster by approximately 0.35 V estimated for standard Fe4S4 cubane [2, 23, 118, 122]. When a =
3, b = 4 (BS34), and the Fe4–S3 bond is lost in the “opened” conformations S-OXD/P (Figure 13.13), at least
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four Fe–S bonds separate Fe3 and Fe4, which significantly reduces the “through-bond” Fe3-Fe4 inter-site
spin coupling and works against electron delocalization. In contrast, when the cluster is “closed” (for all the
three BS states) or when it is “opened” for BS12/BS13, there are only two Fe–S bonds separating the two
minority-spin sites, which permit effective [2Fe2.5+↓] delocalization. The relative Fe spin populations (not
shown) support this interpretation, exhibiting a localized solution for BS34 with ferrous (Fe2+ S = 2) Fe4,
while Fe1/2/3 are ferric (Fe3+ S = 5/2). In summary, the BS34 potential energy surface for the “forward” RED
→ S-OX transformation is less preferred than that of BS12/BS13 due to the ∼5–8 kcal/mol higher energies
for the stationary points (and ∼4–5 kcal/mol higher TS transition state), where the cluster is “opened”, shown
as absence of the Fe4–S3 bonding in Figure 13.14. These energy differences match well the above-mentioned
0.35-V delocalization energy, which translates into ∼8 kcal/mol.

A recent multidisciplinary study further indicated a reversible occurrence of an Fe1-OH hydroxyl ligand
at the superoxidized Fe4S3

5+ level for the MBH from R. eutropha organism, see the DFT-optimized structure
in Figure 13.15 [108]. In addition to the large Aiso(14N) hyperfine signal attributed to the N20 backbone
nitrogen (as discussed above), smaller 14N signals of ∼3.6 MHz (HYSCORE) [116] and ∼1.8 MHz (ESEEM)
[108] have been reported for the MBHs from the E. coli and R. eutropha species, respectively. While the
HYSCORE result for E. coli was assigned to the Cys19 backbone nitrogen, ESEEM complemented with BS–
DFT attributed the small Aiso(14N) signal to the His229 imidazole nitrogen (N

𝜏
in Figure 13.15). The hydroxyl

bridge (Fe1-OH—H-N
𝜏
) in the R. eutropha MBH structure was found to mediate the indirect interaction

between the Fe1 spin density and N
𝜏

nucleus.
Coordination of the Cys20 amide and Glu76 carboxylate to the Fe4S3

5+ core in the S-OXP conformation
(Figure 13.13) from the X-ray structure of the E. coli MBH, or Cys20 amide and OH− in case of the R.
eutropha MBH (Figure 13.15), allows parallels to be drawn between the proximal cluster and the P-cluster
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of nitrogenase, as remarked earlier [102, 105, 106, 108, 117]. The Fe8S7 P-cluster can be viewed as two
Fe4S3 subclusters, bridged by the central inorganic 𝜇

6 sulfide and two cysteine 𝜇
2-thiolates. In analogy to

the Fe4S3 cluster, one of the P-cluster subunits reversibly attracts protein nitrogen (from a Cys backbone)
and oxygen (from a Ser side-chain) ligands, at the same time resulting in the (partial) loss of two Fe–S bonds
[123], to enable the 2e− (PN → POX) oxidation within physiologically relevant potential range.

13.8 Concluding Remarks

Iron–sulfur clusters display versatility in geometric and electronic structure, and in bonding. The electronic
structure is organized around the main physical–chemical themes of Fe–S covalency, spin polarization,
Heisenberg spin coupling, and spin-dependent electron delocalization. We have shown how the Broken Sym-
metry concept allows DFT methods to be applied effectively to explore these important issues. In proteins, the
terminal cysteine ligands provide linkages to the surrounding protein polypeptide chains, while both protein
and solvent provide essential electrostatic/polarization stabilization. Heteroatom binding to iron allows for
greater structural and functional flexibility. We have examined three topics in greater detail: (1) Iron–sulfur–
nitrosyl systems are relevant to a number of regulatory biochemical pathways; FeNO bonds redirect Fe–S
fragment bonds within the cluster; (2) APSR is an example where a non-redox Fe–S cluster plays an essential
electrostatic organizing role in a catalytic reaction; (3) the proximal iron–sulfur Fe4S3 cluster of membrane-
bound [NiFe]-hydrogenase has a cluster structure that is significantly modified from a typical Fe4S4 structure
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so that rapid two-electron oxidation becomes feasible and stable due to electronic structure effects, iron-ligand
binding shifts, and deprotonation. In the future, a better understanding of fundamental bonding and energetic
issues will enable deeper insights into mechanisms and functions of Fe–S enzymes.
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[87] A. Klamt and G. Schüürmann, COSMO – A new approach to dielectric screening in solvents with

explicit expressions for the screening energy and its gradient, J. Chem. Soc. Perkin Trans. 2(5), 799–805
(1993).

[88] A. Klamt, Conductor-like screening model for real solvents – a new approach to the quantitative calculation of
solvation phenomena, J. Phys. Chem. 99(7), 2224–2235 (1995).

[89] A. Klamt and V. Jonas, Treatment of the outlying charge in continuum solvation models, J. Chem. Phys. 105(22),
9972–9981 (1996).

[90] C. C. Pye and T. Ziegler, An implementation of the conductor-like screening model of solvation within the Ams-
terdam density functional package, Theor. Chem. Acc. 101(6), 396–408 (1999).

[91] D. P. Bhave, J. A. Hong, M. Lee, W. Jiang, C. Krebs and K. S. Carroll, Spectroscopic studies on the [4Fe-4S]
cluster in adenosine 5’-phosphosulfate reductase from Mycobacterium tuberculosis, J. Biol. Chem. 286(2), 1216–
1226 (2011).

[92] Z. Yu, D. Lemongello, I. H. Segel and A. J. Fisher, Crystal structure of Saccharomyces cerevisiae 3’-
phosphoadenosine-5’-phosphosulfate reductase complexed with adenosine 3’,5’-bisphosphate, Biochemistry
47(48), 12777–12786 (2008).

[93] L. Noodleman, T. Lovell, W.-G. Han, J. Li and F. Himo, Quantum chemical studies of intermediates and reaction
pathways in selected enzymes and catalytic synthetic systems, Chem. Rev. 104(2), 459–508 (2004).

[94] J. C. Fontecilla-Camps, A. Volbeda, C. Cavazza and Y. Nicolet, Structure/function relationships of [NiFe]- and
[FeFe]-hydrogenases, Chem. Rev. 107(10), 4273–4303 (2007).

[95] W. Lubitz, E. Reijerse and M. van Gastel, [NiFe] and [FeFe] hydrogenases studied by advanced magnetic resonance
techniques, Chem. Rev. 107(10), 4331–4365 (2007).

[96] P. M. Vignais and B. Billoud, Occurrence, classification, and biological function of hydrogenases: an overview,
Chem. Rev. 107(10), 4206–4272 (2007).

[97] K. A. Vincent, A. Parkin and F. A. Armstrong, Investigating and exploiting the electrocatalytic properties of hydro-
genases, Chem. Rev. 107(10), 4366–4413 (2007).

[98] P. E. M. Siegbahn, J. W. Tye and M. B. Hall, Computational studies of [NiFe] and [FeFe] hydrogenases, Chem.
Rev. 107(10), 4414–4435 (2007).



324 Spin States in Biochemistry and Inorganic Chemistry

[99] S. T. Stripp, G. Goldet, C. Brandmayr, O. Sanganas, K. A. Vincent, M. Haumann, F. A. Armstrong and T. Happe,
How oxygen attacks [FeFe] hydrogenases from photosynthetic organisms, Proc. Natl. Acad. Sci. USA 106(41),
17331–17336 (2009).

[100] M. T. Stiebritz and M. Reiher, Hydrogenases and oxygen, Chem. Sci. 3(6), 1739–1751 (2012).
[101] A. Parkin and F. Sargent, The hows and whys of aerobic H2 metabolism, Curr. Opin. Chem. Biol. 16(1–2), 26–34

(2012).
[102] J. Fritsch, O. Lenz and B. Friedrich, Structure, function and biosynthesis of O2-tolerant hydrogenases, Nat. Rev.

Microbiol. 11(2), 106–114 (2013).
[103] H. S. Shafaat, O. Rudiger, H. Ogata and W. Lubitz, [NiFe] hydrogenases: a common active site for hydrogen

metabolism under diverse conditions, Biochim. Biophys. Acta 1827(8–9), 986–1002 (2013).
[104] V. Pelmenschikov and M. Kaupp, Redox-dependent structural transformations of the [4Fe-3S] proximal cluster

in O2-tolerant membrane-bound [NiFe]-hydrogenase: a DFT study, J. Am. Chem. Soc. 135(32), 11809–11823
(2013).

[105] J. Fritsch, P. Scheerer, S. Frielingsdorf, S. Kroschinsky, B. Friedrich, O. Lenz and C. M. T. Spahn, The crystal
structure of an oxygen-tolerant hydrogenase uncovers a novel iron-sulphur centre, Nature 479(7372), 249–252
(2011).

[106] Y. Shomura, K. S. Yoon, H. Nishihara and Y. Higuchi, Structural basis for a [4Fe-3S] cluster in the oxygen-tolerant
membrane-bound [NiFe]-hydrogenase, Nature 479(7372), 253–256 (2011).

[107] A. Volbeda, P. Amara, C. Darnault, J. M. Mouesca, A. Parkin, M. M. Roessler, F. A. Armstrong and J. C.
Fontecilla-Camps, X-ray crystallographic and computational studies of the O2-tolerant [NiFe]-hydrogenase 1 from
Escherichia coli, Proc. Natl. Acad. Sci. USA 109(14), 5305–5310 (2012).

[108] S. Frielingsdorf, J. Fritsch, A. Schmidt, M. Hammer, J. Lowenstein, E. Siebert, V. Pelmenschikov, T. Jaenicke, J.
Kalms, Y. Rippers, F. Lendzian, I. Zebger, C. Teutloff, M. Kaupp, R. Bittl, P. Hildebrandt, B. Friedrich, O. Lenz and
P. Scheerer, Reversible [4Fe-3S] cluster morphing in an O2-tolerant [NiFe] hydrogenas, Nat. Chem. Biol. 10(5),
378–385 (2014).

[109] M. Saggu, I. Zebger, M. Ludwig, O. Lenz, B. Friedrich, P. Hildebrandt and F. Lendzian, Spectroscopic insights into
the oxygen-tolerant membrane-associated [NiFe] hydrogenase of Ralstonia eutropha H16, J. Biol. Chem. 284(24),
16264–16276 (2009).

[110] T. Goris, A. F. Wait, M. Saggu, J. Fritsch, N. Heidary, M. Stein, I. Zebger, F. Lendzian, F. A. Armstrong, B.
Friedrich and O. Lenz, A unique iron-sulfur cluster is crucial for oxygen tolerance of a [NiFe]-hydrogenase, Nat.
Chem. Biol. 7(5), 310–318 (2011).

[111] M. J. Lukey, M. M. Roessler, A. Parkin, R. M. Evans, R. A. Davies, O. Lenz, B. Friedrich, F. Sargent and F.
A. Armstrong, Oxygen-tolerant [NiFe]-hydrogenases: the individual and collective importance of supernumerary
cysteines at the proximal Fe-S cluster, J. Am. Chem. Soc. 133(42), 16881–16892 (2011).

[112] J. Fritsch, S. Loscher, O. Sanganas, E. Siebert, I. Zebger, M. Stein, M. Ludwig, A. L. De Lacey, H. Dau, B.
Friedrich, O. Lenz and M. Haumann, [NiFe] and [FeS] cofactors in the membrane-bound hydrogenase of Ralsto-
nia eutropha investigated by X-ray absorption spectroscopy: Insights into O2-tolerant H2 cleavage, Biochemistry
50(26), 5858–5869 (2011).

[113] K. Schneider, D. S. Patil and R. Cammack, Electron-spin-resonance properties of membrane-bound hydrogenases
from aerobic hydrogen bacteria, Biochim. Biophys. Acta 748(3), 353–361 (1983).

[114] M. E. Pandelia, W. Nitschke, P. Infossi, M. T. Giudici-Orticoni, E. Bill and W. Lubitz, Characterization of a unique
[FeS] cluster in the electron transfer chain of the oxygen tolerant [NiFe] hydrogenase from Aquifex aeolicus, Proc.
Natl. Acad. Sci. USA 108(15), 6097–6102 (2011).

[115] K. Knuttel, K. Schneider, A. Erkens, W. Plass, A. Muller, E. Bill and A. X. Trautwein, Redox properties of the
metal centers in the membrane-bound hydrogenase from Alcaligenes eutrophus CH34, Bull. Pol. Acad. Sci. Chem.
42(4), 495–511 (1994).

[116] M. M. Roessler, R. M. Evans, R. A. Davies, J. Harmer and F. A. Armstrong, EPR spectroscopic studies of the Fe-S
clusters in the O2-tolerant [NiFe]-hydrogenase Hyd-1 from Escherichia coli and characterization of the unique
[4Fe-3S] cluster by HYSCORE, J. Am. Chem. Soc. 134(37), 15581–15594 (2012).

[117] K. Grubel and P. L. Holland, New iron-sulfur clusters help hydrogenases tolerate oxygen, Angew. Chem.-Int. Ed.
51(14), 3308–3310 (2012).



Electronic Structure, Bonding, Spin Coupling, and Energetics of Polynuclear Iron–Sulfur Clusters 325

[118] J. M. Mouesca, J. C. Fontecilla-Camps and P. Amara, The structural plasticity of the proximal [4Fe3S] cluster is
responsible for the O2 tolerance of membrane-bound [NiFe] hydrogenases, Angew. Chem. Int. Ed. 52(7), 2002–
2006 (2013).

[119] M. E. Pandelia, D. Bykov, R. Izsak, P. Infossi, M. T. Giudici-Orticoni, E. Bill, F. Neese and W. Lubitz, Electronic
structure of the unique [4Fe-3S] cluster in O2-tolerant hydrogenases characterized by 57Fe Mössbauer and EPR
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14.1 Introduction

Enzymes are highly evolved molecular catalysts that accelerate complicated reactions by orders of magnitude.
Some of them accomplish this task by employing transition metals in their active sites, or as cofactors. It can
only be estimated that one-third of all enzymes contain transition metal ions in their active sites. The small
HOMO-LUMO gap in these transition metals makes different redox states accessible with even the possibility
of different spin states for the same redox state.

The reactivity in bioinorganic systems often depends critically on the spin states of reactants, transition
states, intermediates, and products [1–8].

These multitudes of redox and spin states make a treatment of the active sites at a quantum mechanical
level absolutely necessary. In the cluster model approach of the isolated active site, it is desirable to allow a
sufficiently large environment to be explicitly included in a high-level computation. The complexity of the
active site composition, maybe sometimes several open shell transition metal atoms, which are magnetically
interacting, requires computational methods with a sufficient accuracy and satisfying scaling properties with
the number of electrons or atoms in the calculation. The d-electron manifold (for first-row transition metals)
gives rise to complex chemical bonding and many close-lying electronic spin states, which can lead to a
significant multi-reference character. Converged results at the coupled-cluster level with single and double
excitations and perturbed triples (CCSD(T)) (see below in this section) exist for small systems, and provide
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excellent agreement with experimental spectroscopic data. However, even for small molecules with only a few
atoms, comparison between theory at the CCSD(T) and experiment level can be problematic. This dilemma
cannot be resolved easily. For larger systems that are relevant to biology and materials science, only density
functional theory (DFT) methods (see Chapter 2 of this book) are computationally tractable.

The Kohn–Sham DFT (KS-DFT) has been widely employed in calculations for large transition metal sys-
tems and, more specifically, active site models for enzymatic systems. The accuracy of DFT methods for
transition metal-containing species is difficult to estimate reliably. In terms of structural parameters, bond
distances can be reproduced to within 0.01–0.05 Å of the experimental values, but there is a non-systematic
uncertainty in relative energies of approximately at least 3–5 kcal mol−1, which requires appropriate bench-
marking for a large number of related complexes and experience on the side of the investigator. Issues to be
mentioned only briefly here are the sometimes problematic description of spin states, the self-interaction error
in DFT, the initial lack of dispersive interactions (now cured by using newer functionals or adding empirical
corrections), and the mono-determinantal character of KS-DFT.

The post Hartree–Fock (HF) wavefunction-based ab initio methods (see Chapter 3 of this book), on the
other hand, are systematically improvable; computational means and algorithmic developments for approx-
imate solutions have evolved significantly during the last 15 years. The investigation of transition metal-
containing small cluster models with correlated wavefunction methods in bioinorganic chemistry is, however,
far from trivial [9, 10]. Structural optimization of systems with a large number of electrons/atoms cannot
be performed with correlated post-HF methods easily yet. In most of today’s quantum mechanic/molecular
mechanic (QM/MM) calculations, post-HF-correlated methods only serve as demanding benchmark studies
for subsequent production DFT calculations [11]. A chemical accuracy within 1 kcal mol−1 still remains a
challenge, in particular for metal-containing enzymes. A number of problems appear for enzyme-active sites
that are not encountered for model complexes. MP2 tends to produce results for transition metal complexes
that are very poor. The coupled-cluster method with single and double (and preferably also perturbative triple)
excitations is the method of choice but its scaling behavior with the sixth (CCSD) or seventh [(T) correction]
power of the molecular size limits its applicability to bioinorganic systems. For a multi-reference case, the
calculation of the CASSCF wavefunction itself is already computationally demanding. The solution of the
active space full configuration interaction equations is computationally insignificant until more than about 10
orbitals are in the active space [9]. The convergence with basis set size is another issue. Whereas for DFT,
energetics are moderate in terms of basis set demand (a reasonably polarized triple-zeta basis set is usually
enough to reach the accuracy of the chosen functional), post-HF methods require much larger basis sets.
The careful benchmarking of DFT results versus post-HF methods for manageable molecular bioinorganic
complexes at least allows developing an assessment of systematic deviations between the two approaches.
Whether these can directly be extrapolated to enzyme active site models (of the order of 50–200 atoms)
remains to be explored.

14.1.1 Environmental Effects

Another challenge towards the evaluation and assessment of accuracy and quality of computational results in
terms of structural, energetic, electronic, and dynamical features of molecular or supra-molecular compounds
is related to the development and validation of effective yet reliable methods for large molecular systems in a
complex environment. Even for medium-sized molecular compounds in the gas phase, vibrational, electronic
excited states, and ro-vibrational effects from other than the ground state may be significant. On top of that,
the “environment” surrounding the molecular system of focus may be fine-tuning and influencing the probe’s
properties. The definition of an “environment” is fairly vague, and is used here to describe a complex structure
(a molecule, a protein, or a nanoparticle) in solution or embedded into a macromolecular matrix such as a
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protein. This “environment” either may behave passively to incorporate the probe or can profoundly affect
the conformational space, the energy levels, and thus the spectroscopic properties of the molecular probe.

14.1.2 Hybrid QM/MM Embedding Schemes

Active sites of enzymes and protein complexes act in condensed media. Therefore, environmental effects
and, in particular effects of the protein environment, are always present in the experimental data and should
be modeled at some level of sophistication in order to obtain reliable results. Charge transfer, such as pro-
ton or electron transfer, will be badly modeled with a small QM model in gas phase. Adding a continuum
dielectric will possibly improve the results from a gas phase environment but will not map all specific enzy-
matic electrostatic interactions present in the protein. Obviously, including more and more residues in the
QM model will improve this description. In the limit of the QM region being the complete enzymatic system
(or a sufficiently large region), both QM and QM/MM methods (see below in this section) should converge.

A rigorous way to model environmental effects of protein active sites is to use mixed QM/MM approaches
(see Figure 14.1). Here, the cofactor of interest is modeled by the QM method, while the protein backbone is
described by the much faster MM approach. Therefore, these methods allow treatment of very large systems,
entire proteins can be considered in this way. QM/MM methods are now widely applied to enzymatic sys-
tems. The level of detail, sophistication, and accuracy in these studies is generally increasing. This has been
made possible by increased computer power, greater accessibility of software in which QM/MM methods
are implemented, and developments in methodology. In QM/MM methods, most of the computational time
corresponds to the evaluation of the QM Hamiltonian. Thus, the computational cost of QM/MM methods is
comparable to that of QM methods alone.

In order to consider “environmental” effects into demanding quantum chemical calculations, the general
idea is to divide the system into different areas, which are treated at different levels of detail. The probe
and maybe the closest interacting particles are treated explicitly by QM. The nearest neighbors (amino acid
residues in a biomolecular protein matrix) and surrounding solvent molecules (large in a number of particles)
are consequently treated at a more efficient level of computation, such as a force-field (molecular mechanics,
and/or a dielectric continuum). Multi-level QM/MM approaches have become the method of choice for the
modeling of enzymatic reactions.

Figure 14.1 Separation of the entire system in a QM/MM hybrid calculation into a quantum-mechanically
treated subsystem (QM), surrounded by a force field based (MM) subsystem and a solvent environment in which
solvent molecules can either be considered implicitly or explicitly.
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Table 14.1 Comparison of typical QM/MM embedding schemes, following [20].

Electrostatic embedding Mechanical embedding

Hamiltonian EQM∕MM−EE = Efi,QM + EMM + EQM−MM EQM∕MM−ME = EQM + EMM + EQ,QM−MM

Advantages Wavefunction polarized by MM region.
More accurate description of electrostatic

interaction between QM and MM regions.
No MM parameters for QM atoms required.

Simplified expression and implementation.

Disadvantages Full inclusion of partial charges may lead to
overestimation of electrostatic interactions.

Appropriateness of MM point charges as a
background of atom-centered point charges
in QM region questionable.In most EE
implementations, MM region not polarized
by QM atoms.Computationally more
demanding.

MM point charges required for both QM
and MM atoms.

Perturbation of QM region due to
electrostatic interaction between QM
and MM atoms ignored.

There are various ways of incorporating a macromolecular solvation into the computation of solvent–solute
effects by QM/MM (as a first example see [12]) and reviewed in, for example [13], and by QM plus continuum
solvation models (see [14]).

When QM and force field methods are combined, they are usually referred to as QM/MM methods. Three
papers by Nobel laureates in chemistry in 2013 are accredited for having introduced the concept of QM/MM
calculations in general [15, 16, 17].

The energy of the total system is expressed as follows:

EQM∕MM−EE = EΦ,QM + EMM + EQM−MM

Here EΦ,QM is the QM energy of the QM region in the field Φ generated by the partial charges of the MM
region. EMM is the force field energy of the MM region with all bonded and non-bonded interactions of
particles in that region. EQM-MM describes the interaction between the two separate regions and has all force
field-based “region crossing” terms that involve QM and MM centers plus all MM van der Waals terms
between one QM and one MM center. Note, EQM-MM does not have electrostatic interactions between QM and
MM region, since those are already included in the EΦ,QM part. This scheme is now referred to as “electronic”
or “electrostatic embedding” (EE).

Kollman, and later Thiel, suggested a simplified potential of interactions:

EQM∕MM−ME = EQM + EMM + EQ,QM−MM

The difference to the case of “electrostatic embedding” is that here EQM does no longer include potentials
from the MM region. Instead, EQ,QM-MM calculates electrostatic interactions by assigning partial charges to
the QM atoms and using the force field approach to calculate point charge interactions. This scheme is referred
to as “mechanical embedding” (ME).

The key difference between a mechanical and an electrostatic embedding scheme is how they treat electro-
static interaction between QM and MM regions. A mechanical embedding scheme handles this interaction at
MM level. This is simpler, but also has disadvantages (see Table 14.1) since the atomic charges are sometimes
difficult to obtain. Another drawback is the polarization of the QM region by the MM atoms. This alters the
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charge distribution in the QM region. When the QM reaction is accompanied by a charge transfer, and/or
several electronic states are close in energy, this may have profound effects. In such cases, the polarization
may change the energetic ordering of spin states and predict a different ground state with a different charge
and spin distribution (see below in this section).

In electrostatic embedding calculations, the MM electrostatic parameters for the QM atoms are not required.
The electrostatic interaction between QM and MM is treated adequately by including certain one-electron
terms in the QM Hamiltonian. Electrostatic embedding is more complicated to implement and requires more
computational effort.

In the ONIOM-modified algorithm of electrostatic embedding [18], a subtractive energy expression is
used,

EQM∕MM−ONIOM = EMM,total + EQM(QM) + EMM(QM)

with EMM,total being the energy of the total system, and EMM(QM) being the energy of the QM region as
calculated by the MM method. In the subtractive approach, the active site region is modeled at the MM level,
and the choice of suitable MM parameters (e.g., atomic charges) for all states of the enzymatic system is an
important consideration.

Recently, a polarizable embedding (PE) scheme was introduced [19], which performed very similar to the
EE-QM/MM scheme, at least for cytochrome P450 (see below).

Electrostatic and mechanical embedding schemes have both advantages and disadvantages (see Table 14.1),
which were discussed in depth by Lin and Truhlar [20].

An example for the acceleration of enzyme activity by an active site imposing a strong electrostatic field
onto the bound substrate was reported [21]. By measuring the vibrational Stark effect, an unusually large
electric field for the C=O chemical bond was detected for the ketosteroid isomerase enzyme. The electrostatic
field was large in magnitude, correlated well with the enzyme’s catalytic rate enhancement, and allowed the
elucidation of catalytic power to be electrostatic in origin. This protein environmental embedding effect was
so large that it was far beyond the “fine-tuning” of mechanism or kinetics.

When a covalent bond crosses the boundary region of the QM and MM parts between atoms Q1 and M1 (see
Figure 14.2), this bond is formally broken and the dangling bond is saturated by a link atom (X). Sometimes,
boundary atoms replacing M1 are introduced that appear in both QM and MM calculations and mimic the
cut bond. Alternatively, a localized orbital may be placed to cap the QM region and kept frozen during the
QM/MM calculation.

Recent studies on QM/MM methods have focused mainly on the effect of the environment (solvent or
protein, or both) on the energetics of the reaction path. A preformed active site made up by complicated three
dimensionally arranged amino acids may be a pre-requisite for enzyme activity or its fast kinetics.

Over the last 10–15 years, numerous reviews have documented the development of QM/MM approaches
as well as their applications to biomolecular systems. We only want to point the reader to selected reviews by
Field [22], Mulholland [23], Friesner [24], Thiel [25], and Senn and Thiel [26–28].

We discuss here recent advances in QM/MM investigations in terms of their ability to reproduce experi-
mentally accessible spectroscopic observables, for example, bond stretching frequencies from Fourier trans-
form infrared spectroscopy (FTIR), chemical shifts and nuclear spin–spin coupling constants from nuclear
magnetic resonance (NMR), and g-tensor (g) principal values and orientation and nuclear-electron spin hyper-
fine coupling constants from electron paramagnetic resonance (EPR) and electron nuclear double resonance
(ENDOR). The reader is referred to Chapter 4 of this book and other specialized reviews and books on exper-
imental techniques to characterize transition metal systems in bioinorganic chemistry (optical, vibrational,
circular dichroism (CD)/magnetic CD (MCD), Raman, EPR/ENDOR, Mössbauer, X-ray absorption spec-
troscopy in different ways). These spectroscopic techniques represent molecular probes for the spin density
distribution and energetic ordering of spin states in the enzyme’s active site or its cofactors. For a link between
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Figure 14.2 Labeling of atoms at the boundary between MM and QM regions. When a covalent bond extends
via the boundary, the bond is formally broken and the dangling bond is saturated at the QM side with a link atom,
usually a hydrogen atom. Alternatively, a localized orbital may be used to cap the QM region and is kept frozen
during the QM/MM calculation.

experimental and computational approaches for physico-chemical and spectroscopic properties of bioinor-
ganic systems, the reader is referred to selected reviews by Neese [29], Rokob et al. [30], the book on NMR
and EPR parameters by Kaupp et al. [31], and Chapter 16 of this book.

The accuracy of calculations is a critically important question. The traditional way to address this topic
is to connect the computation to the vast body of experimental data that mostly is of spectroscopic origin.
More computationally demanding is to perform a systematic study of the convergence of QM/MM results
with respect to the chosen size of the QM region [1, 32–38]. There are many different aspects of QM/MM
simulations of enzymes extensively reviewed in the literature. Here we focus on selected aspects of QM/MM
simulations, namely the effect of the QM region size on the spin states, the accuracy of obtained spectroscopic
and energetic parameters of enzymatic and protein systems.

14.2 The Quantum Spin Hamiltonian – Linking Theory and Experiment

Active sites of many metalloprotein and some enzymatic systems in resting or transient states may have
unpaired electrons that allow probe the active site with magnetic resonance techniques. In general, a ground
state of the system with total spin S gives rise to 2S+1 magnetic sublevels. The splitting of these levels in
the absence of an external magnetic field (zero-field splitting) is parameterized by a tensor D. The energies
of magnetic sublevels in the presence of an external magnetic field are modified, and this modification is
parameterized by the molecular g-tensor. Inclusion of nuclear spins leads to further magnetic effects, which
can be studied by magnetic resonance spectroscopy. Interaction of nuclear spin with an external magnetic
field is parameterized by the chemical shift tensor (σ). It plays an important role in the interpretation of
NMR experiments. The nuclear spins also interact with electron spins via isotropic Fermi contact interaction,
which is proportional to the probability of finding unpaired electrons at the position of the magnetic nuclei, via
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an anisotropic electron-nuclear spin dipolar interaction and via the anisotropic spin orbital coupling (SOC),
induced coupling of the nuclear spins with orbital motions of the unpaired electrons. The sum of these inter-
actions is parameterized by the hyperfine coupling tensor (A). The nuclear quadrupole moment may interact
with the electric field gradient produced by the surrounding charges. This interaction is parameterized by the
quadrupole coupling tensor (Q). Very small spin–spin coupling in NMR spectroscopy (indirect coupling of
nuclear spins) are parameterized by the spin–spin coupling tensor (J).

The concept of a Spin-Hamiltonian (SH) based on quantum mechanics, and its direct link to experimental
observables from spectroscopy (NMR, EPR, and Mössbauer), is connected with the Neese group. For reviews
about their work on computational methods and experimental parameters, see [29, 39].

The spin effects in enzymatic and protein systems can be studied using the concept of an effective SH, which
contains only spin operators and is valid in the Hilbert space of electronic and nuclear spin wavefunctions. All
information about the spatial part of electronic and nuclear wavefunctions of the system, detailed molecular
electronic and geometric structure, is contained in the SH parameters D, g, A, Q, σ, and J. In the analysis of
experimental data, the effective SH is usually written in the following general form [29, 39]:

̂H = ̂SD ̂S + 𝛽Bg ̂S +
∑

A

[
̂SA(A)̂I(A) + 𝛽NB𝜎(A)̂I(A) + ̂I(A)Q(A)̂I(A)] +∑

A<B

[
̂I(A)J(AB)̂I(B)] (14.1)

in which sum over “A” refers to the magnetic nuclei, B is the magnetic flux density, and 𝛽 and 𝛽N are the elec-
tronic and nuclear Bohr magneton, respectively. The SH parameters are considered as adjustable parameters
used for fitting of experimental data. Comparison of theoretical and experimental values of SH parameters
is a powerful tool for the analysis of paramagnetic protein end enzymatic systems. In many cases, the sys-
tem under investigation can be divided into two distinct fragments with given electron spins SA and SB. The
interaction of electron spins of different spin systems is usually referred to as exchange coupling and param-
eterized by the Heisenberg spin-exchange integral J. The corresponding isotropic Heisenberg spin-exchange
Hamiltonian can be written in the following form (see Chapter 13 of this book):

̂HSE = −2J ̂SA
̂SB (14.2)

Note that here and in the following we will use symbol J for the Heisenberg spin-exchange integral, and
subscripts A and B are used for referring to the distinct fragments of the whole enzymatic (protein) system
under consideration. Actually, there are two effects in such a system: the magnetic spin-exchange interac-
tion and the spin-dependent electron transfer interaction, which is responsible for electron transfer between
subsystems A and B. The corresponding spin-dependent electron transfer Hamiltonian can be written in the
following form [40]:

̂HET = B ̌TAB (14.3)

where B is the electron transfer interaction parameter (the electron transfer integral) 𝛽 weighted by the spin
multiplicity of the core spin S0 (the local spin in the absence of transferable electron):

B = 𝛽∕(2S0 + 1) (14.4)

ŤAB is the transfer operator with the following action:

̌TAB|SA, SB,S⟩A = (S + 1∕2)|SA, SB,S⟩B (14.5)

̌TAB|SA, SB,S⟩B = (S + 1∕2)|SA, SB,S⟩A (14.6)
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The ket symbol |SA, SB, S⟩A represents a wavefunction with local spin SA on site A and SB on site B and
total spin S, with an extra electron localized on site A. A combined spin-exchange and electron transfer SH
has the following eigenvalues:

E = −JS (S + 1) ± B(S +1∕2) (14.7)

The first term is related to magnetic exchange (through the J term), and the second term is related to electron
transfer interaction; that is actually spin-dependent delocalization (through the term B). The effect of electron
transfer interaction term is to split the exchange energy levels in two, stabilizing one and destabilizing the
other [40].

The problem of dependence of effective electron transfer integral on the spin states of the subsystems and
combined spin system has been analyzed also in [41]. For the electron transfer AmBn → Am+1Bn–1 (m and
n are the charges of the subsystems in the initial state), the following cases are possible, depending on the
filling of the upper MOs:

a b

I

a b

II

a b

III

For case I, it is usually considered that a and b are virtual orbitals obtained by solving the HF equations for
the closed shells of the subsystems Am+1 and Bn. The corresponding electron transfer integral is denoted as
𝛽0 .

For complex open shells, the problem of establishing the spin dependency of the effective electron transfer
integral has a simple solution if the wavefunctions of the subsystems with certain spins can be constructed
from the MO a (b) and the wavefunctions of the residues of the subsystems having the assigned spins. For
case I the following expression was obtained:

𝛽 = 𝛽0[(2SA
1 + 1)(2SB

1 + 1)]1∕2
{

S SB
1 SA

1
1∕2 SA

2 SB
2

}
(14.8)

where S1
A and S1

B are the spins of the subsystems in the initial state; S2
A and S2

B are the spins of the subsystems
in the final state; the braces denote the 6-j symbol [15]. For case II, subscripts 2 and 1 in the first term must
be interchanged; for case III, the subscript 1 must be replaced by 2.

The extension of SH (14.1) by an electron transfer term (14.3) and the derived spin dependency of effective
electron transfer integral between open shell interacting molecular subsystems allows to consider an electron
transfer integral as a specific magnetic resonance parameter, spectroscopically and kinetically important in
enzymatic and protein systems. Therefore, the present survey on the QM/MM studies of magnetic resonance
parameters in enzymatic and protein systems is extended by a survey on QM/MM treatments of electron
transfer in general and electron transfer parameters in particular.

The accurate description of spin states and using precise magnetic resonance parameters are important in
the description of enzymatic reactivity. Spin-exchange coupling (14.2) between two interacting subsystems
with spins SA = 1/2 and SB = 1 (in accordance with the formula (14.7) taken without electron transfer term)
gives rise to a doublet state (S = 1/2) and a quartet state (S = 3/2), which are split in energy by 3J. Negative
values of J lead to S = 3/2 above S = 1/2, while positive values of J lead to the reverse situation. Similarly,
spin-exchange coupling (14.2) between two interacting subsystems with spins SA = 1/2 and SB = 1/2 gives
rise to a doublet state (S = 0) and a triplet state (S = 1), which are split in energy by 2J.
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Negative values of J put S= 1 above S= 0, while positive values of J lead to the reverse situation. One of the
first examples of a spin-state selective reactivity corresponds to the catalytic cycle of horseradish peroxidase
that catalyzes the oxidation of NADH, and there a donation of a single electron from NADH to the native HRP
causes the formation of the catalytic system in the quartet state [42, 43]. The high-spin quartet state, however,
is unreactive toward a recombination of HPR2+ and NAHD∙+, but an external magnetic field induces a spin-
state crossing and the non-reactive quartet spin state converts a reactive doublet state. When the interaction
of the spin system with the magnetic field H0 becomes comparable with the spin-exchange interaction J that
separates doublet and quartet spin states, the quartet–doublet mixing is maximal, and the enzymatic reaction
probability will also be maximal. The corresponding value of H0 then is given by the following expression:

H0 = 3J∕
[
2
(
g1 + g2

)
𝛽

]
(14.9)

where J is the spin-exchange integral; g1 and g2 are g-values of HPR2+ and NAHD∙+, respectively; and 𝛽 is
the Bohr magneton.

The spin chemistry can play an important role in the determination of spin-state preferences of reactants,
products, intermediates, and transition states in enzymatic reactions [42, 44]. Its major importance is in estab-
lishing of a dependence of reactivity pattern on the spectroscopically determined magnetic resonance param-
eters and spin distribution in proteins. Spin chemistry also takes into consideration a set of reaction-specific
magnetic resonance parameters (equation 14.9).

14.3 The Solvent as an Environment

The polarizable continuum model (PCM) is able to describe an unlimited number of solutes, each equipped
with its own cavity and apparent surface charge. With the availability of analytical gradients of the wave-
function and energy with respect to various parameters, the free-energy hypersurfaces of solvated molecules
become accessible (see Figure 14.3). Special attention has to be paid to the behavior of interlocking spheres
and the appearance of crevices of non-atom-centered spheres. Similar formalisms have also been developed
for other continuum solvation models, such as COSMO.

Figure 14.3 Quantum mechanical continuum solvation model. A solute quantum region (QM) is embedded into
a solvent region, which is dilute, isotropic, and non-dynamic. A cavity is created for the QM region. The shape and
size of the cavity are different in the various versions of continuum models. The cavity excludes the solvent and
contains within its boundaries the largest possible part of the solute charge distribution. For NMR and EPR prop-
erties, it proved necessary to also have explicit hydrogen-bonding in the QM region of protic solvents (see below).
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14.3.1 Fourier Transform Infrared Spectroscopy

The solvent effects on IR and Raman intensities require the simultaneous consideration of the “local field”
when light interacts with a molecule in a condensed phase, which is different from the Maxwell field in the
medium. The “local field” has contributions from the “reaction field” from polarization (response) of the
medium to the charge distribution of the molecule and the “cavity field” originating from the polarization
of the medium by the externally applied field once the cavity has been created. Typical vibration times are
on a time scale of 10−14 to 10−12 s, and it becomes obvious that the orientational component of the solvent
polarization cannot follow the charge redistribution of the solute. In such a non-equilibrium situation, it is
usually assumed that the solvent polarization cannot adjust to the molecular charge distribution whereas the
molecular vibrations instantaneously do. It was shown by Rivail et al. that carbonyl frequencies in ketones
were little affected by non-equilibrium solvation (in a fixed cavity) but IR intensities were strongly influenced
by non-equilibrium polarization [45].

14.3.2 Nuclear Magnetic Resonance

The study of solvent effects as a response to external magnetic fields and their effects on magnetic molecular
properties from NMR and EPR is relatively young and many formal and physical aspects have still to be
fully understood. Either continuum models to investigate more general aspects of solvation or more detailed
effects of solute–solvent interactions by using explicit solute–solvent cluster models from QM minimization
or MD snapshots are currently used. The effects of solvent on calculated NMR chemical shielding have to
first include a direct effect of the solvent on the electronic wavefunction of the solute held at the geometry
optimized in the gas phase. Second, an indirect effect of the relaxation of this solute geometry to the solvent
presence has to be modeled.

As a result, today it has become state-of-the-art to calculate short-range solute–solvent interactions by
supermolecule calculations involving a solute explicitly surrounded by a number of solvent molecules and
then augmented by a reaction field or continuum method to describe long-range electrostatic interactions.
Since NMR is usually performed at room temperature in liquid solution and requires a medium to long time,
statistical mixing of accessible microstates of the solute–solvent must be properly accounted for.

Before 2003, only one study aimed at the description of indirect spin–spin coupling using a continuum
approach [46]. From a new implementation of indirect spin coupling constants within a continuum solvation
approach, the indirect spin–spin coupling constants are determined as second derivatives of the free-energy
function G with respect to the nuclear magnetic moments from a variational-perturbative scheme [47].

Recently, Ramalho et al. [48] performed DFT calculations of scalar NMR nJ(N,H)-coupling constants for
a prototypical Chagas disease drug molecule (metronidazole). They compared calculations for the molecules
in vacuo, micro-solvated cluster models, snapshots from MD simulations with explicit water molecules and
in a polarizable continuum solvent model. Thermal and solvent effects were found to be equally important
for the calculation of NMR shielding in condensed phase.

14.3.3 Electron Paramagnetic Resonance

The g-tensor from EPR experiments is the second-order derivative of the electronic energy E with respect to
external magnetic field and electron spin. The g-tensor may be significantly affected by small changes in the
electron density distribution and is thus a sensitive probe of the environmental surrounding. The environment
may influence the g-tensor either directly by polarizing the electron density distribution at a given structure,
or indirectly by modifying the structure of the radical. In principle, specific solute–solvent interactions may
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Figure 14.4 Effect of solvent environment on the di-, tert-, butyl nitroxide radicals in gas phase, a dielectric
continuum and in QM/MM hybrid calculations. Isotropic g-tensor shifts were calculated for the B3LYP and BP86
functionals and averaged over 86 snapshots from the Car-Parrinello MD simulations [51].

be included by a supermolecular approach to account for short-range interactions, whereas long-range inter-
actions can be considered efficiently by dielectric continuum models. Ciofini et al. [49] used a conductor-like
PCM (CPCM) to investigate the influence of solvent effects on solute structure, spin density distribution, and
g-tensors for 1,4 semi-quinone radical anions. They compared the implicit solvation model with explicit clus-
ter solvent models and obtained satisfying agreement with experiment for protic solvents with the explicit
inclusion of hydrogen bond forming solvent molecules. The Hamiltonian, however, contained no coupling
term due to the continuum during the perturbative treatment, and the g-tensor was computed in an approximate
way in a self-consistent reaction field (SCRF) for a given solvent.

A rigorous treatment of solvent-effects taking explicit solvent terms into account in the Hessian of the
solvated molecule free-energy functional was obtained by Rinkevicius et al. [50]. In contrast to Ciofini et al.,
they obtained qualitative agreement for aprotic solvents but failed for protic solvents with their PCM model
(see Figure 14.4). Only when explicit solvent models were included to form hydrogen bonds, this deficiency
was removed. This approach was recently extended to a QM/MM treatment of solvated molecules [51]. For the
di-tert-butyl nitroxide (DTNBO) radical, g-tensor shifts were calculated in the gas phase, in a PCM solvent,
and with different hybrid QM/MM approaches. The calculations were averaged over 86 snapshots from Car-
Parrinello molecular dynamic (MD) simulations using the B3LYP and BP86 functionals. The DTNBO radical
alone was put into the solvent, and with two explicit water molecules forming two hydrogen bonds with the
radical. DTNBO gas phase and DFT/PCM calculations failed to reproduce the electronic g-tensor of DTBNO
in aqueous solution.
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Water molecules in a radius of 20 Å of the solute were treated by the TIP3P force field. DFT/MM-0, in which
the MM region is described by a collection of point charges, and in which the interaction between QM and
MM regions is described only by means of Coulomb electrostatic interaction, shows a minor improvement.

The electronic g-tensor of DTNBO follows a distinct pattern of principal values, gzz > gxx > gyy ∼ ge, where
the z-axis is oriented along the N-O bond, the x-axis is in the R2NO plane, and the y-axis is perpendicular to
the R2NO group. Solvent shifts of the g-tensor values can be interpreted by focusing on the contributions of
SOMO and SOMO-1 orbitals. The solvent shift is the largest for the gzz component, intermediate for gxx, and
less pronounced for the gxx component. There are three types of solvent-induced shifts for NO radical: (a)
the largest effect stems from a blue shift of the (SOMO-1) to (SOMO) excitation (from (n) to (𝜋∗) orbitals),
minor effects are (b) redistribution of spin density in the SOMO of the NO bond by solvent interactions, and
(c) delocalization of the lone pair orbital (SOMO-1) by the solvent.

Changes in g-tensor principal values are dominated by the solvent blue shift of the (n) → (𝜋∗) excitation
from the SOMO to (SOMO-1). The successive introduction of dipoles, quadrupoles, atomic and molecular
anisotropic polarizability tensors, and octupoles brought the calculated giso shifts closer to the experimental
value. An accurate parameterization of electrostatic potential and polarizability of solvent molecules in terms
of distributed multipole expansions and anisotropic polarizabilities, to a large degree, relieved the need to
explicitly include water molecules in QM. The results for the solvated DTNBO without two explicit water
molecules were consistently upshifted by 400–300 ppt in the gas phase and deviated more from the experi-
mental value but brought down to 30–60 ppt when polarizability and multipole expansions were considered.

The isotropic hyperfine interaction is a measure of the electron spin density at or near the atomic nucleus,
and thus may be affected by the presence of a solvent. The effect of continuum solvation on the calculation of
the corresponding isotropic hyperfine coupling has been investigated in detail by the group of Barone, and the
reader is referred to the review for more details [52]. They describe in detail the influence of the solvent on
the electronic structure of the solute (direct) and the influence of the solvent on the solute geometry (indirect),
and give examples for small organic radicals in solution.

As an example of the effect of explicit solvation on spin-state splittings of a transition metal system, the
investigation of a Fe(II) system with two trispyrazolylborate ligands (Tb) is mentioned here. For the isolated
compounds, a range of more recent and improved density functionals (OPBE, SSB-D, TPSSh, and MO6-L)
was compared with experimentally determined ground states and/or Mössbauer parameters [53]. The spin-
state preferences of the Fe(II) central atom as a function of ligand substitution patterns were well reproduced.
However, no attempt was made to study the spin-crossover (SCO) behavior since that would have involved
a study of the systems at different temperatures. In a subsequent study [54], the same authors later used
snapshots from MD trajectories run between 250 K and 400 K, employing a polarizable force field for either
the low- or the high-spin Fe(II) (Tb)2 complex in rigid dichloromethane solvent and performed more than
5000 single point QM/MM calculations on those. In both the MD simulations with spin-state-specific force
field parameters and the (averaged) QM/MM calculations, the SCO from low- to high-spin was found to occur
in a region of around 280–300 K in solution. From the multi-scale simulations, the spin-crossover transition
was found not only to be governed by entropy but also by a spin-dependent charge re-distribution and more
favorable electrostatic solvent–solute interactions at elevated temperatures for the high-spin state.

14.4 Effect of Different Levels of QM and MM Treatment

14.4.1 Convergence and Caveats at the QM Level

The choice of QM method is crucial in QM/MM hybrid calculations: The method should be suitable for
the computation of the parameters of interest as well as computationally feasible for the type of simulation
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Table 14.2 Activation energies in kcal mol−1 for CM and PHBH enzymatic reactions from the Hartree–Fock,
DFT, and post-HF ab initio calculations.

Method/system HF B3LYP LMP2 LCCSD LCCSD(T0) Exp.

CM 28.3 10.2 9.5 18.7 13.1 12.7
PHBH 36.7 8.4 10.7 20.2 13.3 12.0

required. Different QM methods exist, ranging from fast, semi-empirical methods (e.g., AM1, PM3, SCC-
DFTB) to more accurate but more computationally expensive, density functional (e.g., B3LYP) and molecular
orbital ab initio (e.g., MP2, coupled-cluster) methods. Not all methods are applicable to all systems, either for
reasons of accuracy or lack of parameters (e.g., for semi-empirical methods). Generally, improved accuracy
comes at the price of increased calculation expenses. It is possible, however, to re-parameterize approximate
methods, or to apply simple corrections, to improve accuracy for specific reactions; this can provide accurate
methods for applications that require many energy evaluations, such as MD simulations. Correlated ab initio
QM methods are useful in testing the accuracy of less computationally demanding QM methods (e.g., semi-
empirical, or DFT).

Claeyssens et al. carefully investigated the convergence of ab initio and DFT methods for the accurate
calculation of reaction barriers in enzymes from QM/MM calculations [11]. For chorismate mutase (CM)
and para-hydroxybenzoate hydroxylase (PHBH), previous QM/MM studies from different leading groups
were united (see Table 14.2).
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Figure 14.5 Comparison of DFT/SCS-MP2 and semi-empirical reaction pathways of hairpin ribozyme enzyme.
Adapted with permission from Mlynsky et al., [55], Copyright (2014) American Chemical Society.

A large range of calculations were performed for the enzyme-catalyzed reactions and averaged over 16
(CM) or 10 (PHBH) single-point calculations from B3LYP/MM hybrid-optimized pathways. Zero-point
vibrational energies and thermal corrections at 300 K were obtained from QM calculations on cluster models.

By comparing HF and LCCSD (T0) results, it can be seen that electron correlation effects lower the acti-
vation enthalpies by about a factor of 3. LMP2 and B3LYP overestimate the correlation effect and pre-
dict barriers that are too low by 3–5 kcal mol−1. From the convergence of barrier heights, it is likely,
according to the authors, that the limiting factor for the overall accuracy is now the QM/MM approxima-
tion and not the QM treatment as in the previous semi-empirical or DFT studies. The size of the chosen
QM region had been previously found not to influence the calculated barrier height, for these enzymes at
least.

Recent comparison of semi-empirical, DFT, and spin-component-scaled MP2 revealed that the semi-
empirical AM1 and DFTB Hamiltonians provided acceptable activation barriers for an enzymatic reaction
compared with the SCS-MP2 level (within a few kcal mol−1) but gave completely different reaction path-
ways (see Figure 14.5). The semi-empirical PESs were of significantly different shape compared with MP2,
BLYP, and MPW1K DFT calculations. Ab initio and DFT calculations suggested a concerted reaction path-
way for both monoanionic and dianonic species, whereas the semi-empirical calculations predicted sequential
pathways for hairpin ribozyme RNA [55]. Additional gas-phase QM calculations ruled out that the differences
originated from QM/MM-specific settings, such as QM/MM coupling schemes, but originated inherently from
the QM description of the electronic structure of the reaction.

For transition metal containing systems and reactions, however, the accuracy of the QM calculations in a
QM/MM setup is yet to be explored systematically. A large number of electrons and possible electronic states
and the effect of electron correlation make a comparison very challenging.
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14.4.2 Accuracy of the MM Part

The MM force field employed in a QM/MM study should be chosen such that it accurately describes the
part of the system outside the QM region and its interactions with the QM region. For proteins, standard all-
atom force fields, such as CHARMM27, AMBER ff99 or ff99SB, and OPLS-AA, are commonly used. The
decision as to which atoms are to be included in the QM region is critical; how to treat covalent bonds that
cross the QM/MM boundary (e.g., introducing additional link atoms between MM and QM atoms, hybrid
orbitals on MM atoms, or a “pseudobond” to replace the QM-MM covalent bond – all these methods can
give reasonable results), determining the protonation states of residues, and how long-range electrostatic
interactions are treated need to be addressed carefully. It is important to test the influence of such choices on
the results in order to draw reliable conclusions.

A direct comparison between different types of force fields is difficult since these were all derived and
parameterized to reproduce specific structural and/or thermodynamic properties. The performance of Amber,
CHARMM22, and Gromos96 variants and OPLS-AA were recently compared in terms of conformational
sampling of blocked glycine and alanine dipeptides [56]. The conformational space explored by different
force fields was very different, and rendered a direct comparison between them almost impossible. They also
deviated from DFTB/MM simulations and a statistical analysis of high-resolution protein crystal structures.
All force fields were also shown to perform very differently with respect to a number of properties of tri-
alanine compared with NMR and infrared observables [57].

In addition, some types of force fields (e.g., Amber ff94) were shown to over-stabilize 𝛼-helical peptide
conformations and modifications (ff96) to overestimate 𝛽-strand propensity. The backbone dihedral parame-
ters are shared by all amino acids, regardless of the type of side-chain, and this cumulative effect is most likely
responsible for the bias toward a specific secondary structure and prompted the re-investigation of backbone
dihedral angles.

14.4.3 QM versus QM/MM Methods

During the last 20 years, QM calculations for large systems have become available. When a smaller part of
a macromolecule is extracted, maybe the active site and a few nearby residues (30–300 atoms usually), this
entire system can be investigated by approximate QM calculations. It appears to be sometimes necessary to
fix a certain number of atoms in this QM system (e.g., the backbone C𝛼 atoms of amino acids) and treat the
rest of the protein as a continuum with a uniform dielectric constant.

The QM/MM calculations, on the other hand, treat a similar QM region by the same method as the QM-only
calculations, and, in addition, the outer region of the protein and solvent molecules are explicitly treated by
MM force fields. There are only few direct comparisons between QM-only and QM/MM approaches. Which
approach gives more accurate results, and how do QM-only and QM/MM calculations converge with respect
to the QM site?

Within this context, two recent studies have demonstrated that the convergence to the “full QM limit” is
faster when using combined QM/MM techniques than QM methods [32, 35]. These studies apply increasing
QM regions up to 1600 atoms, and compare the results of QM/MM calculations with those of QM-only of the
same region. Besides the faster convergence of QM/MM methods, both studies also agree on the necessity
of applying large QM regions to obtain quantitatively accurate results. Qualitative results, however, might
be obtained at the QM/MM level of theory (not necessarily when only applying a QM model) for smaller
regions. The requisite for applying large QM regions is quite intriguing. The authors denote the need of
including a minimum of 300 atoms in the QM region for accuracies of 2 kJ/mol. Of course, this accuracy
refers to comparison of a QM/MM model with a full QM study (of the entire system comprising the MM and
QM regions). This error should be added to the intrinsic QM error from the method and basis set.
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Figure 14.6 Root mean square deviations of isotropic NMR shieldings with respect to the QM/MM result with
the largest QM cutoff distance in case of pure QM and QM/MM for DNA–protein complex over 11 1H and 10 13C
nuclei (GIAO-HF/6-31G∗∗); here the dotted lines refer to calculations without an additional water environment.
Reprinted with permission from [38], Copyright (2012) American Chemical Society.

Both QM cluster model and QM/MM calculations are very sensitive to the number of added residues to
the QM region and the criteria on which their selection is based upon. [34, 58]

Recently, Hu et al. [37] investigated systematically the convergence of QM/MM energetics with respect to a
full QM-only calculation on a 446-atom system. Thirteen different variants of QM/MM embedding, including
several charge redistribution schemes, were evaluated. Three sources of potential errors were identified: (i)
The point charge model of the MM region, (ii) the improper polarization of the QM system and the non-
polarizable MM region, and (iii) the approximate treatment of electrostatic interactions in the vicinity of
boundary region.

Charge redistributions were found to introduce large errors if the charges were close to the QM/MM bound-
ary. The best results were obtained for a mechanical embedding without any charge correction scheme and
any polarization. Still the approach gave a mean unsigned error for 40 QM regions of different sizes of 7 kJ
mol−1 and a maximum error of 28 kJ mol−1.

A study of convergence of QM/MM and cluster calculations of NMR chemical shifts of several systems
has been performed recently by Flaig et al. [38] (see Figure 14.6). The authors systematically increased the
QM region until the changes in the NMR shielding tensor were converged, and compared it with QM/MM
calculations. QM regions with up to about 1500 atoms and 15 000 basis functions were treated in this work.

The benefit of conventional QM/MM schemes (here electrostatic embedding based on external point
charges) as compared with pure QM is the reduction of RMS deviation by a factor 2 to 4, and is shown
to be rather invariant to the considered chemical systems with dominating electrostatic effects. Nevertheless,
depending on the chemical system, QM regions with 200–1000 atoms are necessary for 1H/13C for accuracies
of 0.1/0.5 ppm. Smaller or no mean benefits for QM/MM calculations can occur. Particular effects other than
electrostatic dominate, for example, aromatic ring currents.
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14.5 Illustrative Bioinorganic Examples

The QM/MM treatment of open-shell transition metal containing systems has not yet reached the same status
as that of bioorganic enzymes. There are several possible reasons for this. One is the complicated QM structure
of transition metals in bioinorganic systems, others are the small energy gap between possible electronic states,
the large number of correlated electrons, and the multi-determinantal character of the wavefunction. This
makes an extrapolation and critical evaluation of energetics and thermodynamics of transition metal active
sites in proteins difficult. DFT calculations are very often used as the sole alternative, and benchmarking to
isolated bioinorganic complexes is done.

An extensive overview of DFT methods for iron-containing molecules of bioinorganic interest has recently
appeared [59].

For a critical assessment of DFT methods for transition metal systems, see [60], and for spin states with
DFT in particular, see [61]. Second, the treatment of the QM/MM boundary region is not settled (Ohnishi et
al. have addressed the question of how to truncate the QM system at a metal-phosphorous bond [62]). Usually,
the boundary is not placed through a bond to a transition metal. Third, the polarization of the MM region by
QM atoms and vice versa, and charge transfer between the regions, is not settled.

In the following sections, we are going to discuss three examples where the use of QM/MM hybrid methods
was critical to the elucidation of spin states of intermediates and their properties.

14.5.1 Cytochrome P450

Cytochromes (CYPS) are heme proteins which use a variety of small and large molecules as substrates in
enzymatic reactions. CYPS have been identified in all domains of life, and are central drug metabolizing
enzymes in human liver, for example.

Cytochrome P450 serves as a “guinea pig” of cluster models and the QM/MM calculation of spin-dependent
phenomena and spin transitions, and there are too many references and review articles to mention all of them.

The catalytic mechanism of P450 enzymes has been computationally investigated for a long time by QM,
MD, and QM/MM simulations, see for selected reviews [23, 59, 63].

A general catalytic cycle is presented in Figure 14.7.
The general catalytic cycle proceeds from a low-spin Fe(III) for the “resting state,” which converts to

a high-spin Fe(III) after substrate binding, displacing a bound water molecule beforehand. A tyrosine 96
(Tyr96) in the vicinity of the heme is vital for substrate binding in the reaction. After the substrate has entered
the active site, an electron transfer from a reducing agent yields a quintet Fe(II) high-spin state. This electron
transfer occurs only in the presence of the substrate and when the ferric site is in the high-spin state. Then
dioxygen (paramagnetic with a triplet ground state) induces a second spin flip to a singlet state Fe(II) ground
state. The second one-electron reduction and subsequent protonation of the distal oxygen yields “Compound
0”. Second protonation of the distal oxygen and release of a water molecule lead to an Fe(IV) = O species
(“Compound I”).

14.5.1.1 The Effect of Protein Environment on the Heme Spin State – Spin Conversion from Resting
and Substrate-Bound States

The factors that modulate the spin states of cytochrome P450s were expected to be critical for an understanding
of the metabolizing heme proteins.

Electron spin resonance and temperature-dependent magnetic susceptibility measurements have already
indicated in 1976 that the “resting state” of P450cam is a low-spin state. In both ferric model heme complexes
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Figure 14.7 Catalytic cycle of cytochrome P450cam. Focus of the discussion of spin states will be put on the
“resting state,” a low-spin Fe(III), and “Compound I,” a spin-coupled Fe(IV) = O system.

and other heme proteins, a high-spin state was found. Axial water coordination as a sixth ligand was assumed
to play a decisive role in stabilizing the low-spin ground state.

Upon substrate binding, the Fe(III) spin states change from high to low spin. In a seminal paper of 1993,
a semi-empirical/MM Hamiltonian was used to probe the origin of the experimentally observed low-spin
state of the “resting state” of P450cam and the factors that modulate its spin-state conversion to a high-spin
state when substrate-bound [64]. Starting from crystal structures of the resting and camphor-bound forms,
INDO/ROHF semi-empirical calculations for the high- (S = 5/2), intermediate- (S = 3/2), and low-spin (S
= 1/2) states were performed for either the isolated heme cofactor, or embedded in the entire protein using
the AMBER force field. The MM partial charges were included in the QM region as an electrostatic field to
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polarize the INDO one-electron Hamiltonian. From 40-ps dynamic simulations, 60 snapshots were used for
QM calculations with and without the field of the protein, and the results were averaged (see Table 14.3).

The results show that the high-spin state is the ground state for the model complex only when the axial
ligand water is included. When the electrostatic field of the protein is included in the calculation, the low-spin
(S = 1/2) state becomes the ground state. In contrast, for the camphor-bound form, the high-spin (S = 5/2)
state is the ground state of the active site, and this is even further stabilized by the field exerted by the protein.

These results are consistent with experimental observations for the substrate-free and substrate-bound
forms. The authors also elucidate the origin of the low-spin resting state, namely (i) the presence of water as
a sixth ligand and (ii) the specific protein environment of the protein in P450cam. This interpretation in the
same year was found to be able to explain the shifts in Soret bands associated with change in the spin state
[65].

Schöneboom and Thiel later investigated the resting state of P450cam with DFT/MM in an electrostatic
embedding scheme [66]. Their best B3LYP/CHARMM estimate places the quartet state ca. 2 kcal/mol above
and the sextet state ca. 3 kcal/mol above the doublet. The true energy differences may be even larger due to the
B3LYP underestimation of low-spin states. Authors found that the protein environment affects the computed
properties of the “resting state” in the following ways:

i. The protein environment polarizes the QM part and significantly stabilizes the quartet relative to the
doublet state and, to a smaller extent, also the sextet state.

ii. The QM/MM geometries show a preference for conformations with a less tilted axial water ligand.
iii. In the enzyme environment, the Fe-S bond is generally slightly longer than in the gas phase.
iv. In the quartet and sextet states, the sulfur atom carries significantly more unpaired spin density in the gas

phase than in the enzyme environment. This indicates that the enzyme environment favors localization
of electron density on sulfur.

14.5.1.2 Compound I

The primary oxidant of P450cam (Compound I) is hard to detect experimentally since it does not accumulate
even at low temperatures. Schöneboom et al. investigated this elusive species by B3LYP/MM hybrid calcula-
tions, and compared the results with isolated QM calculations using several snapshots from MD simulations
[67]. CASSCF or CASPT2 were too demanding for the actual size of the system to be considered. The size
of the QM region was systematically enlarged in order to ensure convergence of results.

Compound I is a triradicaloid with closely lying quartet and doublet spin states (see also Chapter 7 of this
book). The latter excited states arise from a weak coupling of the two unpaired spins of the Fe=O moiety
with a third electron of the porphyrin ring. This porphyrin-based orbital may be of either a2u or a1u character
(see Figure 14.8).

Polarization by the electric field causes a substantial stabilization of Compound I in the protein. Compared
with isolated QM calculations, Compound I is “strained” in the enzyme (by 10–20 kcal mol−1). The energy
splitting between the doublet and quartet states is very small in all the calculations (typically less than 0.2
kcal mol−1 in absolute numbers), and there appears no clear trend when enlarging the QM region and the
basis set. Obviously, the energetics from DFT/MM calculations here are not a sufficient criterion to make the
final statement about the electronic ground state of Compound I.

The best calculations with the largest basis set yields a 2A ground state in the enzyme, in agreement with
the experimental assignment of the related Compound I of the chloroperoxidase (CPO) enzyme. Qualitatively
similar results were obtained for the relaxed gas-phase species, indicating that the apo protein has no major
influence on the relative energies of the two spin states.
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Table 14.3 Relative energies of different spin states of cytochrome P450cam in the resting and
substrate-bound states. All energies are in kcal mol−1, and are given relative to the S = 5/2 spin state [64].

Spin state Active site QM QM/MM

Resting state
Optimized from X-ray structure
5/2 0 0
3/2 +5.8 +1.0
1/2 +3.8 –1.6

Resting state
MD-averaged behavior
5/2 0 0
3/2 +5.6 +0.4
1/2 +4.9 -2.4

Substrate-bound state
Optimized from X-ray structure
5/2 0 0
3/2 +3.2 +1.6
1/2 +18.1 +20.3

π*FeO

“a2u”
Or a1u

a1u a2u

Cm

Cα
Cβ

Figure 14.8 General coupling scheme of unpaired electrons of Compound I. Two electrons occupy anti-bonding
𝜋
∗ orbitals of the Fe=O moiety and either ferromagnetically or anti-ferromagnetically couple to one unpaired

electron of the porphyrin ring (either a1u or a2u). Reprinted with permission from [68], Copyright (2002) American
Chemical Society.
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Table 14.4 Calculated g-tensor principal values and Heisenberg exchange coupling constant J for Compound I
from B3LYP gas phase and QM/MM calculations [67].

Spin state System B3LYP calculated g-values (spin-projected values in parentheses) J/cm−1

Doublet Gas phase 2.016, 2.009, 1.982 (2.020, 2.012, 1.918) –16
QM/MM 2.015, 2.008, 1.980 (2.020, 2.007, 1.916) –27

Quartet Gas phase 2.045, 2.012, 2.006
QM/MM 2.045, 2.013, 2.006

The Fe=O always carriers an atomic spin density of approximately 2.0, which corresponds to the two
unpaired electrons of a triplet. The Fe=O spin density was neither strongly affected by the size of the QM
region, QM basis set nor by the polarization of the enzyme environment. In contrast to that, the spin densities
on the sulfur atom and the porphyrin ring showed a remarkable dependence on all of these parameters. The
sulfur atom spin density is critically dependent on the electron donating capability of the rest R to the sulfur
atom (H, Me, Cys). For the porphyrin ring, the greatest change in spin density (by a factor of 2 or more)
occurred when Compound I is transferred from the gas phase into the protein environment. Here, Compound
I is transformed from a dominant sulfur radical species to a porphyrin ring radical type of the a2u type. In
the largest QM/MM calculation, the spin density at the SCys537 atom is –0.35 and that of the porphyrin ring
–0.82, which is indicative of an anti-ferromagnetic coupling to the FeO unit (spin density 2.2) to give a 2A
ground state. It can be demonstrated nicely that QM/MM methods have the ability to converge a calculated
property by increasing the size of the QM region stepwise. More important, however, is that the pitfall of
overstabilization of the sulfur radical state because of the lack of a polarizing medium (as in isolated molecule
calculations) is avoided in QM/MM calculations.

In the final step to assign the electronic ground state of Compound I, its EPR and 57Fe Mössbauer parame-
ters were calculated with DFT and correlated ab initio methods and compared with experiments [67]. Several
model complexes were used to evaluate the accuracy of the chosen computational approaches. This repre-
sented the first publication where QM/MM calculations had been used to calculate EPR and Mössbauer data
of a metalloenzyme. In an electronic embedding scheme, fixed CHARMM22 atomic charges were included
into the one-electron Hamiltonian of the QM calculation, and the QM/MM electrostatic interactions were
evaluated from the QM electrostatic potential and the MM atomic charges. The calculated hyperfine- and
g-tensors of the broken-symmetry (BS) doublet state were corrected by spin projection techniques, but the
electron density of the anti-ferromagnetic state was well described by the broken symmetry formalism (see
Table 14.4); thus no spin projection had to be applied in the calculation of the Mössbauer parameters.

The singly occupied natural orbitals from spin-unrestricted DFT calculations on Compound I are shown in
Figure 14.9 (a) without and (b) with the polarizing field of the protein point charges. The two 𝜋

∗-SOMOs of
the (FeO)2+ unit (orbitals 138 and 139) change very little upon embedding in protein matrix. Orbital #140,
which represents the porphyrin hole, changes significantly in the protein environment. In the protein, it is
mainly a porphyrin a2u-like orbital, but an axial thiolate ligand orbital in the gas phase.

For Compound I, no significant differences in g-values were observed between gas phase and QM/MM
calculations. Compared with the model complexes, a more rhombic g-tensor was predicted with one g-value
below ge, indicating a low-lying unoccupied spin-down level, which is available for efficient SOC. Very
similar isotropic and dipolar hyperfine coupling constants for 57Fe, 17O, and 14N for the doublet and quartet
spin states compared with those of the synthetic model compounds were calculated (within a few megahertz).
Enhanced hyperfine interactions in the spin-coupled system were mainly due to the larger spin projection
coefficient of 4/3.
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Figure 14.9 Singly occupied spin-unrestricted natural orbitals (4A state) of the Compound I model 1 (a) without
external field, and (b) in the field of the protein point charges. Reprinted with permission from [67], Copyright
(2005) American Chemical Society. (See colour plate section)

The largest differences between Compound I and the resting state of the enzyme were observed in 14N/15N-
ENDOR signals from the porphyrin ring. For Compound I, the 14N coupling constants are unusual in that they
are dominated by a large dipolar part and a much smaller isotropic contribution which could be attributed to
interactions of the 𝜋

∗-orbital of the spin-carrying (FeO)2+ core and the out-of- plane pz orbitals of nitrogen
atoms.

In particular, the 𝛽-CH2 protons of the axial cysteinate with predicted isotropic hyperfine coupling constants
of –8 MHz in the gas phase (–17 MHz in the QM/MM calculations) were found to be suitable reporters of
spin density on the adjacent sulfur atom. They reacted most sensitively to the a2u porphyrin ligand radical
character. The large difference between the gas phase and the QM/MM calculations was assigned to the
reduction of sulfur spin density by almost a factor of 2 upon explicit modeling of protein with the QM/MM
approach. In the gas-phase calculations, Compound I appears as a sulfur radical-like species, while in the
protein environment most of the ligand spin density is shifted to the porphyrin ring.

The Mössbauer parameters are also very sensitive to inclusion of the protein environment. ΔEq is reduced
to 0.64 mm s−1 and 𝛿(57Fe) is increased to 0.13 mm s−1, which indicated a decrease in charge at the iron
nucleus upon embedding. Both quartet and doublet states exhibited nearly identical Mössbauer parameters
since the total electron density on which they only depend on is very similar for the two spin states.
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Figure 14.10 Mulliken atomic spin populations obtained with ME-QM/MM (and identical to gas-phase calcula-
tions), EE-QM/MM, and PE-QM/MM. Reprinted with permission from [19b], Copyright (2014) American Chemical
Society.

It becomes obvious from this study that the effects of the protein matrix on spectroscopic parameters can
be large and dramatic and are obtainable from QM/MM calculations. As the protein environment strongly
controls spin distribution between the axial sulfur ligand and the porphyrin ring, a number of spectroscopic
features respond sensitively to the presence of the protein environment, namely porphyrin ligand 14N and
cysteinate 1H hyperfine coupling constants. However, Mössbauer parameters and zero-field splitting are also
significantly influenced by the inclusion of the protein environment.

The influence of the choice of embedding scheme is rarely investigated. Either electrostatic embedding or
mechanical embedding schemes are used (see Section 14.1.2). The electrostatic embedding scheme is often
used because of its capability to describe the polarization of QM atoms in response to the atomic charges of
surrounding atoms of the protein. In reality, however, the surrounding atoms will undergo polarization by QM
atoms as well. This form of polarization can be described in a polarizable embedding, PE-QM/MM approach.
Recently, Thellamurege and Hirao have compared the performance of different QM/MM embedding schemes
for calculations for P450cam Compound I [19] (see Figure 14.10). The authors used the B3LYP/6–31G∗ DFT
method for the QM region and the AMBER99/QP302 force field for the MM part. It was shown that the elec-
trostatic interaction stabilizes QM atoms most significantly. It was also shown that when no charge adjustment
was made for MM atoms at the QM-MM boundary, the MM point charges caused an overpolarization of the
QM density. Eliminating the charges of at least MM atoms at the QM-MM boundary was found to be neces-
sary to avoid this overpolarization. The MM polarization effect that was described by polarizable embedding
PE-QM/MM did not change spin distribution within the QM atoms significantly. The PE-QM/MM calcula-
tion produced a spin distribution that was similar to that of the EE-QM/MM calculation. This result indicates
that EE-QM/MM and PE-QM/MM yielded similarly polarized QM electron densities.

14.5.2 Hydrogenase Enzymes

Hydrogenases are hydrogen converting enzymes; they catalyze the convergence of molecular hydrogen into
protons and electrons and the reverse reaction, the hydrogen evolution reaction (Figure 14.11).
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Figure 14.11 Structures of [NiFe] hydrogenase from D. vulgaris MF and that of [FeFe] hydrogenase from D.
desulfuricans. Schematically indicated are the electron transfer chain and the pathways for molecular hydrogen
and proton transfer. At the bottom, the chemical structures of the active sites of the two types of hydrogenases are
given; the arrows indicate the open metal coordination site. Reproduced from [69] with permission from American
Chemical Society.

The protein matrix is bound to the active site and provides not only ligands for the metal ions but also a
pocket for the catalytic reaction substrate and product channels, and a pathway for the transfer of electrons to
the protein surface (see Figure 14.11).

In the [FeFe] hydrogenase, covalent metal-cofactor interactions and several residues around the active site
have been identified as structurally relevant for the function and integrity of the active site. These residues are
highly conserved among different [FeFe] hydrogenases and show electrostatic or H-bond interactions with
CO and CN ligands. In addition, in [NiFe] hydrogenase, covalent metal-protein bonds plus hydrogen bonding
interactions between inorganic ligands at the Fe atom and nearby amino acid residues are characteristic.

In the hydrogen conversion catalytic cycle and during activation and inhibition of hydrogenase, the enzyme
passes through several intermediate states. To understand the mechanism, it is important to determine the exact
structure of the active site and its surroundings for all intermediate states, and the oxidation and spin states of
the metal ions involved.

14.5.2.1 [NiFe] Hydrogenases

In [NiFe] hydrogenases, the active site shuttles between paramagnetic Ni(III) states (S = 1/2; accessible by
EPR and ENDOR techniques) and EPR-silent Ni(II) states. The iron atom in the active site remains in a



Environment Effects on Spin States, Properties, and Dynamics from Multi-Level QM/MM Studies 351

Table 14.5 Experimental and computational results for the ground state of Ni(II)-SI from cluster models and
QM/MM calculations.

Ground state form
Ni(II) “Ni-silent” state Method References

Exp. Low spin EPR, magnetic susceptibility [72]
High spin L-edge X-ray absorption

spectroscopy
[73]

Cluster Model Low spin BP86, B3LYP, MRMP2 [74]
Low spin CASPT2, RASPT2 BP86,

TPSS, PBE
[75]

Low spin PBE, TPSS, M06 [77]
Low spin B3LYP, BP86 [78–81]
High spin B3LYP, PBE0 [77]
High spin B3LYP [76, 82]

Large cluster model Low spin BP86 [83]
QM/MM Low spin B3LYP, BP86, MRMP2 [74]

Low spin B3LYP [84]
High spin BP86 [84]

low-spin Fe(II) state during the entire catalytic cycle. The different active site paramagnetic states of the
“standard” hydrogenase from DvMF exhibit rhombic EPR spectra with three resolved g-tensor components;
the g-axes orientation can be obtained from EPR experiments on single crystals. The structure of the nickel
site is that of a square pyramid; the base plane is formed by three Cys sulfurs and the bridging ligand (an
oxygenic species for Ni-A, hydroxide for Ni-B, a hydride for Ni-C, and a vacant position for Ni-L). The
axial (z) direction is given by a sulfur atom from one of the bridging cysteine ligands. The resulting splitting
of d orbitals leads to a dz2 ground state for Ni(III) and a dx2–y2 ground state for Ni(I). The rhombic character
of the g-tensor is characteristic for all nickel states; it is caused by the distorted ligand sphere in the base
plane of square pyramid.

The QM/MM studies of [NiFe]-hydrogenase mechanisms have been performed for the structures of the
oxidized states [70] and the proton transfer pathways [71].

The enzyme is believed to undergo a Ni(III)/Ni(II) redox shuttle during the catalytic cycle and there is a
general agreement about the fact that Ni(III) species in [NiFe] hydrogenases have doublet (S= 1/2) 3d7 config-
uration, whereas controversy has arisen concerning structural and electronic properties of Ni(II) intermediate
species (see Table 14.5).

Experimental evidence of a low-spin diamagnetic Ni(II) comes from EPR and magnetic susceptibility mea-
surements [72], whereas structural analysis by L-edge X-ray absorption spectroscopy suggested a high-spin
Ni(II) (S = 1) [73].

Cluster model calculations predict an EPR-silent low-spin Ni-SI species when the BP86 functional is used,
but sometimes a high-spin ground state is obtained with hybrid functionals (see Table 14.5). In support of
the low-spin state are recent high-level ab initio studies using an MRMP2 [74], or a CASPT2 and RASPT2
level [75]. The QM/MM investigations of the same problem likewise have not reached a final conclusion.
The energetically close singlet and triplet states, the low energy to convert from a tetrahedral to a square-
planer Ni(II) geometry, and the role of stabilization by the protein environment are not fully exploited yet.
A two-state reactivity from singlet to triplet surfaces [76] and a crossing point of the two were suggested
recently [77].
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Table 14.6 Comparison of the computed Mössbauer quadrupole splittings ΔEQ(Fe1–4) (mm⋅s−1) with
experiment of the proximal FeS-cluster in O2-tolerant [NiFe] hydrogenases [85].

ΔEQ(Fe1) ΔEQ(Fe2) ΔEQ(Fe3) ΔEQ(Fe4)

Exp. 2.41 0.60 0.60 0.60
BS13Glu76H 2.36 0.31 −0.31 0.96
BS13Glu76,not included 2.42 0.43 −0.32 0.79
BS13Glu76- 2.36 0.27 −0.31 −0.92

Another prime example from the use of QM/MM methods for the calculation of EPR and Mössbauer param-
eters in metalloproteins comes from an application to the proximal FeS cluster of oxygen-tolerant [NiFe]
hydrogenases. Oxygen tolerance is induced by an unusual 4Fe3S-6Cys cluster at a distance of 11 Å from the
active site. This unusual FeS cluster can undergo two redox transitions and donate two electrons to the active
site to avoid oxidative damage. A QM/MM investigation of the reduced form of the FeSproximal cluster gave
EPR and Mössbauer parameters in agreement with experiment, and thus elucidated the electronic structure
and the spin-exchange coupling mechanism in this new type of metallic cofactor [85].

The broken-symmetry solution BS13 with a protonated or deprotonated distal glutamate Glu76 gave
quadrupole splittings in good agreement with experimental values from Mössbauer spectra (see Table 14.6).

The three g-tensor eigenvalues g1 > g2 > g3 were computed for both BS13 and BS34 states except for a
constant and unknown Δgiso shift. The calculated g-tensor anisotropy: Δg = g1 – g3, is compared with the
corresponding experimental value.

The resulting DFT-computed g-tensor components (after spin-coupling) are given in Table 14.7. It can
be verified that BS13 exhibits, after spin-coupling, the best S = 1/2 total g-tensor. Particularly, the small
experimental g-anisotropy is nicely reproduced. An alternative coupling scheme yielding BS34 could be ruled
out because of its larger g-anisotropy.

14.5.2.2 [FeFe] Hydrogenases

In a study of the 57Fe-enriched [FeFe] hydrogenase in the Hox and Hox–CO states using pulsed EPR spec-
troscopy it was found that both irons bear unpaired electron spin density. On the basis of the observed 57Fe
hyperfine coupling values, it was suggested that most of the spin density is located on the proximal iron in the
case of the Hox–CO state, while the Hox in the absence of CO state has a complete spin delocalization over the
two irons in the binuclear sub-cluster. The relatively large 13C hyperfine coupling found for the 13COext ligand
of the distal iron may indicate that the spin delocalization is larger in the Hox–CO state than was estimated
from the 57Fe hyperfine couplings.

Table 14.7 Broken-symmetry g-tensor principal values for the proximal FeS-cluster in O2-tolerant [NiFe]
hydrogenases [85].

g1 g2 g3 Δg

Exp. 2.015 2.010 1.990 0.025
BS13Glu76H 2.043 2.031 2.007 0.036
BS13Glu76, not included 2.057 2.040 2.011 0.046
BS13Glu76- 2.045 2.021 1.988 0.057
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Table 14.8 Calculated EPR parameters for [FeFe]-hydrogenase models [89].

State/model g-values Hyperfine coupling constants aiso [MHz]
Fep/Fed

13CO

Hox-CO 2.00, 2.01, 2.07 4.0, 0.8 17.1 Exp.
QM/MM 1.99, 2.01, 2.05 22.5, 12.1 54.3 B3LYP

1.99, 2.01, 2.02 20.4, 6.9 67.5 BP86
Fe6S6 1.98, 2.02, 2.06 22.9, 13.0 51.9 B3LYP

1.97, 2.02, 2.02 20.7, 7.6 67.5 BP86
Fe2S2 2.01, 2.02, 2.03 29.1, 11.9 49.3 B3LYP

2.00, 2.01, 2.02 26.9, 6.4 56.1 BP86

Hox 2.00, 2.04, 2.10 12.4, 12.4 n.a. Exp.

Hox vacant site
QM/MM 2.04, 2.07, 2.09 3.1, 34.9 B3LYP

2.01, 2.04, 2.06 3.8, 27.5 BP86
Fe6S6 2.03, 2.06, 2.10 2.0, 32.9 B3LYP

2.00, 2.03, 2.07 2.9, 25.3 BP86
Fe2S2 2.01, 2.05, 2.09 0.4, 31.8 B3LYP

2.01, 2.03, 2.06 1.2, 25.0 BP86
Hox-H2O
QM/MM 2.01, 2.05, 2.05 15.6, 25.1 B3LYP

2.00, 2.02, 2.04 11.9, 19.8 BP86
Fe6S6 2.02, 2.06, 2.07 16.5, 24.7 B3LYP

2.00, 2.03, 2.06 12.2, 19.7 BP86
Fe2S2 2.01, 2.05, 2.05 22.8, 20.8 B3LYP

2.01, 2.02, 2.04 15.9, 18.1 BP86

The QM/MM studies on the [FeFe]-hydrogenase enzymes are frequent and focus on several aspects, for
example activation and catalysis [86], and protein electric field effects on structure and reactivity [87]. Fur-
thermore, Greco et al. also reported QM/MM calculations, where, in addition to the active site H-cluster, two
additional Fe4S4 cubanes were included in the QM part. Insight into oxidation states of the active site and the
interplay between the cubanes could be captured in these calculations [88].

The effect of the protein environment on spin properties such as EPR g-values and 57Fe and 13CO hyperfine
coupling constants of the active site H-cluster in the Hox state and the CO-inhibited Hox-CO states were
investigated by Greco et al. [89] (see Table 14.8).

The protein environment was considered as (i) a continuum solvent with 𝜀 = 40, (ii) explicit consideration
of amino acids in proximity to H-cluster, and (iii) QM/MM hybrid calculations. The computed g-factors of the
CO-inhibited form of the enzyme Hox-CO turned out to be closer to experiment for an isolated Fe6S6 model
than the QM/MM-optimized entire H-cluster in the protein environment. Also for the Hox state, inclusion of
the H-cluster surrounding in the calculations did not improve the computed g-factors. For Hox, the model with
a coordinated water ligand (Hox-H2O) is in slightly better agreement with experiment. A not-consistent trend
and differences in computed g-values are also observed when one varies the density functional (BP86 versus
B3LYP).

More consistent results are observed for nuclear-electron spin hyperfine coupling calculations, which are
more localized parameters, and consequently their prediction should be more straightforward. The quantita-
tive agreement between calculations and experiment is still low and only the relative ratio between Fep and
Fed couplings is reproduced for the Hox-CO state. Fep displays larger and Fed a much smaller hyperfine cou-
pling. The 13CO hyperfine coupling constants are overestimated by a factor of 3–4 and that of Fed even more.
The hyperfine coupling constants computed at the BP86 level are almost independent of the extension of the
QM model size.
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Even if introducing approximate scaling factors for broken-symmetry solutions (see below) for 57Fe/13C
hyperfine interactions of the [2Fe]-H subcluster of 0.51, 0.89, and 0.38 for Hox-CO, Hox vacant, and Hox-H2O,
respectively, these scaling factors are definitely not sufficient to bring calculated and experimental hyperfine
coupling constants in satisfying agreement.

It must be concluded that for the moment it is unclear if the reproduction of the effects of the environment is
actually beneficial for the computation of the magnetic properties of H-cluster at the level of theory employed
here.

14.5.3 Photosystem II and the Effect of QM Size

A study on the convergence of QM/MM and cluster calculations of the spectroscopic properties of oxygen-
evolving complex (OEC) (see Figure 14.12) in photosystem II has been performed very recently by Rete-
gan et al. [1]. The authors presented a combined QM/MM stufy of the spectroscopic properties of the
OEC embedded in the protein matrix. Focusing on the S2 state of the catalytic cycle, they examined the
convergence of not only structural parameters but also of the intra-cluster magnetic interactions in terms
of exchange coupling constants and experimentally relevant 55Mn, 17O, and 14N hyperfine coupling con-
stants with respect to QM/MM partitionings using five QM regions of increasing size. This enabled the
assessment of the performance of the method and to probe second sphere effects by identifying amino acid
residues that principally affect the spectroscopic properties of the OEC. The OEC comprises an inorganic
Mn4CaO5 cluster embedded in a functionally important and evolutionarily conserved protein matrix. It oper-
ates by storing up to four oxidizing equivalents to catalyze the splitting of two water molecules and release
dioxygen.

Comparison between QM-only and QM/MM treatments revealed that whereas QM/MM models con-
verge quickly to stable values, QM cluster models were required to incorporate significantly larger parts

Figure 14.12 The Mn4CaO5 cluster of OEC and its immediate protein environment as determined in the 1.9 Å
X-ray model of PSII. Reprinted with permission from [1], Copyright (2013) American Chemical Society.
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Figure 14.13 (a) Part of the protein considered explicitly in [1]. The QM/MM region (in color) is shown within a
PSII monomer from X-Ray structure of Umena et al. [4]. (b) The QM/MM model (depicted unsolvated) with QM
atoms represented as spheres. Reprinted with permission from [1], Copyright (2013) American Chemical Society.
(See colour plate section)

of the second coordination sphere and surrounding water molecules to achieve convergence of certain
properties.

The starting point for the model was the 1.9 Å resolution X-Ray structure by Umena et al. [4]. The size of
the QM/MM model was restricted to a quasi-spherical region around Mn4CaO5 cluster, comprising all amino
acid residues and water molecules with at least one atom within 20 Å from any atom of the Mn4CaO5 cluster
(Figure 14.13). The final QM/MM system comprised 8658 atoms and were carried out with an EE scheme.
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Figure 14.14 Convergence of properties with increasing model size for QM-only and QM/MM models with and
without point charges. Top: Separation between the ground and first excited state energy (left) and J34 exchange
coupling constant (right). Bottom: Isotropic hyperfine coupling constant of Mn1 (left) and Mn4 (right). Reprinted
with permission from [1], Copyright (2013) American Chemical Society.

Five QM regions of increasing size (between 92 and 225 atoms) were evaluated in order to investigate
the point of convergence for each property of interest (Figure 14.14). The smallest QM region A com-
prises 92 QM atoms and included the side chains of first-sphere ligated amino acids, the entire Ala344
residue, and the carbon and oxygen atoms from the Leu343 backbone, as well as four water molecules.
The larger QM region B (131 atoms) expanded upon region A by including the side chains of hydro-
gen bonding amino acid residues. Region C (155 atoms) included region B plus eight additional water
molecules, all of which form an extended hydrogen bonding network around the inorganic core of OEC.
Region D (183 atoms) expanded region C by including the side chains of the redox-active Tyr161 (YZ)
and its hydrogen-bonded partner His190. Finally, the largest QM region employed (E, 225 atoms), in
addition to region D, included the proximal catalytically important chloride ion (Cl−) and its immediate
environment.

The MM part was treated at two levels during the QM/MM optimizations with and without point charges
(PC) polarizing the QM part. In QM-only calculations, the protein environment was modeled by employing
the conductor-like screening model (COSMO) with a dielectric constant of 4.

From the results of the calculations, exchange coupling constants and hyperfine coupling parameters were
obtained, and it could be concluded that the QM/MM calculations converged quickly and smoothly with
respect to the size of the QM region. Inclusion of residues and water molecules that were hydrogen-bonded
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to the inorganic core of OEC was necessary, but extension of the QM region beyond this basic model did not
translate to significant changes. Thus, even QM/MM model B was sufficient to obtain converged structural
parameters and exchange coupling constants.

Calculations of hyperfine coupling constants were somewhat more sensitive to the size of the QM region;
however, the results were converged for practical spectral assignment purposes for models such as B and C,
which, with 131 and 152 QM atoms, respectively, were still only half the size of the largest QM-only models
employed in recent computational studies. For the QM-only models, the structural parameters of the inorganic
core could be considered as already converged using model CQM. While similar trends were observed for the
spectroscopic properties, the convergence was less smooth, as can be seen for the ground state–first excited
state energy gap, the exchange coupling constant, and the isotropic hyperfine coupling constants of manganese
ions (Figure 14.14). These differences, which were present even for the two largest QM-only models, could
be associated with geometrical changes resulting from increasing the number of atoms in the model while still
missing the rest of the protein environment, or with long-range electrostatic effects due to the discrete point
charge representation of MM region, which was not recovered by the continuum solvation model. Given the
local nature of the spectroscopic parameters considered here, it was unlikely that the latter was the leading
cause of the rough convergence of QM-only models. Indeed, for the QM/MM models, the difference between
the effective ground state and first excited state was not affected by the absence of point charges starting from
model CQM/MM onward (see Figure 14.14).

Spin-projected (and scaled) hyperfine coupling constants were not reported in the main article since the
hyperfine coupling constant values were sufficient to study the convergence behavior of each approach. Thus,
a direct comparison with experimental data was not made. As stated by the authors, a proper comparison
with experimental data would, in principle, require ensemble averaging, considering an inherent flexibility of
OEC.

14.6 From Static Spin-State Properties to Dynamics and Kinetics of Electron Transfer

An interesting and important future development is the “adaptive QM/MM” scheme, in which atoms are
allowed to be exchanged between QM and MM regions. An important issue that arises in simulating liquid-
state phenomena is the adaptive movement of the QM region. Algorithms have been reported for liquid-phase
simulation that allows water molecules to enter and leave the QM region dynamically. The basic idea is to
identify a “switching shell” between QM and MM regions in which atoms are allowed to leave/enter either
region. If we take this idea one step further, then in QM/MM calculations, can fractional (or whole) charges
be transferred between QM and MM regions?

This directly leads to the idea of combining static spin-state properties to the dynamics of electron or charge
transfer in proteins. An electron transfer event could be regarded as nothing but the propagation of a negatively
charged species without mass (a spin) (or an electron hole as a positive charge).

QM/MM methods can be used to map electron transfer pathways in proteins, e.g., short-range electron
transfer from a metallic cofactor to a nearby amino acid side chain and long-range electron transfer across
protein–protein interactions [90]. Residues in the MM part cannot allocate electrons due to lack of electronic
structure description.

The rate of electron transfer is given by the following Marcus equation:

kET = 2𝜋
ℏ

|VDA|2 1√
4𝜋𝜆kBT

exp

[
− (ΔG0 + 𝜆)2

4𝜆kBT

]
(14.10)
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Figure 14.15 Schematic representation of the QM/MM e-pathway method for an excess electron transfer pro-
cess, where Dox and Aox are oxidized donor and oxidized acceptor, respectively. The protein transfer region is
treated with QM, dark gray color, and the rest of the protein is treated with MM, white color. The search is iter-
ative until the path linked between the donor and the acceptor is found. Reproduced from [90] with permission
from The Royal Society of Chemistry.

where ℏ is the reduced Planck’s constant, kB is the Boltzmann’s constant, and T is the temperature. The rate
is then determined by the electronic coupling matrix element (VDA), the overall Gibbs free energy change of
the ET reaction (ΔG0), and the reorganization energy (𝜆) needed by the system to adapt to its new state.

For proteins, the electronic coupling is small due to a large distance between donor (D) and acceptor (A).
The Gibbs free energy of the reaction can be obtained from, for example QM/MM calculations taking protein
and solvent interactions into account.

An extension of the QM/MM approach to electron transfer events was introduced by Wallrapp and Guallar
[91]. In the QM/MM e-pathway, the ET region between the donor and the acceptor is described by QM and
the remainder of the protein at the MM level of theory. From a known donor and acceptor molecule, the QM
region is modified following the evolution of the unpaired electron spin density. The main idea is to identify
the highest electron affinity molecular orbital along the transfer pathway. Donor and acceptor themselves are
not part of the QM region since the electron would always occupy one of these sites. MM parameters for the
donor and the acceptor in the neutral states have to be derived, meaning that both sites are either oxidized
in the case of excess ET or reduced in the case of electron hole transfer. The QM/MM calculations are set
up in an iterative procedure (see Figure 14.15) and an excess electron is injected (or subtracted for electron
hole) into the QM region. The spin density analysis for this calculation indicates the highest electron affinity
molecular orbital. Here, it is critical to carefully benchmark the QM method for an accurate description of spin
delocalization. In the next iteration, the previously identified molecular orbital (the atoms/residues defining
it) are excluded from the QM region and moved into the classical MM subset. The method continues until the
donor and the acceptor can be connected through a direct pathway by joining identified molecular orbitals
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with short distance jumps and through bond interactions. The method yields a ranking of amino acid residues
as possible candidates for electron transfer pathways. It remains necessary to address whether they will act
as true intermediates, known as the sequential hopping mechanism, or will only assist the direct ET pathway
between the donor and the acceptor, known as the bridge-mediated super exchange mechanism.

The electronic coupling can then be computed by suitable and efficient QM calculations, for example the
fragment charge difference method; see, for example, the cytochrome c peroxidase-cytochrome c system [92].

A simple example of different rates of photo-induced electron transfer events in proteins comes from the
Callis group [93]. The most comprehensive QM/MM calculations of electron transfer parameters were per-
formed in [94] for 20 tryptophan radicals in 17 proteins, whose experimental fluorescence quantum yields
span the range of 0.01–0.3. The QM calculations investigated electron transfer from a tryptophan ring to a
backbone amide group in a large-scale QM/MM setup with 500 snapshot structures taken from 150 ps MD
simulations.

The values of electronic coupling for electron transfer to the C-terminal amide using three different basis
sets were calculated. It was shown that the average ab initio values fall in the range of 140−1000 cm−1, with
dependence on the specific protein, and fairly insensitive to the chosen basis set.

The results of these QM/MM calculations of electronic coupling elements for 20 tryptophans cannot
be verified directly due to the lack of spectroscopic data on estimation of these parameters as parame-
ters of appropriate model electron transfer Hamiltonian of equation (14.3). But it is possible to calculate
in the same (or similar) QM/MM simulation setup complementary parameters of the tryptophan contain-
ing enzyme/protein system full SH that, in principle, can be described generally in terms of a linear com-
bination of equations (14.1–14.3). The accuracy of calculation of SH parameters complementing electron
transfer coupling can then be verified by comparison with spectroscopic parameters. Thus, the definition
of the QM region for QM/MM calculations of magnetic resonance parameters of neutral and cationic tryp-
tophan radical intermediates involved in the catalytic cycle of Pleurotus eryngii versatile peroxidase (VP)
[95] is very similar to that used in previous calculations [94] of electronic coupling for electron transfer
from a tryptophan ring to a backbone amide group. The computed g-tensor values for both neutral and
cationic structures of VP tryptophan radical intermediates were in very good agreement with the experimental
data.

When combining the QM/MM results obtained for static spin properties, such as g-tensor principal values
and hyperfine coupling constants, with the ones for dynamic spin properties (electron-transfer events), a new
picture of the QM/MM system evolves. The challenge now is to combine and unify the two different aspects
plus a sufficient conformational sampling to ensure reliability and convergence of calculations and comparison
with experiment.

14.7 Final Remarks and Conclusions

Multi-level QM/MM investigations of complex (bio)molecular systems can be performed by the
application of different levels of calculation to different regions according to which description is
necessary.

Particular difficulties in treating the QM-MM boundary region by either mechanical or electrostatic embed-
ding have were identified, and it is now recognized that a point charge assigned to the MM nucleus does not
provide a good approximation for the smeared distribution of charge density close to a metal atom. For nearby
charge distributions, one must consider screening and charge penetration. Dipole or higher-order multipole
moments can also become important. The “point charge” model from standard force fields is also a crude
approximation only for MM atoms close to the QM part. Development of various charge redistribution mod-
els or polarizable force fields are important contributions to this point.
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Table 14.9 Convergence of QM/MM computations with the selected size of QM region.

Enzyme/protein Convergence
criterion

QM level MM level Type of calcula-
tion/embedding
scheme

Reference

Model peptide
polyalanine
sequence (32
residues),
triosephosphate
isomerase-
phosphoglycolo
hydroxamate
complex

Isomerization
energy

HF/SVP
SOS-AO-
MP2

CHARMM Opt
electrostatic
embedding
(with/without
point charges)

[35]

Lysozyme Proton transfer
NDDO/PM3

AMBER Opt
free energy

[34]

Lysozyme Force error
NDDO/PM3

AMBER Opt [34]

[NiFe] hydrogenase Proton transfer DFT/BP86 AMBER Opt
electrostatic
embedding

[37]

Acetylene hydratase Catalytic
reaction energy
profile

DFT/B3LYP CHARMM Opt [99]

Fungal dockerin
domain

NMR chemical
shifts

DFT/B3LYP AMBER Single point [100]

Oxygen-evolving
complex in
photosystem II

Magnetic
resonance
parameters

DFT GROMACS Opt [1]

DNA-
formamidopyrimidine
DNA glycosylase
complex

NMR chemical
shifts

GIAO-HF AMBER Single point [38]

More refined approaches to circumvent this problem are possibilities of a “connection atom”, “pseudo
bond,” “quantum capping potential,” or a local self-consistent field (LSCF) algorithm, where the bonds con-
necting QM and MM regions are represented by a set of strictly localized bond orbitals (SLBOs) that are
determined by calculations on small model compounds, and are assumed to be transferable.

When setting up hybrid QM/MM calculations, an initial setup of the number of atoms has to be made in
the QM region. Benchmarking of QM/MM calculations as to the required size of the QM region has only
recently become available.

For organic systems, a convergence with the QM size regarding energy criteria and spectroscopic param-
eters is achieved when the QM region is not too small (>8–9 Å). Here also a systematic improvement of
the quality of results is to be expected when going from semi-empirical, via DFT, to correlated ab initio
wavefunction-based approaches.

With hybrid QM/MM methods, it now becomes increasingly possible to accurately describe the spin states
of transition metal enzymes.

For bioinorganic systems, the energy criterion appears to be less suitable because of larger method-inherent
errors in DFT and the problem of extending calculations to post-Hartree–Fock methods. The question then
arises, which other properties can be used to assess the reliability and quality of hybrid QM/MM calcu-
lations? Here, local probes of electron density distribution (i.e., 57Fe Mössbauer shifts), unpaired electron
spin density distribution (i.e., hyperfine coupling constants), and NMR shifts are important features to assess
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Table 14.10 Recent QM/MM studies that address the accuracy of computation of spin-related spectroscopic
parameters.

Enzyme/protein Process studied
computed
parameter

QM level MM level Calculation
type

Reference

Oxoheme
complexes of
cytochrome
P450cam

Spin density
distribution

Spin states
energetics

DFT/B3LYP CHARMM Opt [101]

Oxalate
decarboxylase

EPR fine structure
parameters

DFT/B3LYP FIST Opt
single point

[102]

M Ferritin 57Fe Mössbauer
parameters

spin exchange
coupling
constants

ONIOM
DFT/B3LYP

ONIOM-EE
AMBER

Opt
single point

[103]

Methane and
toluene
monooxyge-
nase
hydrolases

Spin exchange
coupling
constants

Spin density
distribution

DFT/B3LYP OPLS-AA Opt
single point

[104]

Human carbonic
anhydrase II

Nuclear
quadrupole
coupling
constants

DFT/B3LYP CHARMM Opt
single point

[105]

Photoactive
yellow protein

1H chemical shifts DFT/B3LYP OPLS_AA Opt
single point

[106]

Protein G domain 1H chemical shifts AF-QM AMBER Opt
single point

[107]

Nitrosyl
myoglobin

EPR parameters
Spin distribution
Spin state

energetics

DFT GROMACS Opt
single point

[108]

the accuracy of QM/MM calculation (either internally by ensuring convergence, or externally by comparing
with experimental values). Table 14.9 gives an overview of recent convergence studies of QM and QM/MM
calculations.

There are several interesting examples in the literature where an explicit influence of protein environment
on the quantum–chemical state or ground state on the transition metal center has been shown. In such cases,
the polarization changes the energetic ordering of spin states and yields different ground states with dif-
ferent charge and spin distributions and has an effect on spectroscopic parameters from Mössbauer, EPR,
NMR, and FTIR. In order to reproduce experimental observables, the effect of the MM environment on
the QM region has to be included. However, the question remains, as to how large the QM region has
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to be chosen? Table 14.9 gives a summary of recent QM/MM investigations which have addressed this
issue.

When different spin states are close in energy, the reactivity of these may be different and the effect of the
protein environment must not be the same for all spin state surfaces. The crossing of spin state energy surfaces
leads to the idea of “multi-state reactivity” and their influencing and steering by modulating the environment.
The reactivity and energetic profiles of different spin surfaces in biological systems may be very different, and
a crossing between them seems possible. Minimum energy crossing points (MECP) characterized for enzyme
spin state surfaces were, for example, identified for heme compounds [96], MndD [97], [NiFe] hydrogenase
[77], and many more examples that we cannot mention here. For a review, see [98].

The QM/MM studies of spin-related static and dynamic spectroscopic properties of proteins and enzymes
are not limited to the illustrative examples considered above. In Table 14.10 we listed additional QM/MM
studies that estimate the accuracy of computation of spin-related spectroscopic parameters by comparing with
experiment without necessarily addressing the convergence of the results of computation to the full QM-only
calculations. We put in Table 14.10 the data from the recent QM/MM studies (performed in the last five
years); hence, this table can now be considered as a useful update to the one presented by Senn and Thiel
[27].

14.8 Acknowledgments

This work was supported by the Max-Planck-Society for Advancement of Science and the Excellence Ini-
tiative “Research Centre Dynamic Systems: Biosystems Engineering (CDS)” funded by the Federal State of
Saxony-Anhalt. Part of this work was supported by the COST Action CM1305 Explicit Control Over Spin-
states in Technology and Biochemistry (ECOSTBio).

References

[1] M. Retegan, F. Neese and D. A. Pantazis, Convergence of QM/MM and cluster models for the spectroscopic prop-
erties of the oxygen-evolving complex in photosystem II, J. Chem. Theory Comput. 9, 3832–3842 (2013).
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[37] L. Hu, P. Söderhjelm and U. Ryde, On the Convergence of QM/MM energies, J. Chem. Theory Comput. 7, 761–777
(2011).

[38] D. Flaig, M. Beer and C. Ochsenfeld, Convergence of electronic structure with the size of the QM region: example
of QM/MM NMR shieldings, J. Chem. Theory Comput. 8, 2260–2271 (2012).

[39] (a) B. Kirchner, F. Wennmohs, S. F. Ye and F. Neese, Theoretical bioinorganic chemistry: the electronic structure
makes a difference, Curr. Opin. Chem. Biol. 11, 134–141 (2007); (b) F. Neese, Spin-Hamiltonian parameters from
first principle calculations: theory and application, in G. Hanson and L. Berliner (Eds.), High Resolution EPR –
Applications to Metalloenzymes, Springer, New York, pp. 175–229 (2009); (c) F. Neese, W. Ames, G. Christian,
M. Kampa, D. G. Liakos, D. A. Pantazis, M. Roemelt, P. Surawatanawong and S. F. Ye, Dealing with complexity in
open-shell transition metal chemistry from a theoretical perspective: reaction pathways, bonding and spectroscopy,
in R. van Eldik and J. Harvey (Eds.), Advances in Inorganic Chemistry, Vol. 62, Academic Press, London, pp. 301–
349 (2010); (d) S. Sinnecker and F. Neese, Theoretical bioinorganic spectroscopy, in M. Reiher (Ed.), Atomistic
Approaches in Modern Biology: From Quantum Chemistry to Molecular Simulations, Springer, Berlin, pp. 47–83
(2007).

[40] J.-P. Launay and M. Verdaguer, Electrons in Molecules: From Basic Principles to Molecular Electronics, Oxford
University Press, Oxford (2013).

[41] P. V. Schastnev and N. N. Lukzen, Theoretical analysis of weak interatomic resonance interactions in the Hartree-
Fock approximation, Theor. Exp. Chem. 17, 573–580 (1981).

[42] M. S. Afanasyeva, M. B. Taraban, P. A. Purtov, T. V. Leshina and C. B. Grissom, Magnetic spin effects in enzymatic
reactions: radical oxidation of NADH by horseradish peroxidase, J. Am. Chem. Soc. 128, 8651–8658 (2006).

[43] M. S. Afanasyeva, P. A. Purtov, B. T. Mark and T. V. Leshina, Spin chemistry of enzymatic processes, Russian
Chem. Rev. 76, 599 (2007).

[44] J. R. Woodward, T. J. Foster, A. R. Jones, A. T. Salaoru and N. S. Scrutton, Time-resolved studies of radical pairs,
Biochem. Soc. Trans. 37, 358–362 (2009).

[45] J. L. Rivail, D. Rinaldi and V. Dillet, Solvent effects in infrared spectroscopy: a computational approach, Mol.
Phys. 89, 1521–1529 (1996).

[46] P. O. Astrand, K. V. Mikkelsen, P. Jorgensen, K. Ruud and T. Helgaker, Solvent effects on nuclear shieldings and
spin-spin couplings of hydrogen selenide, J. Chem. Phys. 108, 2528–2537 (1998).

[47] K. Ruud, L. Frediani, R. Cammi and B. Mennucci, Solvent effects on the indirect spin–spin coupling constants of
benzene: the DFT-PCM approach, Int. J. Mol. Sci. 4, 119–134 (2003).

[48] T. C. Ramalho, D. H. Pereira and W. Thiel, Thermal and solvent effects on NMR indirect spin–spin coupling
constants of a prototypical Chagas disease drug, J. Phys. Chem. A 115, 13504–13512 (2011).

[49] I. Ciofini, R. Reviakine, A. Arbuznikov and M. Kaupp, Solvent effects on g-tensors of semiquinone radical anions:
polarizable continuum versus cluster models, Theor. Chem. Acc. 111, 132–140 (2004).

[50] Z. Rinkevicius, L. Telyatnyk, O. Vahtras and K. Ruud, Electronic g-tensors of solvated molecules using the polar-
izable continuum model, J. Chem. Phys. 121, 5051–5060 (2004).



Environment Effects on Spin States, Properties, and Dynamics from Multi-Level QM/MM Studies 365

[51] Z. Rinkevicius, N. A. Murugan, J. Kongsted, K. S. Aidas, A. H. Steindal and H. Ågren, Density functional the-
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15.1 Introduction

The mononuclear nonheme iron (NHFe) enzymes given in Scheme 15.1 catalyze a broad spectrum of critical
biological and health-related functions. They are involved in antibiotic [1–4] collagen [5] and natural product
biosynthesis [6, 7] and regulation of leukotrienes in asthma and atherosclerosis [8], a number of neurological
disorders [9–11], hypoxia regulation [12], DNA repair [13], bioremediation [14, 15], and include the related
anticancer drug bleomycin (BLM) [16, 17]. All members of this large NHFe family are involved in 3O2
reactions with organic substrates (S = 0) that, if uncatalyzed, are spin-forbidden and thus kinetically slow.
These enzymes can be divided into two groups depending on whether an FeIII site activates a substrate for
reaction with O2, or whether an FeII site is utilized for O2 activation for reaction with a substrate [18]. The
latter strategy is adapted by most mononuclear NHFe enzymes.

The group of substrate-activating NHFeIII enzymes includes the lipoxygenases and the intradiol dioxy-
genases (Scheme 15.1). For lipoxygenases, activation of the fatty acid substrates is thought to proceed via
H-atom abstraction (HAA) by FeIII–OH, which leads to the formation of the FeII–OH2 intermediate and a
substrate radical that undergoes subsequent reaction with O2 to give the final hydroperoxidated product [19].
For intradiol dioxygenases, the catecholate dianionic substrate binds to the FeIII site, triggering a concerted
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Scheme 15.1 Classes of mononuclear NHFe species. Reproduced from [35] with permission from American
Chemical Society.

ligand-to-metal charge-transfer mechanism of substrate activation, where the change in the ligand field on
the FeIII overcomes the spin-forbidden formation of a peroxy-bridged intermediate that goes on to form the
intradiol-cleaved product [20].

The group of O2-activating NHFeII enzymes is large and can be divided into six classes (Scheme 15.1):
(1) The extradiol dioxygenases. These activate O2 by two electrons from the catecholate substrate via a puta-
tive peroxy-quinone-bridged FeII intermediate that undergoes a Criegee rearrangement, eventually leading
to a seven-membered lactone ring that collapses to form the extradiol cleaved product [21]. (2) The pterin-
dependent and (3) 𝛼-ketoglutarate (𝛼KG)-dependent enzymes. Both of these classes utilize an FeII center and
a cofactor to reduce O2 by four electrons (through the formation of a peroxo bridge between the metal and
an electron-donating cofactor) that cleaves to give a high-spin (HS) (S = 2) FeIV=O intermediate reactive in
H-atom abstraction (𝛼KG dependent) and electrophilic aromatic substitution (pterin dependent) [22, 23]. (4)
The Rieske dioxygenases (RDOs). These contain the Fe2S2 Rieske center in addition to the catalytic NHFeII,
activate O2 by two-electron reduction, one electron from the Rieske center and another from the FeII; this
generates a high-spin (S = 5/2) FeIII–OOH intermediate that performs C–H bond activation [24] and elec-
trophilic cis-dihydroxylation of aromatic compounds [25]. (5) The anticancer drug Bleomycin (BLM). This
metalloglycopeptide activates O2 by two-electron reduction (one electron from FeII and another exogenous
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Figure 15.1 The general mechanistic strategy for O2 activation by NHFeII active sites [18, 35]. Reproduced from
[35] with permission from American Chemical Society.

electron), which forms a low-spin (LS) (S = 1/2) FeIII–OOH intermediate (activated bleomycin [ABLM])
capable of H-atom abstraction from DNA for strand cleavage in its anticancer activity [26]. (6) A diverse class
of enzymes that do not require a cofactor and have redox inactive substrates (e.g., isopenicillin-N-synthase
[IPNS], cysteine dioxygenase [CDO]). For this subclass, the NHFeII center, as the only redox center available,
is able to perform the thermodynamically difficult 1e− reduction of O2 to generate an FeIII–O2

∙− intermediate
that performs C–H bond activation or oxygenation of the substrate [27, 28].

From the above summary, the generation of S = 2 FeIV=O or FeIII–OOH intermediates are utilized by most
of the NHFeII enzymes. Parallel to studies directed toward trapping and characterization of the geometric and
electronic structures of these enzymatic intermediates, there have been significant advances in the preparation
and investigation of their synthetic analogues. Thus, S = 1 and S = 2 FeIV=O and S = 5/2 and S = 1/2 FeIII–
OOR model complexes have been structurally defined with non-biological ligand sets [29–32].

Except for ABLM, which is of low spin because of its strong 5-nitrogen ligand set, all the NHFe enzyme
oxygen intermediates are of high spin. The ferrous NHFe enzymes have the canonical 2His/1carboxylate facial
triad ligation and additional coordination positions occupied by water ligands in the resting state. However, it
has recently been found that a number of these enzymes have a 3His ligand set [33] and several of the 𝛼KG-
dependent enzymes are halogenases [34], where Cl− or Br− replaces the carboxylate ligand of the facial
triad.

An important common theme for these NHFeII species is their general mechanistic strategy for O2 acti-
vation elucidated by variable temperature variable field (VTVH) magnetic circular dichroism (MCD) [18].
In most of the classes in Scheme 15.1, the resting FeII site and the FeII site in the presence of only substrate
or cofactor are 6-coordinate, coordinatively saturated, and relatively stable in the presence of O2. However,
the simultaneous presence of all of the reaction partners involved in catalysis leads to an open coordina-
tion position on the FeII site (by releasing a labilized water ligand). This allows O2 binding and activation
(Figure 15.1) [35]. This strategy ensures effective coupled catalysis, avoiding uncoupled turnover and side
reactions of auto-oxidation and self-hydroxylation.



372 Spin States in Biochemistry and Inorganic Chemistry

Since the initial Fe–O2 intermediates are not trappable for spectroscopic characterization in any NHFe
enzyme except for the extradiol dioxygenases, the methodology has been developed in which NO is used
as an analogue for O2 in order to experimentally probe the early stages of O2 activation and the role of the
coordinated substrate (IPNS) or cofactor (in the 𝛼KG-dependent enzymes). NO binds reversibly to the FeII

site, forming a stable species that is amenable to a range of spectral methods. These Fe–NO complexes,
termed as {FeNO}7 in the notation of Enemark and Feltham [36] (7 = number of metal d-electrons + number
of NO valence electrons), are one-electron deficient relative to putative {FeO2}8 intermediates and generally
have S = 3/2 ground states. These have an electronic structure best described as high-spin FeIII (S = 5/2)
anti-ferromagnetically coupled to NO− (S = 1) [37], although in some cases S = 1/2 species with either an
FeIII (S = 3/2) anti-ferromagnetically coupled to NO− (S = 1) or a low-spin FeII (S = 0) NO∙ (S = 1/2)
electronic structure has been observed [28, 38, 39]. The spectroscopic features of these {FeNO}7 complexes,
correlated to density functional theory (DFT) calculations, provide a calibration of the DFT functional and
basis set for computationally replacing NO with O2 to define the O2 activation reaction coordinate of the
mostly experimentally inaccessible {FeO2}8 species. This {FeNO}7/{FeO2}8 methodology has been applied
to the 𝛼-keto acid (𝛼KA)-dependent enzyme 4-hydroxyphenylpyruvate dioxygenase (HPPD) [40] and IPNS
[27] to elucidate their O2 activation reaction coordinates.

In this chapter, we present a detailed discussion of high-spin and low-spin states in {FeNO}7 (S = 3/2, 1/2),
FeIV=O (S = 2, 1), and FeIIIOOH (S = 5/2, 1/2) complexes, their frontier molecular orbitals (FMOs, that is,
low-lying unoccupied molecular orbitals (MOs) with proper orbital character and orientation for attack on
substrate), and their contributions to reactivity in model and enzyme systems.

15.2 High- and Low-Spin {FeNO}7 Complexes: Correlations to O2 Activation

15.2.1 Spectroscopic Definition of the Electronic Structure of High-Spin {FeNO}7

Five-coordinate ferrous sites in nonheme Fe enzymes generally have low reactivity with O2 unless both sub-
strate and cofactor necessary for the reaction are present (cf. Figure 15.1). Once all co-substrates are bound,
O2 can bind to the coordinatively unsaturated Fe, generating a mostly unobserved {FeO2}8 intermediate that
then reacts with substrate. In contrast, NO binds reversibly to these sites, even in the absence of cofactor and
substrate, generating an {FeNO}7 complex. These {FeNO}7 complexes thus provide a useful probe for under-
standing the spectral perturbations introduced by co-substrate binding that turns on O2 reactivity in NHFeII

enzymes. {FeNO}7 complexes, in both models and enzymes, can exist in total spin states of S = 3/2 and 1/2.
S = 3/2, being the common spin state for these complexes, is the main focus of this review. A brief discussion
of S = 1/2 {FeNO}7 complexes and their possible relevance in several enzymatic reactions is presented at the
end of this section. There are the five d orbitals on Fe and two 𝜋

∗ orbitals on NO (𝜋ip
∗ in the Fe–N–O plane

and 𝜋op
∗ out of the Fe–N–O plane) available for bonding, and many proposals for the electronic structure

of the {FeNO}7 unit based on possible distributions of the seven FeNO electrons (six from the FeII and one
from the NO∙) in these orbitals existed in the literature [41].

The electronic structure of S = 3/2 {FeNO}7 complexes was first unambiguously determined
through a combination of spectroscopic studies [37] and calculations [42] on two complexes, [Fe(Me3-
TACN)(N3)2(NO)] (1; Me3TACN = N,N’,N”-trimethyl-1,4,7-triazacyclononane) and [Fe(EDTA)(NO)] (2;
EDTA= ethylenediaminetetraacetic acid). The geometric structure of 1 was known from crystallography (Fig-
ure 15.2a) [43], and 2 was structurally defined through extended X-ray absorption fine structure (EXAFS)
measurements (including multiple-scattering analysis of the data using the software package GNXAS for
determination of the Fe–N–O angle) [44]. For 1, the Fe–N bond length is 1.74 Å and the Fe–N–O angle is
155◦, and for 2 these are 1.78 Å and 156◦ respectively.
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Figure 15.2 (a) Structure of 1 and (b) its O2 bound analogue 3. The crystal structure of 1 is taken from Reference
43. DFT Fe–NO bond lengths (in Å) and Fe–N–O angles are included. The corresponding values obtained from the
crystal structure of 1 are shown in parentheses. Reproduced from [42] with permission from American Chemical
Society.

The electronic structures of both complexes were investigated using X-ray Absorption (XAS), Electron
Paramagnetic Resonance (EPR), Resonance Raman (RR), UV/Vis Absorption (Abs), and MCD spectro-
scopies [37]. XAS data on both complexes showed these to be high-spin ferric species. The EPR spectra
for 1 and 2 (Figure 15.3a) show typical S = 3/2 behavior, with g-effective values of ∼4 and ∼2. These spectra
were fit to the spin Hamiltonian in equation (15.1):

H = D[S2
z − S(S + 1)∕3] − E(S2

x − S2
y ) + g0𝛽SH (15.1)

where D is the axial zero-field splitting (ZFS) parameter, E is the rhombic ZFS parameter, and g0 = 2.0. The
E/D value can range from 0 to 0.33 and denotes the rhombicity of the site, with 0 being the axial limit. The
signal at g effective ∼4 will split as E/D deviates from the axial limit (0 for 1 and 0.016 for 2). D-values of
+20 ± 2 cm−1 (1) and +12 ± 1 cm−1 (2) were obtained for these complexes through fitting magnetic suscep-
tibility data. Thus, both of these S = 3/2 {FeNO}7 complexes have axial EPR spectra (E/D < 0.02) and large,
positive ZFS D.

Resonance Raman spectroscopic studies of 1 and 2 prepared with 14N16O, 15N16O, and 14N18O, shown in
Figure 15.3b, revealed isotope-sensitive features in both complexes. For 1, peaks at 1712, 497, and 436 cm−1

were found to shift to 1681, 489, and 435 cm−1 with 15N16O substitution, and to 1672, 490, and 434 cm−1

with 14N18O substitution. These are assigned as the 𝜈(NO), 𝜈(FeN), and 𝛿(FeNO), respectively, based on the
expected isotope shifts of these features in bent nonheme metal–nitrosyl complexes (Figure 15.3b, lower)
[37, 45]. By a similar argument, for 2, features at 1776 and 496 cm−1 are assigned respectively as 𝜈(NO)
and 𝜈(FeN). The N–O stretching frequency for both complexes falls between those of triplet NO− in the
gas phase (1363 cm−1) [46] and NO0 in NO gas (1876 cm−1) [47]. The force constants for 𝜈(NO) derived
from a normal coordinate analysis based on the RR data exhibit a similar trend: 12.6 and 13.2 mdyn/Å for
1 and 2 respectively that fall between the values of 8.6 mdyn/Å for NO− and 15.5 mdyn/Å for NO0. These
observations are consistent with partial NO− character that is decreased due to its donor bonding to the FeIII.

Taken together, the experimental data show that these {FeNO}7 complexes are best described as FeIII–NO−

complexes, with an S = 1 NO− anti-ferromagnetically coupled to an S = 5/2 FeIII to give an overall S = 3/2
ground state [37]. The S = 5/2 on the FeIII arises from exchange stabilization of the five 𝛼-d-electrons, and the
S = 1 on the NO− arises from stabilization due to the overlap of the spin-down NO−

𝜋
∗ orbitals with the FeIII
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Figure 15.3 Spectroscopy of complexes 1 and 2. (a) EPR data showing E/D of 0 for 1 and 0.016 for 2; (b)
Resonance Raman data with 14N16O (solid), 14N18O (dashed), and 15N16O (dotted); (c) Abs, MCD, and RR
profile data (triangles and unfilled squares correspond to 𝜈(FeN) intensity; crosses and filled squares correspond to
𝜈(NO) intensity) with bands numbered. Reproduced from [37] with permission from American Chemical Society.
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dxz and dyz levels (the z-axis is defined along the Fe–N bond, x is in the Fe—N–O plane, y is perpendicular to
the plane, and the FeNO plane bisects cis-L–M–L bonds), which opposes the splitting of 𝜋ip

∗ and 𝜋op
∗ and

disfavors spin pairing. This has become the generally accepted electronic structure description for S = 3/2
{FeNO}7 complexes [41, 45].

UV-Vis Absorption, MCD, VTVH MCD, and RR profile data for 1 and 2 are presented in Figure 15.3c.
The spectra for each have been simultaneously fit to five bands involving the FeNO unit, with Bands 3–
5 exhibiting resonance enhancement of 𝜈(NO) and 𝜈(FeN) for both complexes. Using the experimentally
defined electronic structure, these are assigned as NO− to FeIII charge transfer (CT) transitions on the basis of
this resonance enhancement and their z-polarization from VTVH MCD (vide infra), with Bands 3–5 assigned
as the NO−

𝛽-𝜋ip
∗ → FeIII dx2–y2, NO−

𝛽-𝜋ip
∗ → FeIII dxz, and NO−

𝛽–𝜋op
∗ → FeIII dyz CT transitions,

respectively, with the last transition being most intense due to its greater amount of NO−
𝜋 donating character

relative to the two transitions originating from the NO−
𝜋ip

∗ orbitals. Bands 1 and 2 are assigned as FeIII

ligand-field (LF) transitions. Note that these are spin-forbidden in high-spin FeIII but become allowed in
the anti-ferromagnetically coupled system. Important to note is that the spectral features reported here for
model systems are also observed in the {FeNO}7 complexes of NO bound to the resting 2His/1carboxylate
facial triad in NHFeII enzymes such as protocatechuate 4,5-dioxygenase [48] and HPPD [40], providing an
important benchmark for the studies reviewed in Section 2.3.

15.2.2 Computational Studies of S = 3/2 {FeNO}7 Complexes and Related {FeO2}8 Complexes

To develop a more detailed understanding of the electronic structure of {FeNO}7 complexes, and to determine
an appropriate DFT methodology for describing them, a series of calculations using a variety of functionals
and basis sets were carried out on 1 [42], which was chosen because it has a well-defined crystal structure
[43]. It was found that a hybrid functional consisting of the BP86 functional with 10% Hartree–Fock exchange
(HFX) contribution (BP86 + 10% HFX) along with a split basis set of triple-𝜁 6-311G∗ on the FeNO unit
and double-𝜁 6-31G∗ on the other atoms (for computational efficiency) gave an optimized geometry in best
agreement with the crystal structure. In addition, this combination of functional and basis set gave good agree-
ment with the experimental N–O stretching frequency, and NO− → FeIII CT transition energies (from ΔSCF
calculations) that agreed well with energies from Abs and MCD data. Calculations with more HFX (>10%)
gave poor agreement with experiment. Analysis of the unoccupied molecular orbitals for 1 calculated using
this level of DFT (the unoccupied orbitals are used here as these reflect uncompensated electron density from
the occupied orbitals, which often are strongly mixed due to their energy stabilization from spin polarization)
showed two unoccupied 𝛼–MOs with significant NO 𝜋

∗ character (𝜋ip
∗ and 𝜋op

∗) and five unoccupied 𝛽-MOs
with Fe 3d orbital character, consistent with the experimentally defined FeIII (S = 5/2) anti-ferromagnetically
coupled to NO− (S = 1) electronic structure description (Figure 15.4a and b). From these MOs, a bonding
description for 1 was defined. There are two types of bonding interactions reflected in the amount of NO
character in the unoccupied 𝛽 Fe d-orbitals, as well as in the NO 𝜋

∗ → Fe d-CTs (both reflecting donation
from the NO− to the FeIII): (i) 𝜎-bonding interactions between NO 𝜋ip

∗ and Fe dxz/dx2-y2/dz2 (using the axis
system defined above) (Figure 15.4b, panels C, D, and G) and, importantly, (ii) a strong 𝜋-bonding interaction
between NO 𝜋op

∗ and Fe dyz (Figure 15.4b, panel E). These interactions lead to a strong FeIII–NO− bond.
This experimentally calibrated S = 3/2 {FeNO}7 methodology was then extended to the {FeO2}8 ana-

logue of complex 1 (complex 3, Figure 15.2b) in order to develop a basis for understanding O2 activation
and reactivity in nonheme iron enzymes. DFT geometry optimizations were performed on the three possible
spin states, S = 1, 2, and 3, with the electronic structure of the S = 1 corresponding to low-spin FeIII ferro-
magnetically coupled to O2

∙−, S = 2 to high-spin FeIII anti-ferromagnetically coupled to O2
∙−, and S = 3 to

high-spin FeIII ferromagnetically coupled to O2
∙−. The S = 2 spin state was computationally lowest in energy
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Figure 15.4 Energy diagrams (a and c) and MO contours (b and d) with significant Fe or NO/O2 character in 1
and its O2 analogue 3 respectively. Both complexes have a high-spin Fe center with five unoccupied 𝛽 d-orbitals.
The primary difference between the two is that the 𝛼 𝜋 ip

∗ orbital (b, panel A) is unoccupied in 1 but occupied
in 3 (d, panel A), leading to a difference in NO/O2 bond strength. All other depicted MOs are unoccupied.
Reproduced from [42] with permission from American Chemical Society.
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by ∼10 kcal/mol; thus the following discussion focuses on this S = 2 ground state. The Fe–O bond length in
3 is 1.88 Å (versus 1.72 Å in 1), and the Fe–O–O angle is 130◦ (versus 148◦ in 1). The ΔG0 of formation for
3 from the putative 5C FeII(Me3)TACN(N3)2 derivative is –4.0 kcal/mol. In contrast, the ΔG0 of formation
of the NO complex 1 is highly exergonic at –25 kcal/mol, despite the fact that NO is more difficult than O2 to
reduce by one electron [49, 50]. Thus, the more favorable formation of 1 is due to the formation of a stronger
FeIII–NO− bond relative to FeIII–O2

∙−. As with 1, the FeO2 system 3 is calculated to have five unoccupied
𝛽 MOs with Fe d-orbital character (Figure 15.4d). Its 𝛼-manifold differs in that 3 has one more electron,
which occupies the 𝛼 O2 𝜋ip

∗ orbital (Figure 15.4c), while the 𝛼 O2 𝜋op
∗ orbital is unoccupied, leading to the

FeIII (S = 5/2) anti-ferromagnetically coupled to O2
∙− (S = 1/2) for an S = 2 ground state electronic structure

described above. The additional electron and the change from NO− to O2
− lead to a significant difference in

the bonding description between 1 and 3. In 3, the 𝛽 𝜋
∗ O2 orbitals are lower in energy due to the increased

electronegativity, which also causes the coefficient on the atom bound to Fe to decrease. Both of these factors
decrease the strength of the Fe–O2 bond relative to that of the Fe–NO bond. Further, the extra electron in the
𝛼 O2 𝜋ip

∗ orbital leads to repulsion between the 𝛼 and 𝛽 electrons of this doubly occupied MO, which raises
the energy of 𝛽 𝜋ip

∗ and leads to stronger mixing of this orbital relative to 𝛽 𝜋 op
∗ with the unoccupied 𝛽

d-orbitals, which stabilizes it in energy in Figure 15.4d. The resultant electronic structure reflects 𝜎 donation
between 𝛽 𝜋ip

∗ and dz2 and only weak 𝜋 donation between 𝜋ip
∗ and dxz (Figure 15.4d, panels E and G), with

essentially no 𝜋 donation of the 𝛽 𝜋op
∗ with the d𝜋 orbitals (Figure 15.4c and Figure 15.4d, panel C). Lack

of a strong 𝜋 donor bonding interaction leads to a longer Fe–O2 bond relative to the Fe–NO bond (1.88 vs.
1.72 Å), a steeper Fe–O–O angle relative to the Fe-N-O angle (130◦ vs. 148◦) in order to maximize the 𝜎

overlap, and a weaker Fe–O2 bond.
This result provides insight into the experimental observation that 5-coordinate resting ferrous sites in

enzymes, such as extradiol dioxygenase DHBD (2,3-dihydroxybephenyl 1,2-dioxygenase), react only very
slowly with O2 [51] but form strong Fe–NO bonds [52]. While the calculation presented above predicts
slightly favorable O2 binding at –4.0 kcal/mol, this is not the case for 5C NHFeII enzyme sites, likely because
the FeII reactant to form 3 is destabilized by the rigid TACN chelation. In the NHFeII enzymes, the calculated
energetics of O2 binding to the 2His/1carboxylate 5-coordinate FeII facial triad generating an S = 2 {FeO2}8

was found to have a ΔG0 of +18.9 kcal/mol [27], consistent with the lack of reactivity for 5C NHFeII active
sites in the absence of co-substrates.

15.2.3 Extension to IPNS and HPPD: Implications for Reactivity

This methodology was extended to the study of O2 activation and reactivity by the members of the two
classes of NHFeII enzymes: IPNS [27] and HPPD [40]. Geometry-optimized structures of the substrate-
bound {FeNO}7 complexes of these active sites are presented in Figure 15.5. IPNS catalyzes the oxidative
ring closure of 𝛿-(l-𝛼-aminoadipoyl)-l-cysteinyl-d-valine (ACV) [53]. This involves H-atom abstraction (see
Scheme 15.1) from the substrate by a putative FeIII–superoxo intermediate (vide infra) to generate isopeni-
cillin N in the biosynthesis of penicillins and cephelasporin [1]. As the substrate is not redox-active and there
are no additional cofactors to provide electrons, the FeIII–superoxide likely forms through electron transfer
from FeII to O2, a process that would generally be unfavorable (vide supra). HPPD catalyzes the formation of
homogentisate from (4-hydroxyphenyl)pyruvate (HPP), which has both the substrate and the 𝛼KA necessary
for the reaction linked covalently [54]. For both of these enzymes, the resting FeII site is unreactive with O2
but substrate binding to the FeII turns on O2 reactivity (in accordance with the mechanism in Figure 15.1).
Therefore, the {FeNO}7 → {FeO2}8 methodology was applied to understand new electronic structure features
arising from substrate directly coordinating to the {FeNO}7 species that turn on the reactivity in {FeO2}8

complexes.
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Figure 15.5 (a) Optimized structure of IPNS–ACV–NO. Note that the Fe–S bond is orthogonal to the Fe–NO
bond. (b) Optimized structure of HPPD with 𝛼KA and NO bound.

In IPNS, the Fe–ACV–NO analogue (substrate bound to Fe through the cysteinyl S) was studied through
a combination of variable temperature EPR, Abs, CD/MCD, and VTVH MCD spectroscopies. Fitting the
variable-temperature EPR intensity in Figure 15.6a to equation (15.2):

Intensity = C
T

[
1

1 + exp(−2D∕kT)

]
, (15.2)

where C is the Curie constant, T is the temperature, and k is the Boltzmann’s constant, gives an axial ZFS D
parameter of +12.5 ± 0.5 cm−1, similar to the model complexes discussed above and reduced from the value
for the NO-bound resting facial triad (+16 cm−1) [40]. Fitting of the EPR spectrum gives an E/D value of
0.035, indicating an axial system with a rhombic perturbation. In Abs/CD/MCD (Figure 15.6), two different
spectral features relative to the models (and the {FeNO}7 facial triad without substrate bound) were identified
at 13,100 cm−1 (Band 1) and 19,800 cm−1 (Band 5) (Figure 15.6b).

Band 5 is intense in absorption and has negative MCD intensity (Figure 15.6b, lower). The negative inten-
sity of this band raises the possibility that it interacts (through spin-orbit coupling [SOC]) with another positive
MCD band. The VTVH MCD saturation behavior of a band in MCD is dependent on the polarization of that
band relative to the ZFS tensor [55]. The VTVH MCD data (Figure 15.6c) show that Band 1 has mixed z
and x/y-polarization (with the z-axis of the ZFS tensor along the strong Fe–NO bond), indicating that it has
both NO− and RS− to FeIII CT character. In contrast, Band 6 is purely z-polarized and thus defined as an
intense NO− → FeIII CT transition at ∼22000 cm−1. These results correlate well with electronic structure
calculations.

The density functional theory calculations of this IPNS-ACV-NO complex (structure in Figure 15.5a),
using the basis set and functional combination determined above for the model systems, revealed a generally
similar electronic structure to that of the models (two unoccupied NO 𝜋

∗ orbitals in the 𝛼 manifold and five
unoccupied Fe d-orbitals in the 𝛽 manifold (Figure 15.7a).

However, a major difference between the electronic structure of ACV-bound IPNS and the models is that
these orbitals also reflect the interaction of the bound ACV thiolate 3p orbitals with the FeNO unit. Abs and
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Figure 15.6 (a) Variable-temperature EPR data for IPNS–ACV–NO. Fitting of the temperature dependence of
the signal intensity to a Curie law dependence gives an axial ZFS D parameter of 12.5 cm−1. (b) Abs, CD, and
MCD data for IPNS–ACV–NO with arrows indicating new transitions relative to Fe–EDTA–NO (inset). (c) VTVH
MCD isotherms (inset) collected on Bands 1 and 6 at energies indicated by the arrows. Reproduced from [27]
with permission from American Chemical Society.

MCD data coupled to ΔSCF calculations enabled the assignment of the CT bands in IPNS-ACV-NO. Bands
2 and 3 are LF transitions analogous to those in the models. Band 4 was assigned as the NO−

𝜋ip
∗ → FeIII dxz

CT and Band 6 as the NO−
𝜋op

∗ → FeIII dyz CT (using the coordinate system defined above for the models,
z along the Fe–N bond, x in and y perpendicular to the Fe-N-O plane), consistent with its z-polarization from
VTVH MCD and the assignment of the corresponding bands in 1. Because of its strong absorption intensity
and based on overlap between S p-orbitals and Fe d-orbitals, Band 5 is assigned as the S 𝜋 → Fe dx2-y2 CT
transition at an energy consistent with that predicted from the ΔSCF calculations. Its negative MCD intensity
raises the possibility that this transition couples through SOC to a CT transition with positive MCD intensity
and perpendicular (to the S–Fe bond) polarization to generate a pseudo-A term [55]. This would require the
two transitions to share either the same donor or acceptor orbital. ΔSCF calculations predict the NO−

𝜋ip
∗

→ Fe dx2-y2 CT transition at 13100 cm−1, much lower in energy than calculated for 1 (16,450 cm−1). This
transition shares an acceptor orbital with Band 5, has a perpendicular transition moment (i.e., along the Fe–
NO axis), and can SOC to it in a mutually orthogonal direction (through the d-character in the donor orbitals),
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Figure 15.7 (Top) MO diagrams and (bottom) contours of unoccupied orbitals for (left) IPNS–ACV–NO and
(right) IPNS–ACV–O2. Note different energy ordering of the NO/O2 𝜋

∗ orbitals relative to the models in Figure
15.4a and c arising from configuration interaction between the S pseudo-𝜎 orbital and the 𝜋 ip

∗ orbital. Reproduced
from [27] with permission from American Chemical Society.

defining a pseudo-A term interaction with Band 1 and providing a mechanism for the negative MCD intensity
of Band 5.

Both the donor and acceptor orbitals of the NO−
𝜋ip

∗ → Fe dx2-y2 CT transition (donor is not shown and
acceptor is in panel G in Figure 15.7b) have ∼10% S character (S 𝜋 character in the acceptor and S pseudo-
𝜎 character in the donor, where pseudo-𝜎 is a 𝜎-like orbital in the Fe–S–Csubstrate plane that is skewed off
of the Fe–S bond axis due to the obtuse Fe–S–C angle). This S character will mix x/y-polarized intensity
into this transition, leading to the mixed z- and x/y-polarization observed for Band 1 in the VTVH MCD
data. A configuration interaction (CI) of the occupied NO−

𝜋ip
∗ with the S pseudo-𝜎 orbital raises its energy
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Figure 15.8 Energetics of NO and O2 binding to the NHFeII facial triad (here that of phenylalanine hydroxylase)
versus binding to (IPNS)FeII–ACV. Substrate binding makes O2 binding more favorable by 26 kcal/mol, and NO
binding more favorable by 16.5 kcal/mol. Reproduced from [27] with permission from American Chemical Society.

(Figure 15.7a) and thus lowers the energy of the NO−
𝜋ip

∗ → Fe dx2–y2 transition, Band 1, relative to its
energy in the models.

For the {FeO2}8 IPNS–ACV–O2 complex (which has an S = 5/2 FeIII anti-ferromagnetically coupled to
S = 1/2 O2

∙– electronic structure leading to an S = 2 ground state), DFT calculations gave a ΔG0 of O2
binding of –7 kcal/mol (cf: –22 kcal/mol for NO), as shown in Figure 15.8. Thus, substrate binding has turned
on O2 activation at the superoxide level, as O2 binding to the resting facial triad (vide supra) is endergonic
(+19 kcal/mol, blue line in Figure 15.8).

Relative to the resting facial triad, the calculated oxidation of FeII to FeIII prior to NO/O2 binding has
become more favorable by ∼49 kcal/mol with the thiolate of the substrate bound to the Fe (Figure 15.8), and
the overall binding energy has become more favorable by 25.9 kcal/mol. This stabilization is due to thiolate
charge donation, which is stronger for FeIII than for FeII and makes the overall formation of FeIII–O2

∙− species
exergonic.

Thiolate binding also had an effect on the FMO of the putative {FeO2}8 intermediate in IPNS. These cal-
ibrated DFT calculations show that the lowest unoccupied orbital in the 𝛼 manifold is the O2 𝜋ip

∗ orbital
(Figure 15.7d, panel E) (rather than the 𝜋op

∗ orbital as seen in the {FeO2}8 model 3, Figure 15.4d). This
difference is due to the strong CI between the S pseudo-𝜎 orbital and the O2

−
𝜋ip

∗ orbital (observed experi-
mentally in the low energy of Band 1 for the ACV-NO complex as compared to the model complex 1, 13,100
vs. 17,400 cm−1), destabilizing the latter relative to 𝜋op

∗. From Figure 15.9, this O2
∙− FMO is well oriented

for H-atom abstraction from ACV, providing an explanation for the HAA/oxidase activity of this enzyme.
The {FeNO}7 → {FeO2}8 methodology thus elucidated the mechanism of O2 activation in IPNS. Substrate

binding stabilizes FeIII relative to the FeII through charge donation (as experimentally observed from the



382 Spin States in Biochemistry and Inorganic Chemistry

Figure 15.9 The FMO of IPNS–ACV–O2 is a 𝜋 ip
∗ orbital well oriented to abstract for H-atom from ACV. Repro-

duced from [27] with permission from American Chemical Society.

S 𝜋 → Fe dx2-y2 CT transition, Band 5); thus, the substrate binding turns on the 1e− reduction of O2 to
generate a superoxide intermediate. Due to the strong thiolate pseudo-𝜎 configuration interaction with the
𝜋ip

∗ orbital described above, this intermediate has an FMO for selective H-atom abstraction from the 𝛽H–C
substrate bond.

For the enzyme HPPD, VT EPR and Abs/MCD/VTVH MCD data were collected on the HPPD–NO resting
form (i.e., NO bound to the resting facial triad of HPPD) and the substrate-bound (bidentate through the 𝛼KA
moiety) HPPD–HPP–NO complex (Figure 15.10) [40].

Similar to IPNS, substrate binding led to new spectral features and changes relative to the {FeNO}7 model
complexes: (i) the appearance of a low-energy LF band in MCD (Figure 15.10c, marked by arrow), (ii) a
decrease in axial ZFS by a factor of 2 (from 16 to 8.4 cm−1, determined by VT EPR, Figure 15.10b), (iii)
an appearance of a substrate → FeIII CT at 29,000 cm−1 in Abs (Figure 15.10a) and MCD (Figure 15.10c),
and (iv) the NO− → FeIII CTs with mixed z/xy-polarization (obtained from VTVH MCD data, Figure 15.10c,
inset). All of these features are due to the strong 𝜎-donor interaction of the 𝛼KA with the Fe, and are repro-
duced using the calibrated DFT approach described above.

The {FeNO}7 HPPD–𝛼KA–NO complex calculations (with 𝛼-ketoglutarate bound to the Fe rather than the
specific HPP substrate for computational generality) were extended to the {FeO2}8 HPPD–𝛼KA–O2 complex
to understand how the 𝛼KG binding to the FeII leads to the O2 reactivity of this enzyme. The energetics of
O2 binding were calculated for S = 1, 2, and 3 states, with S = 3 leading to the formation of an end-on
O2

∙– ferromagnetically coupled to high-spin (S = 5/2) FeIII, S = 2 to the formation of an end-on O2
∙– anti-

ferromagnetically coupled to S = 5/2 FeIII, and S = 1 giving rise to a low-spin FeIVO2
2– intermediate. The

S = 1 pathway is lowest in energy by 6 kcal/mol, and the strong 𝜎–donor interactions of the 𝛼KA with the Fe
(which raises the energy of the Fe d

𝜎
-orbital as evidenced by the new LF transition in the MCD data for the

{FeNO}7 HPPD/HPP) facilitate electron transfers from the FeII center to the approaching O2 molecule that,
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cm−1, a new low-energy LF (d–d) band, a decrease in the axial ZFS by a factor of 2, and increased x/y-polarization
of the NO− → FeIII CT transition. Reproduced from [40] with permission from American Chemical Society.

via a transient FeIII–superoxide state, produces an end-on FeIV–peroxide system. The peroxide is activated in
nucleophilic attack (due to its high-energy occupied O2

2−
𝜋
∗ orbital) on the unoccupied 𝜋

∗ carbonyl orbital
of the 𝛼KA, forming a peroxy-bridged FeIV–O2

2−–𝛼KA S = 1 complex (Figure 15.11i). The first observed
intermediate after O2 attack in the related 𝛼KG-dependent nonheme Fe enzyme reactions is an S = 2 FeIV=O
complex generated after the 𝛼KA decarboxylates; thus, the reaction coordinate generating an S = 2 FeIV=O
from the S = 1 peroxy-bridged complex was evaluated. An [S = 1]/[S = 2] spin surface crossing was found
on the 2D reaction coordinate corresponding to increasing C–C (substrate) and Fe–O (CO2) bond lengths
(Figure 15.11, left). This spin crossing point has a barrier of 17 kcal/mol, consistent with the experimental
ΔG≠ of 14 kcal/mol.

At the crossing point, an 𝛼KA electron has been transferred to the Fe (Figure 15.11ii), leading to a bridged
FeIII—O2

2- electronic structure. After the spin-crossover to the S = 2 surface (Figure 15.11iii), the C–C bond
cleaves, the 𝛼KA decarboxylates, and a second 𝛼KA electron transfers to iron, generating a bridged FeII–O2

2−

species (as shown in Figure 15.11iv). This intermediate then undergoes O–O bond cleavage with a barrier <
1 kcal/mol to generate the S = 2 FeIV=O intermediate (Figure 15.11v, experimentally observed in the 𝛼KG-
dependent enzymes), which then goes on to react with the substrate via electrophilic aromatic substitution
using its 𝜎 FMO (see Section 3).

Thus, application of the {FeNO}7 → {FeO2}8 methodology to IPNS–ACV–NO and HPPD—HPP–NO has
elucidated new spectral features associated with strong donor interactions between the coordinated substrate
and the Fe that lead to the activation of O2. In IPNS, charge donation from the substrate cysteine S to Fe
stabilizes the one-electron transfer from FeII to O2 to form an FeIII—O2

∙– S = 2 species with an FMO well
oriented for HAA from the substrate. In HPPD, charge donation from the 𝛼KA promoted the formation of
an S = 1 FeIV–O2

2−–𝛼KA-bridged species, which undergoes a spin crossover to the S = 2 surface during the
course of substrate decarboxylation to generate an S = 2 FeIV=O intermediate that is well oriented for EAS.
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Figure 15.11 Left: 2D reaction coordinate for spin-crossover in generation of the S = 2 FeIV=O intermediate from
the S = 1 peroxy-bridged complex. Right: Geometric and electronic structure schematic of the Fe–O2–𝛼KA along
the substrate C–C cleavage reaction coordinate. Reproduced from [40] with permission from American Chemical
Society. (See colour plate section)
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Scheme 15.2 Electronic structures for the high- and low-spin {FeNO}7 thiolate complexes. Reproduced from
[38] with permission from American Chemical Society.

15.2.4 Correlation to {FeNO}7 S = 1/2

Some nonheme FeNO model complexes have a low spin (S = 1/2) ground state. This is also reported for at
least one enzyme, CDO with thiolate substrate bound in a bidentate mode and in a 3His ligand set [28]. In
the enzymes it is interesting to consider whether this spin-state difference (S = 1/2 vs. S = 3/2) can contribute
to reactivity. Thus, it becomes important to define the electronic structure of these low-spin {FeNO}7 com-
plexes, as well as the factors that influence adoption of this spin state as opposed to the more common S = 3/2,
and how this would relate to O2 activation. To investigate this, sulfur K-edge spectroscopy (since thiolates are
bound in both IPNS and CDO) coupled to TD-DFT calculations was applied to both 6-coordinate high-spin
[(SMe2N4(tren))Fe(NO), tren = tris(2-aminoethyl)amine] and 5-coordinate low-spin [(bme-daco)Fe(NO),
bme = 𝛽-mercaptoethanol; daco = 1,5-diazacyclooctane] thiolate ligated {FeNO}7 complexes [38]. Cor-
relation of sulfur K-edge data to TD-DFT calculations showed that the high-spin complex had the FeIII (S =
5/2) anti-ferromagnetically coupled to NO− (S = 1) electronic structure described above (Scheme 15.2, 1st
column), while the low-spin complex had an intermediate spin FeIII (S = 3/2) anti-ferromagnetically coupled
to NO− (S = 1) electronic structure due to the square pyramidal ligation, which splits the energy of dx2-y2 and
dz2 orbitals resulting in the intermediate spin on the FeIII (Scheme 15.2, 2nd column).

Computationally adding an axial CN− ligand to the 5C low-spin complex led to a predicted electronic
structure of FeII (S = 0) NO∙ (S = 1/2) – Scheme 15.2, 4th column. This additional axial ligand destabilizes
the dz2 orbital and favors spin-pairing in the dxz orbital that would initially lead to a low-spin FeIII (S = 1/2)
anti-ferromagnetically coupled to NO− (S = 1) structure (Scheme 15.2, third column). However, this would
eliminate the metal-centered exchange stabilization and have poor anti-ferromagnetic coupling between the
Fe S = 1/2 and the NO− S = 1. Thus, the difference in energy between the higher-energy NO 𝜋

∗ and the
Fe dyz-orbitals dominates, leading to electron transfer from NO− to FeIII and an FeII(S = 0)–NO∙ (S = 1/2)
electronic structure (Scheme 15.2, fourth column).

This computational prediction was supported experimentally by later studies on the 6C low-spin model
complex (N3PyS)Fe(NO), where Mössbauer and sulfur K-edge spectroscopy coupled to DFT calculations
supported an FeII (S = 0) NO∙ (S = 1/2) electronic structure, with some mixing-in of FeIII (S = 1/2)/NO−

(S = 0) character due to back-bonding [39]. The change in ligand field on the Fe changes its spin, which
changes the 2e− exchange, and thus the e− distribution over the {FeNO}7 unit, from FeIII–NO− to FeII–NO∙.
This change in e− distribution with the LF on the Fe may contribute to the O2 reactivity of CDO, which
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forms a low-spin {FeNO}7 S = 1/2 enzyme-substrate complex, in contrast to the high-spin complex found in
substrate-bound IPNS, and activates O2 for sulfur oxidation while IPNS activates O2 for H-atom abstraction.

15.3 Low-Spin (S = 1) and High-Spin (S = 2) FeIV=O Complexes

There has been great success in the preparation and characterization of biomimetic ferryl (FeIV=O) model
complexes [29, 30]. These systems were found to be in either low-spin (S = 1) or high-spin (S = 2) ground
states1; the FeIV=O intermediates that have thus far been found in NHFe enzymes have S = 2 ground states.
Thus, there has been a growing body of crystallographic, kinetic, electrochemical, spectroscopic, and theo-
retical data that reveal parallels and differences between S = 1 and S = 2 NHFeIV=O chemistry and have
important implications for NHFe enzymology [29a, 30a, 56–58]. There are now two known NHFe enzyme
classes that use a reactive S= 2 FeIV=O intermediate: the 𝛼KG- and pterin-dependent enzymes (Scheme 15.1).
For the 𝛼KG-dependent enzymes, FeIV=O intermediates were trapped and spectroscopically characterized in
four enzymes: taurine dioxygenase (TauD) [59, 60], prolyl-4-hydroxylase (P4H) [61], cytotrienin halogenase
(CytC3) [62, 63], and syringomicyn halogenase (SyrB2) [64], while for the pterin-dependent enzymes exper-
imentally observed intermediates have been trapped for tyrosine hydroxylase (TyrH) [65] and phenylalanine
hydroxylase (PheH) [66]. From the range of S = 1 ferryl model complexes, the electronic properties of two
structurally defined 6-coordinate ∼C4v symmetric complexes, [FeIV=O(N4Py)] [29c] [N4Py: a pentaden-
tate N,N-bis(2-pyridylmethyl)-N-bis(2-pyridyl)methylamine chelate] and [FeIV=O(CH3CN)(TMC)] [29b]
[TMC: a tetradentate 1,4,8,11-tetramethyl-1,4,8,11-tetraazacyclotetradecane chelate] are discussed here and
compared to the electronic structure of one of the two 5-coordinate ∼C3v crystallographically defined S =
2 NHFeIV=O complexes, [FeIV=O(TMG3tren)] [30a] [TMG3tren: a tetradentate 1,1,1-tris{2-N2-(1,1,3,3-
tetramethylguanidino)]ethyl}amine chelate]. The model complexes considered here, whose crystal structures
along with d-orbital splittings are shown in Figure 15.12, were prepared and characterized by Que and col-
leagues (University of Minnesota). Analysis of the MCD spectra of the models has elucidated the FMOs
available for reactivity in each spin state, and nuclear resonance vibrational spectroscopy (NRVS) coupled to
DFT calculations has defined the geometric contributions to HAA and oxygen-atom transfer (OAT) reactivity
in the models and the HAA reactivity of the FeIV=O enzyme intermediate in SyrB2.

15.3.1 FeIV=O S = 1 Complexes: 𝝅∗ FMO

Low temperature (LT) MCD spectroscopy (combined with Abs spectroscopy as well as DFT and multi-
reference ab initio calculations) is a powerful technique that provides unique insight into the nature of the
low-lying excited states, and thus allows for definition of FMOs of these NHFeIV=O species. For both S =
1 systems, the near-infrared (NIR) LT MCD spectra show similar spectral features comprised of three over-
lapping bands—two of these are positively signed and one negative with a well-resolved vibronic structure
(labeled as I, II, and III in Figure 15.13, left panels). For [FeIV=O(CH3CN)(TMC)], these three bands are
centered at ∼10,400, ∼10,600, and ∼12,900 cm−1, while for [FeIV=O(N4Py)] these are shifted to higher
energies: ∼14,000, ∼12,600, and ∼15,100 cm−1 respectively. Considering the axial ZFS D relative to the
direction of the magnetic field, the analysis of the temperature dependence of the MCD intensities allows for
decoupling these bands and determination of their polarizations. For a large positive D-axis, as is the case
for both S = 1 NHFeIV=O complexes (+22 cm−1 for [FeIV=O(N4Py)] and +29 cm−1 for [FeIV=O(CH3CN)

1 i An FeIV=O S = 0 is of course possible; this would require extreme 𝜋 anisotropy (vide infra) and has not yet been reported.
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Figure 15.12 Three crystallographically characterized NHFeIV=O complexes (crystal structures from [29b, 29c,
and 30a]). The d-manifold splittings in both C4v- and C3v-like symmetric structures, along with electron occupa-
tions, are qualitatively depicted.

(TMC)] [29a]) and a magnetic field (H) of 7T, a z-polarized transition gains MCD intensity only for H per-
pendicular to the molecular z-axis. This intensity is highest at the lowest temperature (T) and decreases with
increasing T. An x/y-polarized band has MCD intensity for H parallel to the molecular z-axis. In this case,
the MCD intensity is low at the lowest T and first increases and then decreases with increasing T. For details
on the theory and application to FeIV=O S = 1, see Reference [67]. Thus, Band I in Figure 15.13 was found
to be z-polarized, while Bands II and III are x/y-polarized. In correlating TD-DFT calculations to these MCD
data, Bands I, II, and III were assigned as the ligand-field dxy → dx2-y2, dxy → dxz/yz p∗ and dxz/yz p∗→ dx2-y2
transitions respectively. Among these, Band II involves the excitation of an e− from a nonbonding dxy to the
anti-bonding dxz/yz 𝜋

∗ orbital. This is associated with an MCD vibronic progression (Band II) that provides
the Fe–O bond length and associated Fe–O stretching frequency in this excited state (Figure 15.13, second-
column panels). This quantifies the 𝜋 donor contribution to the Fe–O bond. This 𝜋 donor interaction puts oxo
character into the low-energy unoccupied 𝛽 Fe d𝜋∗-orbitals, activating these for reactivity.

A vibronic progression in the Franck–Condon (FC) approximation is given by a Poisson distribution
according to equation (15.3):

Δ𝜀 =
∑

n

Δ𝜀0→0
Sn

n!
exp

[
− 2.733

Δ2
FWHM

(
n𝜈 + 𝜈0→0

)2

]
(15.3)

where S is the Huang–Rhys factor defined by the equation Sn
/

n! = Δ𝜀0→n

/
Δ𝜀0→0 reflecting the progres-

sion bandshape, 𝜈 is the frequency of the Fe–O stretching mode (in cm−1), ΔFWHM is the full width at half
maximum of each individual peak in a progression (in cm−1), and 𝜈0→0 and Δ𝜀0→0 are the energy (in cm−1)
and the intensity (in M−1 cm−1), respectively, of the origin, that is, the first peak in the progression. These
parameters (obtained from the Franck–Condon fits to the MCD data plotted as positive progressions in Fig-
ure 15.13, second-column panels) can be used to construct parabolic representations of the excited-state
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Figure 15.14 The d 𝜋
∗ FMO and its interaction with the 𝜎 C–H orbital (left) defines the H-atom abstraction coor-

dinates for the S = 1 NHFeIV=O systems (right). Reproduced from [67] with permission from American Chemical
Society.

potential-energy surface (PES) along the Fe–O stretching coordinate (Figure 15.13, third-column panels)
that is given by equation (15.4):

EPES = 1.4825 × 10−2
𝜇𝜈

2 [Q −
(
Q0 + ΔQ

)]2 + Emin (15.4)

where 𝜈 (in cm−1) is as defined above, 𝜇 (in amu) is the reduced mass of the Fe–O stretching mode, ΔQ (in
Å) is the distortion of the excited state relative to the ground-state equilibrium Fe–O bond length, Q0, and is
determined from the Franck–Condon fit using ΔQ = 8.213

√
S∕𝜇𝜈, EPES is the energy of the PES (in cm−1)

along Q that corresponds to the Fe–O bond length (in Å); Emin is the energy of the excited-state PES minimum
(in cm−1), which is determined as 𝜈0→0 +

(
𝜈GS − 𝜈

)
∕2, where 𝜈GS is the frequency of the Fe–O stretching

mode in the ground state (𝜈GS values for [FeIV=O(CH3CN)(TMC)] and [FeIV=O(N4Py)] are taken from the
IR and NRVS spectra and are 834 and 824 cm−1 respectively [29b, 68]).

From the Franck–Condon-derived PESs (Figure 15.13, third-column panels), it is clear that upon excita-
tion of a 𝛽-electron from the nonbonding dxy into the anti-bonding dxz/yz 𝜋

∗ orbitals (key orbitals displayed in
Figure 15.13, right) the Fe–O bond in [FeIV=O(N4Py)] becomes weaker and more distorted than the corre-
sponding bond in [FeIV=O(CH3CN)(TMC)]. The excitation is shifted to higher energies in [FeIV=O(N4Py)]
than in [FeIV=O(CH3CN)(TMC)] and indicates stronger anti-bonding interactions between the Fe center
and the equatorial ligands, while the wider and more distorted excited-state PES in [FeIV=O(N4Py)] reflects
stronger anti-bonding interaction between oxo px/y and Fe dxz/yz orbitals in the 𝜋∗ LUMO, correlating with a
stronger and more covalent 𝜋-contribution to the Fe–O bond. This results in a larger oxo character in 𝜋

∗orbital
and increased electrophilicity. In both S = 1 systems, the energetically accessible 𝜋

∗ orbital is the FMO for
HAA from a substrate. Therefore, an increased electrophilicity of the 𝜋

∗ FMO along with a smaller chelate
steric hindrance provided an explanation for the increased HAA reactivity observed for [FeIV=O(N4Py)] as
compared to [FeIV=O(CH3CN)(TMC)] (k2 = 2.0 vs. 0.016 M−1 s−1 for reaction with dihydroanthracene at
T = –30◦C) [69]. Importantly, both S = 1 systems possess a 𝜋∗ FMO that, due to a strong 𝜋 donor interaction
has oxo character oriented perpendicular to the Fe–oxo bond, defining the optimal reaction coordinate for
HAA (Figure 15.14).

Such a coordinate corresponds to the perpendicular approach of the substrate C–H bond relative to the
Fe–oxo bond axis, and thus defines the 𝜋 channel reactive pathway. If the equatorial steric hindrance of the
chelating ligand excludes this perpendicular access of the C–H bond, there is the possibility (based on DFT
calculations) for a two-state S = 1/S = 2 mechanism of HAA [70]. This spin crossover is viable, provided an
S = 2 state, arising from the excitation of a 𝛽-dxy e− into the 𝛽-dx2–y2 orbital, is reasonably low in energy.
Such a spin crossover along the reaction coordinate would, as described below for the S = 2 FeIV=O ground
state, lead to a large stabilization of the 𝛼-dz2 𝜎

∗ FMO orbital, allowing for HAA reactivity along the Fe–oxo
bond axis. This would provide a 𝜎 channel for reactivity [67, 71].
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15.3.2 FeIV=O S = 2 Sites: 𝝅∗ and 𝝈∗ FMOs

The S = 2 [FeIV=O(TMG3tren)] model complex (Figure 15.12, right) has an Abs and MCD spectrum as
shown in Figure 15.15a (and VT MCD in Figure 15.15b). As for the S = 1 systems, the MCD spectrum of this
S = 2 complex is information-rich with vibronic structure. The derivative-shaped (i.e., pseudo-A term) MCD
feature at ∼11,000 cm−1 in fact comprises three x/y-polarized vibronic progressions: two negatively signed
bands centered at ∼10,500 and ∼12,350 cm−1 and one positive band at ∼10700 cm−1, and one overlapping
sharp positive peak ∼12,500 cm−1 (Figure 15.15c).

From the MCD/Abs intensity, this is an LF transition, and from its derivative shape and VT MCD, it is
x/y-polarized. Ab initio calculations correlate well with these MCD data and assign this feature as the dxz/yz

𝜋
∗→ dz2 𝜎

∗ LF transition to the 5E excited state (MO diagram in Figure 15.15e). This 5E undergoes intra-state
SOC. This gives rise to the lower-energy positive and the higher-energy negative component of the NIR MCD
feature. In addition, the negative component is affected by a strong inter-state SOC with a nearby S = 1 excited
state that distorts its PES and produces two negative vibronic progressions with different vibrational frequen-
cies. The positive MCD component of the 5E interacts through a weak SOC with another S = 1 state, which
gives a sharp positive peak overlapping the positive FC progression (Figure 15.15c). Note from Figure 15.15a
that this sharp MCD peak correlates to a dip in the corresponding Abs band. This is a Fano anti-resonance,
whose shape (peak vs. derivative vs. dip) derives from the ratio of the transition-dipole matrix elements that
contribute to the SOC-modified sharp (S = 1) state relative to the interacting fraction of the broad (5E) state
[56, 71]. As discussed above, the vibronic structure contains information on the excited state PESs through
the the Franck–Condon parameters: the Huang–Rhys factor, S, and the vibronic spacing, 𝜈 [see equations
(15.3) and (15.4)]. For the FeIV=O S = 2 system, these three NIR vibronic progressions associated with the
5E LF transition, along with the vibronically resolved MCD band centered at ∼19,500 cm−1 (Figure 15.15b,
assigned as oxo px,y → dxz/yz 𝜋

∗ CT based on its z-polarization from VT MCD and large decrease in 𝜈Fe–O

from 820 cm−1 in the ground state to 490 cm−1 in the FC progression) can be translated into parabolic S = 2
PESs as displayed in Figure 15.15d (the top graph).

The experimentally derived PESs (associated with the ground state, and two low-lying LF 5E and CT states)
were found to be in good agreement with those obtained from ab initio calculations (cf: upper and lower pan-
els in Figure 15.15d), and thus allowed definition of FMOs in this FeIV=O S = 2 species. These PESs further
revealed how the electronic structure evolves in going to the Fe–O bond lengths that are relevant to the tran-
sition state (TS) for HAA by this complex (Figure 15.16). In contrast to the S = 1 systems, where only the
𝜋
∗ FMO is energetically accessible, in the S = 2 NHFeIV=O complex there are two low-lying 𝜋

∗ FMOs
and one 𝜎

∗ FMO that provide three different channels for HAA (see Figure 15.16): (i) the LF 5E-related 𝜋

channel that is facilitated through generation of the FeIII–oxyl character at the TS and yields five unpaired 𝛼-
electrons on the FeIII center and one e− hole in the oxo px,y orbitals – [𝜋(FeS = 5/2O∙−)]; (ii) the LMCT-related
𝜋 channel that is facilitated by FeIII–oxyl with three unpaired 𝛼-electrons on the FeIII center – [𝜋(FeS =
3/2O∙−)] and an oxo p

𝜋
hole; and (iii) the ground-state 𝜎 channel that generates five unpaired electrons on

the Fe center and oxyl character at the TS – [𝜎(FeS = 5/2O∙−)] with the hole in the oxo pz orbital. Note that
the 𝜎 channel requires that the substrate C–H bond approaches along the Fe–oxo bond. These findings have
important implications for the role of the FeIV=O S = 2 state in biology. While the S = 1 state has only a 𝜋

channel available for HAA, there are three possible S = 2 channels (two 𝜋 and one 𝜎), giving an important
flexibility to NHFeIV=O active sites to control reactivity efficiently in enzymes such as SyrB2, which cat-
alyzes either halogenation or hydroxylation depending on the substrate (vide infra), or in HmaS and HPPD,
different enzymes which use the same substrate to perform HAA and hydroxylation or electrophilic aromatic
substitution, respectively [35].
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Figure 15.15 (a) The 233 K absorption and 2K MCD spectrum of the S = 2 [FeIV=O(TMG3tren)] model complex
(upper and lower panel respectively). (b) The variable-temperature MCD spectra. Polarization and the assignment
of the bands are also shown. For the CT band, the Franck–Condon parameters, that is, the Huang–Rhys factor (S)
and spacing (v), characterizing its vibronic structure are included. (c) The Franck–Condon fits of the vibronically
resolved NIR MCD feature. (d) Upper panel: The PESs derived from the Franck–Condon fits from panels b and
c (labeled accordingly); Lower panel: The calculated PESs (for computational details, see [71]) with the same
labeling as in panels c and upper d. (e) MO diagram obtained from the interaction of the oxo p with the Fe d-
orbitals in the ∼C3v geometry. Ground-state electron configuration for the S = 2 state is also displayed. Reproduced
from [57] and [71] with permission from Proceedings of the National Academy of Sciences.
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Figure 15.16 The calculated potential energy surfaces for three lowest S = 2 states. Characteristics for these PESs
fit well with those obtained from Franck–Condon analyses of vibronically resolved MCD features. In addition, the
wavefunction evolutions along these PESs reveal dominant oxyl character on the oxo group in going from the
ground-state geometry to transition state for HAA, with an e− hole in oxo pz, that defines one 𝜎 channel for HAA,
or with an e− hole in oxo px/y that defines two 𝜋 channels leading to five or three 𝛼 electrons on the FeIII center.
These 𝜎/𝜋 channels require different orientations of the FeIV=O bond with respect to the attacked C–H bond.
Reproduced from [57] and [71] with permission from Proceedings of the National Academy of Sciences.

15.3.3 Contributions of FMOs to Reactivity

Nuclear resonance vibrational spectroscopy correlated with DFT calculations elucidated geometric contri-
butions to different HAA reactivities of S = 1 and S = 2 FeIV=O sites and provided insight into the struc-
ture/reactivity correlation in SyrB2 [72]. NRVS uses the third-generation synchrotron to probe the Mössbauer
57Fe nuclear excitation and its vibrational sidebands that correspond to normal modes involving Fe motion
[73]. This allowed definition of the most characteristic modes in both S= 1 and S= 2 complexes (Figure 15.17)
[68, 74]. Among these NRVS-active modes, the trans-axial bends are usually the most intense ones as they
have significant Fe motion (Figure 15.17, bottom). However, in the TMG3tren complex, these were found to
be affected by the axial steric wall associated with the guanidinium groups of the chelate that is large in this
S = 2 FeIV=O complex, and thus hinders motion. This is reflected by a decrease of the NRVS intensity in
the trans-axial bends and the increase in intensity of the low-energy trans-axial shear modes (as compared to
S = 1 [FeIV=O(N4Py)] complex with a low steric wall around the oxo group) (Figure 15.17). This axial steric
contribution in the TMG3tren complex affects its reaction coordinate on the S = 2 surface (Figure 15.17,
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Figure 15.17 NRVS spectra of the S = 2 and S = 1 FeIV=O model complexes (upper and lower left panels
respectively). Two types of vibrational modes whose NRVS intensities are significantly changed in going from the
S = 2 to S = 1 system are also included. Energy profiles (ΔE/ΔG in kcal mol−1) for reactions of the S = 2 and
S = 1 complexes with 1,4-cyclohexadiene (upper and lower right panels). Decomposition of the activation barrier
into steric and electronic components is also shown. Reproduced from [68] and [74] with permission from John
Wiley & Sons.

right). Removal of the axial steric contribution to the total barrier for HAA gives an intrinsic barrier of
∼7 kcal/mol. Interestingly, the S = 1 [FeIV=O(N4Py)] also has a steric barrier, in this case associated with
the equatorial chelate due to the required perpendicular approach of substrate to the Fe=O center associated
with its 𝜋 channel. Removal of this steric effect gives an electronic contribution to the barrier of ∼4 kcal/mol,
similar to the electronic barrier found for 𝜎 attack in the S = 2 complex. Thus, these findings show that the
S = 2 𝜎-pathway is not intrinsically more reactive toward the HAA reaction than the 𝜋 channel in S = 1 but it
represents an additional channel available to the S = 2 species that can make the oxo group more accessible
and thus more versatile in NHFe enzymes.

Recently, this model-calibrated NRVS approach was also applied to the S = 2 FeIV=O intermediate of the
halogenase SyrB2 that had been generated by the Bollinger/Krebs group [72]. The halide-perturbed NRVS
data (Figure 15.18) show a three-peak pattern with intensity shifting from high to low frequency modes with
the Cl → Br perturbation. In combination with DFT modeling, these data showed that the Br/Cl–FeIV=O
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Figure 15.18 The NRVS data of the S = 2 Br/Cl–FeIV=O intermediates of SyrB2 with an inert substrate, L-
cyclopropylglycine (upper, left) along with the DFT NRVS spectra (lower, left) of the structural FeIV=O models
having trigonal bipyramidal structure with C–H bond 𝜋-oriented with respect to the Fe–oxo bond axis (indicated by
black solid arrow). Energetics for the 𝜋- and 𝜎-oriented HAA reactions that lead to halogenation vs. hydroxylation
of the substrate (right panel). Reproduced from [72] with permission from Nature.

intermediate has a 5-coordinate, trigonal bipyramidal structure with the oxo along the ∼C3 axis. Modeling the
reaction coordinate with the native substrate l-threonine generated an intermediate structure correlating well
with the NRVS data with the Fe–oxo-oriented perpendicular to the C–H bond of the substrate. This orientation
allows attack through the 𝜋-channel and leads to a first intermediate (Cl–FeIII–OH) with the OH− oriented
away from the C radical but the halide oriented well for the less thermodynamically favored halogenation.
In contrast, the 𝜎-orientation has been computationally suggested for the non-native substrate, l-norvaline,
which is hydroxylated rather than halogenated (Figure 15.18). For this orientation, H-atom abstraction gen-
erates a first intermediate with the halide oriented away but the OH− toward the C radical, leading to the
observed hydroxylation reactivity and demonstrating the versatility afforded to S = 2 FeIV=O complexes by
the availability of both 𝜎 and 𝜋 channels.

In addition to HAA reactivity, the S= 1 and S= 2 NHFeIV=O systems are also capable of OAT reactions that
are of importance for the pterin-dependent NHFe enzymes (Scheme 15.1) that perform electrophilic aromatic
substitutions. Factors controlling OAT vs. HAA pathways in S = 1 vs. S = 2 systems were investigated for
another S = 1 model complex, [FeIV=O(CH3CN)(TBC)] [TBC: a tetradentate 1,4,8,11-tetrabenzyl-1,4,8,11-
tetraazacyclotetradecane chelate] [75]. This complex surprisingly exhibits a rate enhancement of two orders of
magnitude over [FeIV=O(CH3CN)(TMC)] for both HAA and OAT reactions, despite the more bulky benzyl
substituents on the cyclam framework as compared to the methyl groups in TMC [75]. From spectroscopic and
computational results, the increased steric interactions in [FeIV=O(CH3CN)(TBC)] lead to a larger distortion
of the cyclam ring that weakens the axial and eqautorial ligand fields. This stabilizes the dx2-y2 and dz2 orbitals
and lowers the energy gap between the S = 2 and the S = 1 ground states. This decreased energy difference is
reflected in the larger axial ZFS D parameter. Thus, the greater accessibility of the S = 2 state (in particular
accessibility of the dz2 𝜎

∗ channel in this state) in the more bulky [FeIV=O(CH3CN)(TBC)] provides insight
into its increased reactivity toward HAA and OAT as compared to [FeIV=O(CH3CN)(TMC)]. For the single-
electron HAA process, the chelate steric hindrance in both systems prohibits the S = 1 𝜋 channel so that the
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Figure 15.19 Two-electron process of OAT from the [FeIV=O(CH3CN)(TBC)] complex to the substrate sulfur
for the S = 2 and S = 1 states (panels a and b respectively). The donor b1(S) orbital in the reactant along
with two acceptor Fe dz2 and dxz orbitals in TS are also shown. The S = 2 and S = 1 transition states are
schematically depicted in insets of both panels. Reproduced from [75] with permission from American Chemical
Society.

only alternative pathway involves the S = 1/S = 2 spin crossover allowing for the S = 2 𝜎 channel and axial
reactant that is more accessible in [FeIV=O(CH3CN)(TBC)].

In contrast, the OAT process involves two-electron transfer (one 𝛼 and one 𝛽) from the substrate to the
FeIV=O center and thus requires both 𝜎- and 𝜋-attack on the substrate with the participation of both the Fe
dz2𝜎

∗ and dxz/yz𝜋
∗ FMOs (Figure 15.19). According to spectroscopically calibrated DFT analyses, the S =

2 TS for OAT is considerably lower in energy than the corresponding S = 1 TS, which is in line with the
stabilization of the 𝛼-dz2 orbital and increased axial reactivity in going from S = 1 to S = 2. As a result, the
electronic structure at the S= 2 TS is characterized as the early transfer of an 𝛼-electron in the dz2 that weakens
both the Fe–oxo and trans-axial Fe–acetonitrile (ACN) bonds, which in turn allows the Fe–oxo bond to move
out of the cyclam plane and decreases the chelate steric hindrance for “subsequent” 𝛽-electron transfer through
𝜋-attack on the substrate (∼70% 𝛼-spin vs. ∼20% 𝛽 transferred at the TS) – see Figure 15.19a. At the S = 1
TS, these 𝜎- and 𝜋-attacks are more concerted (∼30% a vs. ∼45% 𝛽 electron transferred at the TS), which is
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reflected by much smaller distortion of the Fe–oxo bond from the cyclam plane, and thus larger chelate steric
contribution to the barrier for S = 1 OAT (Figure 15.19b). These differences in structure of the TS for HAA
(𝜎∗ FMO) and oxo transfer (𝜎∗ and 𝜋

∗ FMOs) may play an important role in the different trends observed
for these reactivities over a series of FeIV=O complexes [76].

15.4 Low-Spin (S = 1/2) and High-Spin (S = 5/2) FeIII–OOH Complexes

15.4.1 Spin State Dependence of O–O Bond Homolysis

As shown in Figure 15.1, two-electron activation of O2 occurs in two classes of NHFeII active sites to generate
reactive FeIII–OOH intermediates capable of H-atom abstraction and electrophilic aromatic substitution. Two
different ground spin states have been identified for these intermediates: the S = 1/2 state (in ABLM, perform-
ing HAA) and the S = 5/2 state (in the RDOs, performing EAS) [25, 26]. In parallel, a number of synthetic S =
5/2 and S = 1/2 FeIII–OOH model complexes have been prepared [18, 31, 32, 77]. Among these are two struc-
turally related systems, S = 1/2 [FeIII–OOtBu(OHx)(TPA)] and S = 5/2 [FeIII–OOtBu(OHx)(6-Me3TPA)]
[TPA: tris(2-pyridylmethyl)amine, tBu: tert-butyl and x = 1, 2; 6-Me3TPA: methylated TPA] prepared by
Kim et al. [78]. These were subjected to spectroscopic/electronic structure studies that allowed elucidation of
the spin-state dependence of O–O activation [79]. These were correlated to differences in reactivity in O–O
bond homolysis; in particular in comparing the S = 5/2 and S = 1/2 FeIII–OOH systems, only the latter was
experimentally found to undergo homolytic cleavage of its O–O bond [80].

Abs, MCD, and RR spectra were taken for both of these TPA-based complexes [79]. By using 18O isotope
perturbations, RR showed the Fe–O stretch in the FeIII–OO[R] S = 5/2 complex to be at 637 cm−1, while the
O–O bond stretch was found to be centered at ∼859 cm−1 (in fact, there are two isotope-sensitive peaks at
842 and 876 cm−1 resulting from mixing of the O–O stretch with the symmetric C–C stretch of the tBu group
of the alkyl peroxide) (Figure 15.20, upper panel). In going to the low-spin (S = 1/2) FeIII–OOR complex, the
Fe–O stretch shifted to higher frequency (ΔvFe–O = +59 cm−1), whereas the O–O stretching mode shifted
down in energy (ΔvO–O = –63 cm−1 (Figure 15.20, lower panel). Importantly, as derived from these RR data,
in the S = 1/2 FeIII–OOR system, the force constant for the O–O bond is, in fact, weaker than that for the
Fe–O bond (i.e., 2.92 vs. 3.53 mdyn/Å respectively) [79a]; the opposite is the case for the S = 5/2 cognate
(3.55 vs. 2.87 mdyn/Å for the O–O vs. Fe–O bond [79b]). These differences in O–O/Fe–O bond strengths
between the low- and high-spin FeIII–OOH system (weaker O–O, stronger Fe–O in LS) correlate to their
different reactivities (i.e., S = 1/2 O–O vs. S = 5/2 Fe–O homolysis).

From spectroscopically calibrated DFT calculations, this difference in bonding is reflected in the larger
activation barrier for the homolytic O–O bond cleavage in the FeIII–OOH S = 5/2 system relative to the
low-spin complex (ΔE≠ ∼ 32 kcal mol−1 vs. 20 kcal mol−1, see Figure 15.21a) [79b, 81]. This results from
the allowed crossing of an 𝛼-spin occupied metal d

𝜎
donor orbital with the OOBut

𝜎
∗ acceptor orbital (i.e.,

one electron is transferred from the FeIII to the hydroperoxy 𝜎
∗ orbital along this reaction coordinate to

homolytically cleave the O–O bond to form FeIV=O and ∙OH) (Figure 15.21b). Alternatively, for the S = 1/2
system, the d

𝜎
orbital on the low-spin FeIII is unoccupied. Thus, an e− is transferred from 𝛼-spin-occupied

d
𝜋

orbital into the OOBut
𝜎
∗ acceptor orbital along the O–O reaction coordinate. There is now a strong CI

between these two interacting redox-active orbitals (Figure 15.21c) that lowers the activation barrier for OO
homolysis in the FeIII–OOBut S = 1/2 complexes (by ΔE≠ ∼12 kcal/mol).

In light of the above results, it was interesting that temperature-dependent kinetic data for two other FeIII–
OOH model complexes, S = 1/2 [FeIII–OOH(N4Py)] and S = 5/2 [FeIII–OOH(TMC)] [N4Py and TMC are
defined in Section 3] showed that O–O homolysis in the S = 5/2 occurs at 298 K with ΔG≠ of 18.7 kcal/mol
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Figure 15.20 Resonance Raman spectrum of the high-spin TPA-based complex with natural abundance isotopes
(the first row) and 18O substituted at the coordinating oxygen (the second row). The RR spectrum of the low-
spin TPA-based complex with natural abundance isotopes (the third row) and 18O substituted at the coordinating
oxygen (the fourth row). Note, the RR profiles revealed that, for S= 1/2, the O–O and Fe–O stretches are resonance
enhanced with respect to the absorption band at ∼16,700 cm−1. For S = 5/2, the corresponding RR-active band is
at ∼17,900 cm−1. These bands were assigned as tBuOO−-to-FeIII charge-transfer transitions. The label S stands for
the signal due to the solvent. Reproduced from [79a] and [79b] with permission from American Chemical Society.

Figure 15.21 (a) DFT PESs for O–O homolysis at different spin states; allowed and avoided orbital crossing for
the O–O homolysis of the high- and low-spin FeIII–OOR complexes (panels b and c, respectively). Reproduced
from [35] and [81] with permission from American Chemical Society.
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Figure 15.22 2D PESs of the S = 5/2 spin state (transparent red) and the S = 1/2 spin state (blue) of the [FeIII–
OOH(TMC)] for the O–O bond homolysis, with the acetonitrile as a trans-axial ligand to the OOH− group. These
PESs are scanned along two coordinates: the O–O and Fe–ACN bonds (in Å). All energies are calculated relative
to the S = 5/2 [FeIII–OOH(TMC)] global minimum with the O–OH and Fe–ACN bond lengths of 1.48 and 4.37
Å, respectively (its position represented by red solid dot). Reproduced from [81] with permission from American
Chemical Society.

(from Eyring plots) that is 2.2 kcal/mol lower than the corresponding free-energy barrier for the S = 1/2 com-
plex [81]. The apparent difference in reactivity toward O–O bond cleavage is, in fact, due to ACN solvent
coordination that leads to a spin crossover of the S = 5/2 to the S = 1/2 surface along this multidimensional
O–O cleavage reaction coordinate. This axial coordination occurs before the O–O bond is cleaved, lead-
ing to an FeIIIOOH S = 1/2 that actually undergoes the homolysis. This results in the six-coordinate S = 1
[FeIV=O(CH3CN)(TMC)] product complex that is observed experimentally (Figure 15.22).

15.4.2 FeIII–OOH S = 1/2 Reactivity: ABLM

Activated BLM is the last observable intermediate before H-atom abstraction from DNA that is responsible
for the cytotoxicity of this drug. From DFT simulations of the NRVS spectral data shown and assigned in Fig-
ure 15.23a, ABLM is a monoprotonated low-spin FeIII–OOH complex with the geometry-optimized structure
shown in Figure 15.23b [82].

Experimentally this low-spin FeIII–OOH site has been found to directly abstract the H-atom from the C4’
site of DNA with a relatively low primary and high secondary KIE (3.6 ± 0.9 and 1.7 ± 0.2, respectively)
[83]. Thus, ABLM was subjected to the reaction coordinate calculations in Figure 15.24a, which is a two-
dimensional PES [83]. One is, of course, H-atom abstraction by the distal O, while the second dimension,
which is very important, is the O–O bond cleavage. A TS was found that has a low activation energy (ΔE≠ ∼
13 kcal mol−1) and reproduces the KIEs. Importantly, it is late in O–O cleavage (O–O bond elongates from
1.50 Å in the FeIIIOOH reactant to 2.73 Å at the TS) and early in H-atom abstraction (Figure 15.24b). This
reflects the FMO of the low-spin FeIII–OOH, which is the hydroperoxide 𝜎

∗ orbital (Figure 15.25a).
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Figure 15.23 (a) Nuclear resonance vibrational spectrum of ABLM and four major normal modes contributing
to this spectrum (b) and (c). Structure of ABLM whose calculated NRVS spectrum correlates with the experimental
NRVS data. Reproduced from [82] with permission from Proceedings of the National Academy of Sciences.

At the late TS, the 𝜎
b/𝜎∗ is lost and the two spin holes in the 𝜎

∗ polarize—first one to the distal oxygen,
effectively making it an hydroxyl well oriented for H-atom abstraction; the second one localizes on the proxi-
mal O, leading to an FeIV=O S= 1 (Figure 15.25b) that is effective in performing a second H-atom abstraction
leading to the double strand cleavage that is important in its toxicity.

15.4.3 FeIII–OOH Spin State-Dependent Reactivity: FMOs

These HAA studies were then directed to high-spin and low-spin FeIII–OOH model complexes to explore the
spin dependence of HAA in collaboration with Nam and colleagues [81]. Both S = 1/2 [FeIII–OOH(N4Py)]
and S = 5/2 [FeIII–OOH(TMC)] were experimentally found to perform direct HAA reactions (with xanthene)
but, as defined by DFT calculations, these follow very different reaction coordinates. For [FeIII–OOH(N4Py)],
the S = 1/2 TS was found to be late along the O–O bond cleavage coordinate and early in C–H abstraction
with FeIV=O and ∙OH character, consistent with the above results for ABLM. Thus, the ∙OH group directly
attacks the substrate for the H-atom abstraction. In contrast to the S = 1/2 systems, the TS for HAA by the
S = 5/2 [FeIII–OOH(TMC)] complex is early in the O–O coordinate and late in the C–H abstraction. This
reflects the higher barrier for the S = 5/2 O–O homolysis reaction described earlier (Figure 15.21a). This
leads to very different TS electronic structures for the S = 1/2 and S = 5/2 HAA processes. As shown in
Figure 15.26a (upper), there is a substantial electron transfer from the xanthene substrate to the FeIII–OOH
LUMO at the S = 5/2 TS (i.e., 0.33 e−), but no electron transfer at the S = 1/2 TS (Figure 15.26b, upper),
the latter reflecting the formation of the hydroxyl radical (and FeIV=O). This difference correlates with the
nature and energies of the redox-active molecular orbitals (RAMOs) involved in the S = 5/2 vs. S =1/2 HAA
(Figure 15.26a vs. b, lower). For the high-spin FeIII–OOH complex, the dFe-based RAMO, which accepts a
𝛽 e− from the substrate during HAA, is stabilized by a bonding interaction with the unoccupied OOH−

𝜎
∗

orbital. Therefore, this RAMO exhibits a higher electron affinity than that of the low-spin system, for which
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Figure 15.24 (a) 2D PES of the S = 1/2 spin state of the activated ABLM along the O–O bond and OO–HCsubstrate

coordinates (in Å). The right edge shows the trajectory for the O–O bond homolysis, whereas the red trajectory
traces the H-atom abstraction pathway. (b) The TS for this HAA. Reproduced from [83] with permission from
American Chemical Society. (See colour plate section)

Figure 15.25 The evolution FMOs of ABLM in going from reactant state (panel a) to transition state (panel b)
during the HAA reaction with DNA. Reproduced from [83] with permission from American Chemical Society.

the RAMO is destabilized by an anti-bonding interaction with the occupied OOH−
𝜋
∗ orbital [81]. Thus, the

S = 5/2 system has a higher reduction potential relative to S = 1/2 complex. This allows S = 5/2 FeIIIOOH
complexes to be active in electrophilic reactions without prior O–O bond cleavage, but with significant charge
transfer from the substrate to the Fe center at the TS. This has important implications for the RDOs, which
catalyze the cis-dihydroxylation of aromatic rings and proceed through a putative S = 5/2 FeIII-hydroperoxo-
level intermediate [22, 84, 85]. Current mechanistic proposals for the reactivity of this intermediate include
either direct EAS attack of the FeIII-hydroperoxide on the substrate or initial O–O bond cleavage to form
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Figure 15.26 Transition states of the S = 5/2 and S = 1/2 FeIII–OOH in the H-atom abstraction coordinate (upper
schematic in panels A and B), respectively. Schematic in lower part of panel A: the RAMO in the S = 5/2 system
is the LUMO 𝛽-spin d

𝜋
+𝜎∗ orbital that is stabilized by CI between the lower-energy FeIII dyz and the higher-energy

OOH− s∗ orbital. Schematic in lower part of panel B: the RAMO for S = 1/2 is 𝛽-spin dxz–𝜋
∗ that is destabilized by

CI between the lower-energy OOH−
𝜋v

∗ and the higher-energy FeIII dxz. Reproduced from [81] with permission
from American Chemical Society.

an high-valent HO–FeV=O prior to substrate attack [86]. If the RDO intermediate is an S = 5/2 FeIII–OOH
species, these model studies support the feasibility of the direct electrophilic attack mechanism with a TS
early along the O–O reaction coordinate.

As discussed above, an important observation from these model studies is that the high-spin TS exhibits
significant electron transfer from the substrate to the Fe, while the low-spin TS does not. Because of this, the
HAA reactivity of the high-spin FeIII–OOH should be more dependent on substrate than low-spin FeIII–OOH.
To evaluate this, DFT calculations were employed to define TSs for reactions of these S = 5/2 and S = 1/2
complexes with substrates of varying ionization potentials (xanthene and xanthene derivatives fluorinated at
six different positions) and C–H bond strengths (xanthene and a dioxine derivative) [81]. These calculations
found a positive linear correlation of the TS energy with both substrate ionization potential (Figure 15.27,
black) and bond strength (the C–H bond strength and TS energy for xanthene: 70.0 and 18.4 kcal/mol; for
dioxane: 91.0 and 25.3 kcal/mol) for the high-spin FeIII–OOH reaction. Importantly, the low-spin FeIII–OOH
TS energy is independent of the substrate ionization potential (Figure 15.27, red) and very weakly dependent
on C–H bond strength (i.e., C–H bond in dioxine is 21 kcal mol−1 stronger than in xanthene, while the TS
with dioxine is only 0.8 kcal mol−1 above that with xanthene). This suggests that S = 5/2 FeIII–OOH systems
should be more selective (depending on the substrate), and thus more effective in controlling biochemical and
environmental processes than their low-spin cognates.

15.5 Concluding Remarks

Our understanding of the electronic structures of {FeNO}7/{FeO2}8, FeIV=O, and FeOOH species and their
dependencies on spin state, which is controlled by the ligand field, has greatly advanced in recent years. A
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change in spin state can (i) change the electron distribution in {FeNO}7/{FeO2}8 species, (ii) change the
FMOs available in FeIV=O species (𝜋 in S = 1 vs. 𝜎 and 𝜋 channels in S = 2), and (iii) change the O–O bond
activation and nature of the transition state in FeIII–OOH species.

It is now of fundamental importance to evaluate and define how these spin-state contributions to O2 activa-
tion contribute to and control their biological functions. This requires the extension of the above model studies
to detailed and strongly coupled spectroscopic and electronic structure studies on enzyme intermediates and
their analogues.
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16.1 Introduction and Scope

The distribution of electron spin density over a molecule is an important factor determining reactivity and
magnetic properties [1]. The development and refinement of computational approaches to predict and analyze
spin density has greatly enhanced our understanding of its effects on chemistry. In particular, with the growth
in popularity of density functional theory (DFT) as a tool, the prediction and analysis of spin densities in
molecules are now accessible to more researchers than ever before. It is vital that computational analyses
of spin densities be validated and complemented by experimental data. While there are many experimental
approaches to analyzing spin density, nuclear magnetic resonance (NMR) spectroscopy may provide the most
detailed insight into patterns of spin density distribution over a paramagnetic molecule. NMR can reveal sign
and magnitude of spin density at each nucleus that is detected while also providing information on molecular
and electronic structure of the molecule. The primary goal of this chapter is to illustrate the utility of NMR
for the study of spin density distribution in molecules containing paramagnetic transition metal ions. The
focus on transition metal-containing molecules comes from the importance of spin in their reactivity as well
as their amenability in many cases to detailed study by NMR. In contrast, organic radicals, because of their
relaxation properties, are more suited for study by electron paramagnetic resonance (EPR) spectroscopy and
related methods.

This chapter will first provide background on the effects of unpaired electron spin on NMR spectra, and then
describe selected examples of experimental NMR studies of spin density and related parameters. For more
detailed information on theoretical treatments of spin densities as they relate to NMR spectra, the reader is
directed to excellent descriptions by other authors [2–5]. In recent years, a major emphasis in the field has
been the study of paramagnetic metalloproteins in solution, which will constitute the examples described
herein. The examples have been selected as representatives of major classes of paramagnetic metal sites
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within proteins. For more comprehensive descriptions of NMR of paramagnetic metalloproteins, the reader
is directed to excellent reviews on this subject [6–11].

16.2 Spin Density Distribution in Transition Metal Complexes

When a metal center in a molecule contains one or more unpaired electrons, some portion of unpaired spin
will be transferred to other nuclei in the molecule, which may as a result have net positive or negative spin
density. By convention, positive spin density is considered to be spin-aligned with the applied magnetic field,
and negative spin density is aligned against the field. The sign and magnitude of spin density at each atom will
depend on the molecular and electronic structures of the molecule. For the through-bond electron–nucleus
interaction, the relationship is described in general terms by equation (16.1), in which the spin density 𝜌 for
an individual nucleus is related to the hyperfine coupling constant (A) according to

A∕h = K𝜌∕2S (16.1)

where K is a proportionality constant depending on the magnetic properties of the nucleus in question and the
electron, h is Planck’s constant, and S is the total spin [12].

Spin density is transferred from the metal to the nucleus of interest either by direct delocalization through 𝜎-
or 𝜋-bonds, or indirectly by spin polarization (Figure 16.1). In delocalization, the metal orbital containing the
unpaired electron (the singly occupied molecular orbital, or SOMO) is formed by mixing the metal d orbital
containing the unpaired electron with ligand orbitals, and this interaction directly transfers spin density to
other atoms, with the amount of spin delocalization corresponding to the degree of bond covalency. In spin
delocalization, the atoms directly bound to the paramagnetic center will experience maximum delocalization,

Figure 16.1 Illustration of spin polarization. The unpaired electron in the p orbital affects the spatial distribution
of the paired spins in the s orbital. The s-orbital spin aligned with the p-orbital spin (here, spin up) will occupy
space closer to the p-orbital spin, following from Hund’s rule. Thus, the spin-down electron in the s orbital will
occupy space closer to the s-orbital nucleus, yielding net negative spin density detected at the nucleus in an NMR
experiment.
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Figure 16.2 Examples of spin density distribution patterns between a paramagnetic metal (M) and ligand (unla-
beled) orbitals. (a) Delocalization through a 𝜎-system maintains the sign of the unpaired spin density. (b) Delo-
calization through a 𝜋-system maintains the sign, but polarization to a nucleus bound through a 𝜎-bond reverses
the sign. (c) Inserting a second 𝜎-bond causes another sign reversal from that seen in (b).

with an amount increasing with the covalency of the metal-ligand bond; the effectiveness of delocalization
also is greater for 𝜎-interactions than 𝜋-interactions. Spin delocalization is generally attenuated as number of
bonds between the metal and nucleus of interest increases. The spin polarization mechanism arises from the
exchange term, and when spin polarization is significant, unpaired spin at one atom will induce spin density
of the opposite sign at the nucleus of an attached atom. Starting with positive spin density at one atom, the
bonding pair becomes polarized to favor negative spin density at neighboring atom. The resulting negative
spin density at the neighboring atom then may induce positive spin density at the next atom, and so forth,
giving an alternating pattern of positive and negative spin density. The combination of spin delocalization
and spin polarization will yield a net spin density at each nucleus that may be positive or negative, or close
to zero if effects cancel each other out.

The sign and magnitude of spin density at each atom will depend on the nature of the bonding in the
molecule in addition to the electronic structure of the metal center (a few examples are given in Figure 16.2).
For transfer of spin density by delocalization through 𝜎-bonds only, the sign of the spin stays the same as
it is transferred from the metal to ligand atoms, while the magnitude is attenuated significantly. This spin
delocalization will ultimately result in positive spin density and a positive hyperfine coupling constant A
(and thus a positive contact shift; see Section 16.3) for the ligand nuclei. However, spin polarization effects
can induce a change in sign for some atoms in a 𝜎-bonded system, including atoms bound directly to the
paramagnetic metal [13]. When the unpaired electron is in a 𝜋-symmetry metal orbital and transferred to the
nucleus of interest by delocalization through a system of 𝜋 bonds, the sign again remains the same for the
spin. However, in many conjugated systems, spin polarization plays a significant role, yielding alternating
spin densities for neighboring atoms. An additional complication is that spin polarization can affect the metal
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orbitals themselves, such that an unpaired electron in a t2g(𝜋) orbital, for example, can polarize spin in an eg(𝜎)
orbital, yielding negative unpaired spin density in a 𝜎-symmetry orbital in a system with unpaired electrons
formally only in the metal 𝜋 orbitals [14]. This kind of polarization of 𝜎-spin density by unpaired spin in a 𝜋
orbital is also seen on ligand nuclei. This effect has particular relevance for NMR because in order for spin
density to influence NMR chemical shifts, it must reside in an orbital with s-character, i.e., with a nonzero
wavefunction at the nucleus. For a 𝜋 radical, the spin density in the 𝜋 orbital of a carbon, 𝜌

𝜋

C, is related to the
hyperfine coupling constant by the McConnell equation, i.e., equation (16.2):

A
h
= Q

𝜌
𝜋

C

2S
(16.2)

where Q is an empirical proportionality constant for that nucleus [15, 16]. Thus, a nucleus with positive spin
density will have a positive value of A, whereas a negative spin density yields a negative A. As described
below, the sign of A determines the sign of the shift resulting from this mechanism. In addition to the effects
of number and type of bonds, spin densities for some nuclei will depend on torsional or dihedral angles (𝜃)
relating the nucleus of interest to the metal or attached moiety according to a Karplus-type relation [equation
(16.3)] [13, 17],

A
h
=
(
a cos2

𝜃 + b cos 𝜃 + c
) 𝜌

𝜋

C

2S
(16.3)

The presence of unpaired electrons in a molecule gives rise to hyperfine shifts in NMR spectra that are
related to spin densities at the nuclei. NMR is an excellent tool for the detection of spin density distributions
because it can be applied to all NMR-active nuclei in a molecule in a site-specific manner. Understanding
spin delocalization through NMR benefits from an appreciation of the effects that unpaired electrons have
on chemical shifts as well as on relaxation properties of nuclei. These effects are summarized in the next
sections.

16.3 NMR of Paramagnetic Molecules

When a molecule has one or more unpaired electrons, the electron(s) will influence the resonance frequencies
and lifetimes of nuclear spins in the molecule. As a result, NMR spectra of paramagnetic molecules are often
drastically altered relative to those of diamagnetic counterparts. Because unpaired electrons provide efficient
relaxation pathways for nuclear spins, nuclei in a paramagnetic molecule will always relax more rapidly than
in an analogous diamagnetic molecule. The faster nuclear relaxation results in broader line widths, and in some
cases, the linebroadening is so great that very little can be observed in the NMR spectrum, while in other cases,
the linebroadening is minimal overall, or large only for a few resonances. Similarly, the unpaired electron can
have either a small or a large effect on chemical shifts, depending on a number of factors, including which
nuclei are being detected, the nature of the bonds between the nucleus and the metal, and the paramagnetic
anisotropy of the system. When shifts are significantly affected, spectral dispersion is increased and nuclei
interacting with the unpaired electron are easily identified in spectra. For both relaxation and shifting, the
effect of the unpaired electron depends on molecular and electronic structure, and thus NMR of paramagnetic
molecules provides a window into both. Regarding spin density, the distribution of spin density is closely
related to both chemical shifts and nuclear spin relaxation properties, and thus understanding these effects
provides ways to map spin density distribution. However, electrons and nuclei have a number of means by
which they can interact with each other to influence chemical shifts and nuclear relaxation, and understanding
these different interactions is important for effectively using NMR to probe spin density.



NMR Analysis of Spin Densities 413

16.3.1 Chemical Shifts

The chemical shift (𝛿) reflects the average local magnetic field at a nucleus. In diamagnetic molecules, this
field is influenced by the circulation of electrons at and near the nucleus being probed. Thus, 𝛿 reflects the
chemical environment of the nucleus. If local electron circulation adds to the external applied field, the nucleus
is deshielded and resonates at a higher frequency; if the electron circulation opposes the applied field, the
nucleus is shielded and resonates at a lower frequency. Historically, the terms “downfield” and “upfield” have
also been used to describe shifts to high frequency and low frequency, respectively. This effect of electron
circulation dominates chemical shift determination for protons (and deuterons) in diamagnetic molecules.
For nuclei heavier than electrons and deuterons, the local magnetic field also is affected by the circulation of
electrons between ground and excited states involving p orbitals. As a result, for nuclei other than protons
and deuterons, a wider range of chemical shifts is typically observed.

In molecules with one or more unpaired electrons, the additional effects of the hyperfine interaction must
also be considered. The resulting contribution to the observed chemical shift, 𝛿obs, is the sum of the effects
seen in a diamagnetic molecule, 𝛿dia, and the effects of the hyperfine interaction, 𝛿hf:

𝛿obs = 𝛿dia + 𝛿hf (16.4)

The value of 𝛿hf can be expressed as a sum of the effects of through-bond coupling, yielding the Fermi
contact shift (𝛿con) and through-space dipolar coupling, yielding the pseudocontact shift (𝛿pc):

𝛿hf = 𝛿con + 𝛿pc (16.5)

The shift resulting from the dipolar interaction is termed pseudocontact because it is isotropic, similar to
the contact shift. The term “dipolar shift” also is used in the literature.

In paramagnetic molecules, nuclei sense the average magnetic moment of the electron, <𝜇>, which is
proportional to the expectation value of the z component of the electron spin, <SZ>. Because electrons are
delocalized, nuclei at different locations will sense some fraction of <SZ>, which is the spin density, 𝜌. The
electron spin interacts with nuclei through bonds and space in a way that reflects 𝜌. Thus, NMR provides
insight into magnitude and sign of spin density at each nucleus probed. More specifically, chemical shifts are
sensitive to spin density at the nucleus, meaning spin density in s orbitals. The sum of spin density over all s
orbitals of the nucleus (

∑
i
𝜌i) is related to the Fermi contact hyperfine coupling constant, AFC, according to

equation (16.6):

AFC =
𝜇0

3S
ℏ𝛾ge𝜇B

∑
i

𝜌i (16.6)

where 𝛾 is the magnetogyric ratio of the nucleus, ge is the g-value for the free electron, and 𝜇B is the Bohr
magneton. The Fermi contact shift is proportional to AFC according to equation (16.7) [18]:

𝛿con =
AFC

ℏ

ge𝜇BS (S + 1)

3𝛾kT
(16.7)

It is important to note that equation (16.7) holds rigorously only for an isolated electronic state in the
absence of zero field splitting (ZFS), although it is applied more broadly. Expressions that are more complex
must be used in rigorous treatments when these conditions are not met, although in these cases it is difficult to
obtain the information needed to treat 𝛿con rigorously. Furthermore, it is worth noting that 𝛾 in the denominator
cancels with a factor of 𝛾 that is contained in AFC, and thus no nuclear parameter influences 𝛿con.
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Equations (16.6) and (16.7) together emphasize the direct relationship between the fraction of unpaired
spin at the nucleus and the contact shift. Another expression for 𝛿con relates the Fermi contact shift directly
to <Sz> [10]:

𝛿con = −
AFC

ℏ𝛾B0
⟨Sz⟩ (16.8)

where B0 is the applied magnetic field strength. Note that because <Sz> is negative for the electron in a
magnetic field, 𝛿con will be positive when the electron is aligned with the field, corresponding to a shift to
higher frequency. When interpreting contact shifts to evaluate spin density, it is important to keep in mind that
NMR does not provide a complete picture of spin density distribution because it is only sensitive to s-orbital
density [equation (16.6)].

The pseudocontact shift arises from a through-space interaction between the nuclear magnetic moment and
the electron magnetic moment. Ideally, evaluating this interaction would consider the interaction between the
nucleus and all of the fractional unpaired spin density throughout space. In most cases, however, the metal-
centered point-dipole approximation is used, in which the unpaired electron is considered to be localized at
the metal ion. In many cases, this approximation yields reasonable results, although in some cases it becomes
necessary to consider deviations from this approximation. The pseudocontact shift arises from paramagnetic
anisotropy of the system, 𝜒 , and is expressed in equation (16.9) [19]:

𝛿pc = (24𝜋r3)−1[2Δ𝜒ax(3 cos2
𝜃 − 1) + 3Δ𝜒rh sin2

𝜃 cos 2Ω] (16.9)

where r, 𝜃, and Ω are the polar coordinates of the nucleus in a metal-centered axis system in which 𝜒 is
diagonalized, and the axial (Δ𝜒ax) and rhombic (Δ𝜒 rh) magnetic anisotropies are defined as follows:

Δ𝜒ax = 𝜒zz − 1∕2(𝜒xx + 𝜒yy) (16.10)

Δ𝜒rh = 𝜒xx − 𝜒yy (16.11)

Expanded treatments, including effects of ZFS [18] and orbital contributions [20], also have been derived.
When the point-dipole approximation breaks down, one must also consider ligand-centered pseudocontact
shifts, which arise from the dipole–dipole interaction between fractional spin density at ligand atoms and the
nucleus of interest [20]. Usually this contribution is small, but it may play a significant role for ligand atoms
with large spin densities and their nearest neighbors.

While equation (16.9) is a more accurate expression for 𝛿pc, it can be more convenient to express 𝛿pc as a
function of g-values rather than principal components of the 𝜒 tensor because g-values are more accessible
experimentally. If the ground state is isolated from excited states and ZFS is negligible, 𝛿pc can by described
by equation (16.12):

𝛿pc =
𝜇0

4𝜋

𝜇
2
BS (S + 1)

18kTr3

[[
2g2

zz −
(

g2
xx + g2

yy

)] (
3cos2

𝜃 − 1
)
+ 3

(
g2

xx − g2
yy

)
sin2

𝜃 cos 2Ω
]

(16.12)

16.3.2 Relaxation Rates

Nuclei display spin–lattice (longitudinal, R1) and spin–spin (transverse, R2) relaxation. In the fast-motion
limit, these two rates are equal to each other, but when the fast-motion limit does not apply, R2 is larger than
R1. Relaxation properties of nuclei are primarily observed as broadened lines, which depend on R2 according
to equation (16.13):

W0 = R2𝜋
−1 (16.13)
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where W0 is the homogeneous line width in Hertz. R1 can be measured through inversion-recovery exper-
iments, but measuring fast R1 values in proteins, especially for poorly resolved signals, can be technically
challenging. Approaches used in these cases include 2-D inversion-recovery TOCSY, which allows measure-
ment in a 2-D spectrum [21], and the signal-eliminating relaxation filter (SERF) experiment, which allows
observation of only the fast-relaxing nuclei [22].

Paramagnetic Relaxation Enhancement or PRE is a recently popularized general term for the increase in
nuclear relaxation rates caused by unpaired electrons. Traditionally, paramagnetic relaxation enhancement has
been called R1M or R2M, the enhancement of the nuclear longitudinal or transverse relaxation rate, respectively,
because of the unpaired electron-nuclear interaction. R1M, which is used much more commonly than R2M, is
related to T1M, the nuclear relaxation time determined by the unpaired electron–nucleus interaction, according
to equation (16.14):

Longitudinal PRE = R1M = 1∕T1M (16.14)

R1M is measured as the increase in the relaxation rate of a nucleus in the paramagnetic molecule relative
to the relaxation rate of the same nucleus in an isostructural diamagnetic molecule, and will be the primary
determinant of observed longitudinal relaxation rates for nuclei close to the paramagnetic center. While the
unpaired electron enhances nuclear R2 as well, in the fast motion limit R2M = R1M. R1M is influenced by Fermi
contact relaxation, Curie spin relaxation, and dipolar relaxation. Of these three terms, the dipolar mechanism
is usually dominant and is described in the fast motion limit by equation (16.15) [23]:

R1M = R2M = 4
3

(
𝜇0

4𝜋

)2 𝛾
2g2

e𝜇
2
BS (S + 1)

r6
𝜏c (16.15)

where 𝜏c is the correlation time for the electron–nucleus interaction. In the absence of chemical exchange,
this correlation time is usually determined by the electron spin relaxation time, T1e. However, if T1e is long
and the rotational correlation time (𝜏r) is short as in small molecules, 𝜏c will be determined by the rotational
correlation time.

Although dipolar relaxation usually dominates R1M, Curie relaxation can contribute to R1M under some
circumstances, and in macromolecules it frequently contributes to R2M, and thus line widths. Curie relaxation
arises from the time-averaged magnetic moment of the molecule <𝜇> due to the population of electron spin
levels. This magnetic moment provides an additional relaxation mechanism for nuclei modulated by molecular
tumbling (𝜏r). The contributions to relaxation rates are described in equations (16.16) and (16.17) [24, 25]:
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(16.16)
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(16.17)

where 𝜔I is the Larmor frequency of the nucleus. When the electron spin relaxation time is 2–3 orders of mag-
nitude smaller than 𝜏r, Curie spin relaxation may be a significant contributor to R2M, and thus line widths.
Furthermore, higher magnetic fields increase its contribution, as does higher S. In paramagnetic macro-
molecules, it is common for Curie relaxation to dominate R2M, while Solomon dipolar relaxation (equation
16.15) dominates R1M [10]. Thus, when analyzing nuclear relaxation to map spin densities in metalloproteins
as described below, it is critical to directly measure longitudinal relaxation rates and not rely on measurements
of line widths to estimate R1M values.
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The third relaxation mechanism is the Fermi contact relaxation, which results from a through-bond inter-
action according to the following in the fast motion limit [26–28]:

R1M = R2M = 2
3

S (S + 1)
(A
ℏ

)2
T1e (16.18)

Contact relaxation is much smaller than dipolar relaxation in most cases because when A is large enough to
yield a significant R1M through the contact mechanism, the nucleus is usually very close to the paramagnetic
metal, and at very short electron-nuclear distances, dipolar relaxation will be more effective than contact
relaxation. As the electron–nucleus distance increases, both dipolar and contact relaxation decrease. However,
contact relaxation usually decreases more substantially because A is attenuated very rapidly as the number of
bonds between the metal and the nucleus increases. Possible circumstances under which contact relaxation
may contribute significantly are when there is an extremely efficient electron delocalization pathway, and/or
when a molecule has a short rotational correlation time 𝜏r along with a long electron relaxation time T1e.
The latter circumstance results in the dominance of 𝜏r for determining the overall correlation time, 𝜏c, in
the dipolar term [equation (16.15)], and decreases the relative importance of the dipolar term accordingly.
However, this situation is not common in most systems of chemical interest.

16.4 Analysis of Spin Densities by NMR

Both chemical shifts and relaxation rates have been used to determine spin density distributions in param-
agnetic molecules. Although the relationship between contact shifts and spin densities on the surface may
seem relatively straightforward (see equations 16.6 and 16.7), rigorous determination of spin densities from
chemical shifts is complex, and as a result the use of hyperfine shifts as indicators of relative spin densities
in a qualitative manner is common. Relaxation properties are used less frequently than chemical shifts to
determine spin densities, but provide a valuable complementary tactic. Approaches to using NMR data to
understand spin density distribution range from the simple consideration of signs and magnitudes of contact
shifts to coupling NMR experiments with high-level calculations. The best approach to use depends on the
researcher’s goals, the system being studied, and the tools available. The application of DFT to predict and
analyze hyperfine shifts is the most significant development in this area in recent years.

16.4.1 Factoring Contributions to Hyperfine Shifts

Early efforts to evaluate spin densities using chemical shifts relied on separating the contact shift from other
contributions to the observed chemical shift and estimating spin densities via equations such as equation
(16.2), where the proportionality constant is determined empirically [29]. An early molecular orbital-based
method for analysis of contact shifts used simple Hückel calculations [30]. DFT approaches to determining
spin densities from NMR were initially applied specifically to the contact shift, although more recently the
entire hyperfine shift has been treated. In a more straightforward but equally valid approach, it is convenient
for researchers to consider contact shifts directly, as they are proportional to spin density (equations 16.6 and
16.7). Regardless of the methodology used, analysis of contact shifts specifically requires factoring out the
contributions to the observed chemical shift (equations16.4 and 16.5) so that the contact component can be
isolated. This process is not necessary if it is already known that the contact shift is dominant, which is usually
the case for nuclei ∼3 or fewer bonds from the metal, and for most hyperfine-shifted nuclei in systems with
low magnetic anisotropy (see equation 16.9). However, in many cases, dipolar coupling does contribute to
observed shifts and must be considered.
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A procedure for factoring the contact from pseudocontact shift that is widely used was pioneered by Emer-
son and La Mar using the cyanide derivative of metmyoglobin as an example [31]. The hyperfine shifts of
nuclei in a structurally characterized protein are measured by subtracting the diamagnetic shift from the
observed shift according to equation (16.4). Nuclei for which the contact shift is expected to contribute are
excluded, such as nuclei within a few bonds of the metal and nuclei on metal-binding groups such as a heme.
For nuclei with 𝛿con = 0, 𝛿hf = 𝛿pc and thus

𝛿pc = 𝛿obs − 𝛿dia. (16.19)

For the procedure to be effective, 𝛿pc values should be determined for nuclei sampling a range of 𝜃,Ω angles
in polar coordinates around the paramagnetic center. A challenge is the identification of a suitable diamagnetic
reference molecule on which to measure 𝛿dia values. To prepare a diamagnetic reference compound, the
paramagnetic metal may be replaced with a diamagnetic metal that preserves the ligation environment and
geometry. Sometimes, changing metal oxidation state (for example, reducing ferric heme to low-spin ferrous
heme) will provide a suitable diamagnetic reference. An alternative to the experimental diamagnetic shift is
to determine an estimated shift based on the 3-D structure, using a program such as ShiftX2 [32, 33]. The use
of estimated shifts works best for non-labile protons, which are relatively insensitive to conditions. Once an
appropriate collection of experimental 𝛿pc values is obtained, a fit is performed to the following expression
to determine values for Δ𝜒ax, Δ𝜒 rh, and 𝛼, 𝛽, and 𝛾:

𝛿pc = (24𝜋r3)−1[2Δ𝜒ax(3 cos2
𝜃
′ − 1) + 3Δ𝜒rh sin2

𝜃
′ cos 2Ω]′Γ(𝛼, 𝛽, 𝛾) (16.20)

where r
′
, 𝜃

′
, Ω′

describe the location of the nucleus in a coordinate system (x’, y’, z’) centered at the paramag-
netic metal, and Γ(𝛼, 𝛽, 𝛾) is the Euler rotation matrix converting the reference (x’, y’, z’) coordinate system
to the magnetic (x, y, z) coordinate system in which the paramagnetic anisotropy tensor 𝜒 is diagonalized.
For some nuclei, experimental and calculated 𝛿pc values may deviate significantly from each other because of
misassignments, poor determination of estimated diamagnetic shifts, or a difference in structure between the
diamagnetic reference and paramagnetic compound. Given the relationship between 𝛿pc values and structure,
𝛿pc values are routinely used to determine and refine protein structures [34]. Furthermore, this analysis has
been used to detect changes in protein structure with redox state [35, 36]. For the purpose of determining 𝛿con
values, the results of the fit to equation (16.20) are used to calculate 𝛿pc (calc) values for nuclei that have a
nonzero 𝛿con term, and for these nuclei 𝛿con is determined according to equation (16.21):

𝛿con = 𝛿hf − 𝛿pc (calc) (16.21)

The 𝛿con values then are available for analysis directly for use in calculations or for validation of computed
𝛿con or 𝛿hf values.

In the absence of sufficient experimental 𝛿pc values, data on the principal axes of the paramagnetic suscep-
tibility tensor can be utilized to predict 𝛿pc values according to equation (16.9) [37]. However, single-crystal
magnetic susceptibility data are not commonly available, and an alternative is to measure g-values using
EPR and calculating 𝛿pc according to equation (16.12). This approach is relatively straightforward for S = 1

2
systems, for which three g-values can often be obtained by EPR on a frozen solution [38]. However, using
g-values neglects directions of the axes of the g-tensor as well as the second-order Zeeman effects, which can
be significant [37]. Other alternative approaches to factoring 𝛿pc and 𝛿con have been developed for specific
systems. For example, for low-spin ferric hemes, Turner [39] pioneered the use of the hyperfine shifts of the
heme methyl 13C nuclei, which are dominated by 𝛿con. The Hückel calculations are performed to calculate
linear combinations dxz, dyz orbitals consistent with the 13C shifts, assuming that the z magnetic axis is normal
to the heme plane. From these results, the g-values and magnetic anisotropy are calculated, which can be used
to determine values for 𝛿pc. In the case of high-spin ferric porphyrins, La Mar et al. put forward a method that
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Figure 16.3 Coordination sphere of Azotobacter vinelandii plastocyanin (PDB: 1FA4) [46]. (See colour plate
section)

takes advantage of the difference in temperature dependence between the contact and pseudocontact shifts
[40].

16.4.2 Relaxation Properties and Spin Density

Most treatments of nuclear relaxation in molecules with paramagnetic metal ions make use of the point-dipole
approximation. While this approximation holds for nuclei distant from the paramagnetic metal ion, it breaks
down for nuclei near nuclei other than the metal that have significant fractional spin densities. Thus, careful
assessment of the relaxation properties of these nuclei can provide a map of the spin density on the molecule.
The usefulness of relaxation rates in understanding spin density distribution was recognized by Bertini and
coworkers [41] and further developed by Hansen et al. [5, 42, 43].

Using the blue copper protein Anabaena variabilis plastocyanin as an example (coordination sphere shown
in Figure 16.3), Hansen et al. demonstrated that the breakdown of the point-dipole approximation allows
longitudinal relaxation rates of nuclei near the paramagnetic copper to be used to map spin density distribution.
One must then consider an effective electron-nuclear distance reff, which depends on the electron spin density
according to equations (16.22) and (16.23) [23, 44, 45]:
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where r
′
is the position of the proton, ̂ 𝜈

2 (r) describes the spatial components of the electron–nucleus dipolar
operator, 𝜌

𝛼
(r) and 𝜌

𝛽
(r) are electron 𝛼 and 𝛽 (positive and negative) spin densities, P is the spin-only Fock–

Dirac density matrix in the basis for which the spin is parameterized, and ̂F𝜈

2 is the electron–nucleus dipolar
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operator in the same basis. According to these expressions, the paramagnetic relaxation rates can be related
to the spatial distribution of electron spin at the active site, and this distribution reveals the wavefunction of
the unpaired electron.

In the plastocyanin example used to develop this approach, the wavefunction is described as a linear com-
bination of four atomic orbitals centered on four atoms (Cu, Cys 𝛾S, and two His 𝛿N; see Figure 16.3) on
which spin density primarily lies, as known from other work. The authors used hydrogen-like atomic orbitals
with nuclear charges described by the Slater rule so that reff can be described as the sum of spin densities on
these four atoms. With enough paramagnetic relaxation enhancements (R1M) measured and knowing the 3-D
structure of the protein, the spin densities on these atoms can then be determined. The authors demonstrated
that the spin densities determined in this way are in broad agreement with the predictions from quantum
chemical calculations that Cu and Cys 𝛾S hold most of the spin density. However, quantitative agreement
needed improvement, as the extent of Cu-S covalency was significantly underestimated relative to the val-
ues determined using other methods. A refinement reported in 2006 [47] utilized the Gaussian-type natural
atomic orbitals instead of the Slater-type orbitals, and also utilized a refined structure of plastocyanin. While
the initial study indicated that 84% of total spin density is on the copper ion and 11% on Cys sulfur, the 2006
study indicates much higher covalency, with around 40% spin density on each of these atoms, in excellent
agreement with results from X-ray absorption spectroscopy [48] and from quantum mechanical calculations
[49].

16.4.3 DFT Approaches to Analyzing Hyperfine Shifts

In recent years, researchers have made use of DFT to predict or reproduce experimental hyperfine shifts and
relate the shifts to spin densities. DFT approaches can be applied to calculate the contact shift alone [50–54]
or the entire hyperfine shift [4, 55–58]. Many of the most recent studies treat the entire hyperfine shift. A
popular quantum chemistry-based approach makes use of Moon et al.’s compact and general description of
the chemical shift in a paramagnetic system [4]:

𝛿 = 𝛿orb + [S (S + 1)𝜇B∕3kT𝛾]g ∙ AT (16.24)

where g and A are the g-tensor and the hyperfine tensor, respectively, and the term 𝛿orb is the orbital part
of the chemical shift tensor 𝛿, which can be considered as a diamagnetic component in analogy to equation
(16.4). Equation (16.24) assumes no ZFS, but this equation has been shown to be appropriate when ZFS
contributions are small [2]. Furthermore, equation (16.24) can be modified to account for ZFS [57]. Equations
(16.7) and (16.9) are more familiar to practitioners of NMR, but for calculations, equation (16.24) has the
advantages of (1) providing a single equation for all contributions to the shift, and (2) explicitly including the
g- and hyperfine tensors, which can be determined experimentally using a number of different approaches.
The terms contributing to the hyperfine shift are revealed by multiplication of the g-tensor and the transpose
of the hyperfine tensor (AT), which yields a number of isotropic and anisotropic terms; the dominant terms
are the contact and pseudocontact shift, in analogy to equations (16.7) and (16.9). A useful breakdown and
description of these terms is provided by Kaupp and Koehler [2]. Of the isotropic terms, the following is what
is generally considered the contact shift, in analogy to equation (16.7):

𝛿iso, FC = geAFC (16.25)

where the “FC” subscript indicates Fermi-contact and AFC is the isotropic hyperfine coupling (Fermi contact)
term of the hyperfine coupling matrix. In addition to this term, the isotropic hyperfine shift also depends on
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pseudocontact hyperfine coupling (APC), and Δgiso, which is the deviation of the isotropic g-value from that
of the free electron because of spin–orbit coupling:

𝛿iso = geAFC + geAPC + ΔgisoAFC (16.26)

The second and third terms, which will affect spin density, become important when the pseudocontact
contribution to the isotropic hyperfine coupling constant is significant, and when the isotropic g-value deviates
from that of the free electron. In most cases, the first term in equation (16.26) will be dominant for nuclei
with significant unpaired spin density. The spin density that contributes to the hyperfine shift then can be
determined using equation (16.6), which accounts for the fact that the contact shift reflects contributions
from all molecular orbitals involving the nucleus in question with some s-orbital character. This analysis
of the contact shift can be applied to systems in which an excited state contributes to the chemical shift if
information on the contribution of the excited state can be determined, as the shift that results reflects an
average spin density according to the Boltzmann populations of the states. This relationship (along with
the effect of temperature on the pseudocontact shift) has been used to experimentally determine excited state
energy in ferric horse cytochrome c [59]. Examples given below will illustrate the application of these concepts
with a focus on experiments.

16.4.4 Natural Bond Orbital Analysis

Natural bond orbitals (NBOs) are similar to the picture familiar to all chemists of localized bonding pairs and
lone pairs in molecules. However, unlike Lewis structures, NBOs account for unoccupied orbitals as well,
allowing noncovalent bonding to be considered [60]. The major advantage of the NBO approach over DFT
is that it uses a small basis set, which is appropriate for analysis of spin densities because the majority of
unpaired spin density in a paramagnetic metal complex or metalloprotein exists in a small number of NBOs.
Another useful feature of NBOs is that they are transferrable; once a set has been constructed for a protein site,
such as a blue copper site, they can be applied to other similar sites because of their localized nature. Using
the NBO approach rather than DFT calculations is a logical and inexpensive means to predict and evaluate
spin densities.

Natural bond orbitals were used by Hansen et al. to refine the treatment of relaxation data to determine spin
densities in plastocyanin, as described in Section 16.4.3 [47]. More recently, this same team demonstrated the
use of NBOs for the calculation of hyperfine shifts as well as paramagnetic relaxation enhancements for the
active sites of two paramagnetic metalloproteins, rubredoxin and plastocyanin, and model complexes [5]. The
active site of plastocyanin is shown in Figure 16.3, and that of rubredoxin is shown in Figure 16.4. The authors
determined experimental R1M values by comparing the measured R1 values for paramagnetic and diamagnetic
forms. R1M was then related to the effective distance between the unpaired electron and nucleus, reff, which
depends on spin distribution (equations16.22 and 16.23). To evaluate shifts, the authors assumed that 𝛿con
dominates 𝛿hf (equation 16.5), which is reasonable for these systems due to their low magnetic anisotropies.
Random-coil chemical shifts were used for 𝛿dia values, which is a good approximation when 𝛿con is very large,
as is the case here. On the computational side, the authors constructed NBOs corresponding to localized bonds
and lone pairs in coordination complexes modeling the protein active sites. After subjecting the small models
with the NBOs to quantum calculations, the metal-ligand NBOs were found to account for most of the total
unpaired electron spin density in the complexes, and the spin density also reflects the bonding environment.
Using larger models based on the proteins, paramagnetic relaxation enhancements were predicted using reff
as a proxy for distance. The reff values were based on different spin density distributions constructed from the
structural models, and the results were compared with the results of DFT calculations. Values of reff deter-
mined by the NBO approach compare well with those determined from more expensive DFT calculations.
Additional validation was provided by converting experimental R1M values to reff values and demonstrating
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Figure 16.4 Coordination sphere of Clostridium pasteurianum rubredoxin showing the side chains of the four
ligating Cys residues and the Fe(III) center in a pseudotetrahedral fashion (PDB: 1IRO) [61].

the excellent agreement with reff values calculated from the NBO approach. It was concluded that using the
NBO approach accounts for the breakdown of the point-dipole approximation in these systems, but using a
simpler and less expensive approach than DFT [5].

16.4.5 Application and Practicalities

Although significant advances have been made in determining spin densities, explicit determination of spin
density values from NMR chemical shifts or relaxation rates is not always performed in NMR studies of
spin distribution in molecules. The rigorous determination of spin densities from NMR data is not at all
straightforward due to the many contributions to the chemical shift and to relaxation rates, as well as the
complexities of spin interactions. Furthermore, since contact shifts reflect only spin in s orbitals, calculated
and experimental NMR spin densities are not expected to agree without that complication taken into account,
which will require the use of an all-electron basis set [3]. In addition, quantitative interpretation of contact
shifts will be most accurate when the unpaired spin on the paramagnetic metal is present only in strictly
𝜎 or strictly 𝜋 orbitals. This condition is unlikely to be met because of spin polarization effects [10, 62].
Furthermore, when the energy difference between the ground and excited state(s) is small, excited states can
interact with the ground state and have an effect on hyperfine shifts. Thus, in many systems, low-lying excited
states must be considered along with the ground state, further complicating the analysis.

Given the complexities of extracting spin density information from NMR spectra, researchers often will
consider experimentally observed hyperfine shifts (or factored contact shifts) directly when mapping spin den-
sity. Although contact shifts are only indicators of relative spin densities in s orbitals, as long as the researcher
understands the limitations, information on the signs and relative magnitudes of observed spin densities on
nuclei can be gleaned quickly using this approach. Whether one combines computation and experiment for a
more quantitative treatment, or focuses directly on experimental data for a qualitative treatment, NMR pro-
vides a wealth of information on spin delocalization patterns in molecules. The focus in the examples given
below will be on experimental results. For more information on computations in this area, the reader is referred
to review articles [2, 3, 63]. The remainder of this chapter provides examples of the application of NMR to
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a range of paramagnetic metalloproteins. While in some cases values of spin densities have been extracted,
in others researchers draw qualitative conclusions on spin density distribution directly from chemical shifts.
In both cases, information on spin density provides valuable insight into bonding, electronic structure, and
function of metal sites.

16.5 Probing Spin Densities in Paramagnetic Metalloproteins

In metalloproteins, one or more metal ions are associated with a polypeptide structure, and often play vital
roles in function. The metal ion(s) may be bound to a prosthetic group, which will interact with the polypeptide
through weak interactions and coordinate bonds. Alternatively, the metal ion(s) may be bound only through
interactions with polypeptide atoms, with the polypeptide acting as a multidentate chelating ligand. In a third
type of metal site, metals bind the polypeptide in the form of a cluster comprising metal ions and sulfide
or oxide ions. In all cases, the paramagnetic metal ion will influence NMR chemical shifts and relaxation
properties of interacting nuclei in a way that reflects the distribution of spin density from the metal to other
nuclei. The spin density distribution can reveal the sites that are reactive for electron transfer or for bond-
breaking and bond-making reactions. Analyses of spin density distribution using NMR will be summarized
here for selected examples.

16.5.1 Heme Proteins

Heme proteins constitute the most well-represented group of paramagnetic metalloproteins in the NMR lit-
erature. The popularity of heme proteins stems from the broad importance of heme in biology [64] as well
as the favorable properties of paramagnetic states of heme with respect to NMR. In addition to the four axial
nitrogen donors from the porphyrin (Figure 16.5), the heme iron usually has one or two additional groups
bound to it, known as axial ligands. Depending on the strength of those ligands, the iron may be of high- or
low spin. Intermediate spin (S = 3/2) also is observed for ferric heme, usually as a mixture with high spin
(Figure 16.6). The most stable oxidation states [Fe(II) and Fe(III)] offer a number of paramagnetic spin states
for study, with only low-spin Fe(II) being diamagnetic.

Low-spin ferric heme has extremely favorable properties for high-resolution NMR because it has very effi-
cient electron spin relaxation, and thus small relaxation enhancements for most nuclei (substitute T1e for 𝜏c
in equation 16.15), giving narrow lines. The high magnetic anisotropy often shown by low-spin ferric hemes
leads to large pseudocontact shifts (equation 16.9), and while this effect complicates the analysis of contact
shifts and spin densities, it increases dispersion and facilitates analysis of magnetic axes by NMR. High-spin
ferric heme, with its nondegenerate ground state, is expected to display slow electronic relaxation, and thus
broad lines in NMR. However, substantial spin–orbit coupling gives rise to the second-order ZFS, reduc-
ing electron spin relaxation time. Although NMR resonances still tend to be broad, they are usually readily
detectable. High-spin Fe(II) has low-lying excited states, a situation that favors electronic relaxation. These
systems can have short T1e values that would be expected to yield relatively narrow lines in NMR. However,
Curie spin relaxation often contributes substantially to R2M (equation 16.17) in high-spin Fe(II) proteins, giv-
ing broad lines (equation 16.12). In addition, low magnetic anisotropy results in small pseudocontact shifts,
and thus relatively low spectral dispersion, at least compared with low-spin ferric heme. Although there are a
number of insightful NMR studies of spin density in high-spin ferrous heme [65, 66], examples here represent
the more often-studied ferric heme.

As a result of narrow lines and high dispersion seen for low-spin Fe(III), it is the most commonly studied
state of heme by NMR. Proteins in the cytochrome c family are usually of low spin and have been partic-
ularly fruitful subjects of NMR studies of spin density distribution. Cytochromes c, are characterized by a
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Figure 16.5 Structure of iron protoporphyrin IX (heme).

heme covalently attached to the polypeptide via two Cys residues, and usually His/His or His/Met heme axial
ligands. The unpaired electron is typically found in the (dxz, dyz), or d(𝜋) orbitals (Figure 16.6), which interact
with porphyrin 𝜋 orbitals to transfer spin density to the porphyrin periphery by a delocalization mechanism,
yielding positive spin density on 𝛽-pyrrole atoms. Spin is then distributed to peripheral atoms by spin polar-
ization, giving nuclei bound directly to pyrroles negative spin densities; the sign of spin density alternates
passing through each bond beyond the porphyrin core. The pattern of spin density distribution among the
four pyrroles in low-spin ferric heme has been shown to be determined largely by the orientation of the 𝜋

orbitals of the axial ligands [67].
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Figure 16.6 Electronic configurations for ferric heme, assuming D4h symmetry.
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Figure 16.7 Structure of the heme in horse cytochrome c shown to illustrate a significant out-of-plane ruffling
distortion (PDB: 1HRC) [75].

The stability and amenability to modification and mutation of low-spin cytochromes c makes them excel-
lent model proteins for more detailed studies of relationships between active-site structure and spin distri-
bution. Furthermore, with only one unpaired electron, they are relatively straightforward subjects for DFT
calculations. In one example [58], Bren and coworkers compared wild-type Hydrogenobacter thermophilus
cytochrome c552 (Ht c-552) with a mutant predicted to have decreased heme ruffling, where ruffling is the out-
of-plane distortion described as twisting of the Fe-N(pyrrole) bonds in alternating directions around the heme
(Figure 16.7). To better understand the effect of ruffling on heme electronic structure and spin density distri-
bution, the authors performed DFT calculations on active site models to predict the effect of ruffling on spin
density distribution on the porphyrin macrocycle. They then computed the g- and A-tensors from the DFT-
computed electronic structure using coupled-perturbed self-consistent field theory [68]. These results were
entered into a version of equation (16.24) [4] to predict heme hyperfine shifts. The authors found excellent
agreement between predicted and measured hyperfine shifts as a function of ruffling, validating this approach
to spin density calculation and hyperfine shift prediction. The work upheld the prediction that increasing ruf-
fling decreases spin density at the 𝛽-pyrrole positions. Results for the meso protons, in contrast, did not fit
with other observations [69, 70] that increasing ruffling increases meso hyperfine shifts; in the case of cyt c,
these shifts showed little change with ruffling. The authors used their computational results to predict that
increasing ruffling decreases reduction potential, a prediction that has been supported by experiment [71–73].
Furthermore, they suggested that decrease in spin density at the 𝛽-pyrrole positions caused by ruffling would
lead to a decrease in electronic coupling with redox partners, a prediction that subsequently was supported
by a study of photo-induced electron-transfer rates in cytochromes with varied extents of ruffling [74].

In a follow-up study that examined the effect of ruffling on spin densities of heme 13C nuclei, the authors
factored contact, metal-centered pseudocontact, and ligand-centered pseudocontact shifts, and estimated spin
densities using equations analogous to (16.2) [76]. The meso 13C and 1H chemical shifts have been proposed
previously to be indicators of ruffling because ruffling allows overlap between the iron dxy and porphyrin
a2u orbitals, increasing spin density at meso positions, and thus increasing meso chemical shifts [77, 78]. In
contrast, this study of the cytochrome c variants revealed very little change in spin density at the meso positions
with ruffling. The reason for this observation is that the predicted increase in positive spin density from spin
delocalization is offset by an increase in negative spin density from spin polarization effects. Although a
chemical shift increase is observed for the meso 13C nuclei, it is attributed to a decrease in the metal-centered
pseudocontact shift with ruffling, which has a negative sign for the meso positions. Thus, in this case it was
a change in the paramagnetic anisotropy tensor rather than a change in spin density that led to the change in
hyperfine shifts with ruffling.

High-spin (S = 5/2) ferric hemes are challenging subjects for NMR because of their broader lines compared
with their low-spin counterparts and the presence of five unpaired electrons occupying all of the d orbitals. This
electronic configuration allows both 𝜎- and 𝜋-spin delocalization mechanisms from the iron to the porphyrin
in a pattern that is relatively insensitive to environment. A strategy to improve spectral quality and obtain



NMR Analysis of Spin Densities 425

more in-depth information on the heme is to study low-spin (i.e., cyanide- or hydroxide-ligated) forms. One
intriguing high-spin heme-binding enzyme that has been the subject of detailed analysis of spin densities is
heme oxygenase (HO). HO catalyzes the degradation of heme, releasing iron and other biologically important
products that depend on the particular HO. The electronic structure of ferric heme bound to HO has been
closely tied to HO activity with the help of NMR spectroscopy. In an early study of cyanide- (low-spin)
ferric mammalian HO, Hernandez and coworkers [79] analyzed contact shifts and detected an unusually large
difference in spin density within each pyrrole, with pyrrole nuclei adjacent to the heme 𝛼, 𝛾-meso axis having
greater spin densities. The presence of an anionic residue near the 𝛼-meso carbon was proposed to account
for this unusual spin density distribution, which also may be related to the selectivity for heme cleavage at
this site. Caignan and coworkers [78] studied the hydroxide-ligated derivative of a bacterial HO, which they
found to exhibit a S = 1/2, 3/2 spin-crossover configuration. For the low-spin component, as opposed to the
typical pattern of spin density seen for low-spin hemes, with large spin densities at the 𝛽-pyrrole positions (as
in cytochrome c), analysis of hyperfine shifts suggested substantial spin density also at the meso positions.
This pattern of spin delocalization is indicative of an unusual (dxy)1 configuration (Figure 16.6). The presence
of spin density at the meso carbons is proposed to activate meso positions for hydroxylation. Other heme-
degrading enzymes have been found to bind heme in a highly ruffled conformation, supporting the functional
relevance of this heme conformation and electronic structure for heme degradation activity [80, 81].

While low-spin derivatives of high-spin heme proteins have yielded valuable insights into the heme envi-
ronment, it is important to study the high-spin state as well. A series of insightful studies were performed by
Shokhireva and coworkers [82] on nitrophorins, which are NO-carrying heme proteins from blood-sucking
insects. The researchers assigned the heme methyl resonances in high-spin nitrophorin 2 (NP2) and assessed
spin density distribution on the porphyrin. If the distribution of electrons in the d orbitals is symmetric, all
porphyrin substituents will have similar hyperfine shifts. However, the researchers found that the axial His 𝜋
interactions remove the equivalence of the x- and y-axis, and the spin density distribution is larger in the direc-
tion of the His 𝜋∗ orbital. This observation may be explained either by His acting as a 𝜋 acceptor or by His
influencing backbonding from the iron d(𝜋) orbital to a porphyrin 4e(𝜋∗) orbital along a particular heme axis.
Consistent with these interpretations, the pattern of spin density distribution on the porphyrin substituents for
high-spin NP2 is rotated 90◦ from what is seen for the low-spin porphyrin. These results provide new insight
into bonding in high-spin heme proteins, and also yield a valuable correlation between heme substituent shifts
and active-site coordination environment.

While the porphyrin itself gets the most attention in NMR studies of spin density, spin density also is
transferred from iron to axial ligands in a way that reflects iron-ligand bonding. An assignment of nearly
all nuclei on the heme axial His in high-spin, low-spin, and diamagnetic forms of NP2 by the Walker and
Vila groups provided a detailed mapping of spin density on the axial His. Values for 𝛿con were obtained
by determining the g-tensor (for the low-spin protein) or ZFS (for high-spin) and subtracting calculated 𝛿pc
values and 𝛿dia values from 𝛿obs. The authors then calculated (A/h) using equation (16.7). The results showed
that 𝜋 spin delocalization dominates in low-spin NP2, whereas both 𝜎- and 𝜋-spin delocalization takes place
in high-spin NP2 [83].

16.5.2 Iron-Sulfur Proteins

Proteins in which one or more iron ions are bound to a Cys-rich site are classified as iron-sulfur proteins.
While some have a single iron ion bound to protein side chains, others form clusters utilizing sulfides such
as [Fe2S2], [Fe3S4], and [Fe4S4]; the cluster iron ions are ligated by amino acids, especially Cys. Iron-sulfur
proteins carry out a range of functions, including electron transfer, catalysis, radical generation, and sensing
[84–88]. The iron ions in iron-sulfur proteins are typically 4-coordinate and pseudotetrahedral, and thus high-
spin [S = 2 for Fe(II), S = 5/2 for Fe(III)]. Typical relaxation properties of these states are described in Section
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16.5.1. In the case of di- and multinuclear iron sites, however, magnetic coupling between the iron ions gives
rise to excited states that promote electron relaxation, yielding shorter T1e values, and thus narrower lines in
NMR spectra.

Although the mononuclear iron-sulfur proteins are simpler systems than the cluster-binding proteins, they
present particular challenges for NMR experiments because of their broader lines. On the other hand, the
relative simplicity of their active site makes them attractive targets for detailed computational studies. Xia
and coworkers [89] performed a series of NMR and computational studies of Clostridium pasteurianum
rubredoxin, which coordinates a single Fe(II)/Fe(III) to four Cys side chains in a pseudotetrahedral site (Fig-
ure 16.4). Contact shifts were measured for Cys ligand 1H, 2H, 13C, and 15N nuclei in both oxidation states
with the help of specific isotope labeling of Cys residues. All of the H𝛼, H𝛽, and N atoms of the four iron-
ligating Cys residues were assigned in both oxidation states; the H𝛽 nuclei in particular experience very large
chemical shifts between 300 ppm and 900 ppm. The lower magnetogyric ratios of 2H, 13C, and 15N relative
to 1H facilitate their detection because of the 𝛾

2 dependence on dipolar relaxation enhancement [equation
(16.15)]. In 1998, the availability of these assignments as well as near atomic-resolution solution structures
laid a foundation for DFT calculations of hyperfine shifts [51]. For calculations, a 104-atom model based
on high-resolution structures of oxidized rubredoxin was constructed. Spin-unrestricted DFT calculations
were performed to obtain a description of Fermi contact spin densities of each nucleus. To determine contact
shift from spin densities, an equation closely related to equations (16.6) and (16.7) was used. The authors
obtained excellent agreement between experimental and calculated contact shifts, validating their computa-
tional approach. The agreement was better for oxidized than for reduced rubredoxin, suggesting that structural
changes between oxidized and reduced proteins may exist, since the structure of oxidized rubredoxin was used
for the structural model. Notably, quite small structural perturbations can have a large influence on contact
shifts, and, as the authors pointed out, contact shifts thus have great potential to be utilized to aid metallo-
protein active site structure determination and refinement. The large spin densities observed are consistent
with the high degree of covalency seen for rubredoxin Fe-S bonds [90]. The authors also demonstrated that
Fermi contact spin density is transmitted through hydrogen bonds between Cys ligand sulfurs and polypeptide
backbone amide nitrogens. Thus, contact shifts can provide insight into hydrogen-bonding interactions in a
way that may reflect the strength of the hydrogen bond [51].

The potential for contact shifts to reveal hydrogen-bonding interactions was taken to the next level by the
same group to further analyze hydrogen bonding between backbone amides and Cys ligand sulfurs via the
amide 15N contact shifts. The authors developed a relationship between hydrogen-bonding distance and con-
tact shift from which they estimated lengths of six hydrogen bonds from amide NH groups to Cys ligand sulfur
atoms in C. pasteurianum rubredoxin. Notably, they found a correlation between the difference in summed
15N chemical shifts from these hydrogen-bonded nitrogens and Fe(III/II) potential when comparing a series
of rubredoxin mutants with potentials spanning a range of 126 mV, providing direct support for the proposal
that hydrogen bonding in iron-sulfur proteins plays a key role in tuning reduction potential [91]. Following
up on this result is a report that, in addition to the hydrogen bonds with amide NH groups, the Cys ligands in
C. pasteurianum rubredoxin display weak interactions with aliphatic sp3 C-H groups. This conclusion was
based on the analysis of 13C chemical shifts, which revealed a Fermi contact spin density transfer from iron
to the aliphatic 13C via a Fe-S–H-C interaction. The magnitude of the 13C shift depends on both distance
and angle [92]. The large amount of electron spin delocalization from iron to nearby atoms has implications
for electronic coupling and reorganization energy for electron transfer reactions. In addition to these exten-
sive analyses of contact shifts to extract spin densities, studies of rubredoxin revealed the inadequacy of the
point-dipole approximation of spin density distribution, laying a basis for analysis of spin densities through
relaxation data as described in Section 16.4.2 [50].

Nuclear magnetic resonance spectra of proteins containing 3- and 4-iron clusters have narrower hyperfine-
shifted resonances so that methods such as isotope labeling and direct detection of heteronuclei used for
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rubredoxin are not required necessarily. The multinuclear nature of their active sites, however, makes elec-
tronic structure more complex. Thus, analyses of spin densities in these proteins have not been performed
to the level of depth exemplified by the studies of rubredoxin. There are two classes of [Fe4S4] electron-
transfer sites: the ferredoxins and the high-potential iron proteins (HiPIPs). Ferredoxins formally have two
Fe(III) and two Fe(II) when oxidized, and one Fe(III) and three Fe(II) when reduced, giving [Fe4S4]2+/+

states. HiPIPs have three Fe(III) and one Fe(II) when oxidized, and two Fe(III) and two Fe(II) when reduced
([Fe4S4]3+/2+). While the [Fe4S4]2+ ground state is diamagnetic, paramagnetic S = 1, S = 2 states are popu-
lated at room temperature, giving rise to hyperfine shifts. The other oxidation states of ferredoxin and HiPIP
clusters are necessarily paramagnetic. As is the case with rubredoxin, pseudocontact shifts are small in these
proteins, simplifying the analysis of contact shifts and spin densities from observed chemical shifts. Exten-
sive structural studies have been carried out on HiPIPs by the Bertini lab, making full use of effects of spin
densities on NMR spectra. These studies refined the active-site structure by considering effects of Cys ligand
conformations on the angular dependence of spin densities (equation 16.3). They also incorporated effects
of paramagnetic relaxation enhancement (equation 16.15) into their structural analysis [93]. The extensive
structural studies of HiPIPs provide a robust example of how analysis of spin densities can benefit structural
studies of metalloproteins.

16.5.3 Copper Proteins

The copper oxidation states that are most frequently encountered in biology, are Cu(I) and Cu(II). High-
valent Cu(III) species have been also proposed as reaction intermediates. Cu(I) is d10 and always diamagnetic,
while Cu(II) is always paramagnetic (S = 1

2
for isolated Cu(II)) unless anti-ferromagnetically coupled to

another Cu(II) or other appropriate ion. For Cu(II), the ground state Kramers doublet is well isolated from
the excited states, regardless of coordination environment. As a result, electronic relaxation is inefficient,
yielding long T1e and short nuclear relaxation time. Thus, NMR spectra of mononuclear Cu(II) complexes
always have extremely broad lines, complicating detection and analysis. When Cu(II) is part of a dinuclear or
multinuclear Cu site, however, coupling between the ions gives rise to lower-lying excited states, enhancing
electron relaxation and yielding narrower lines in NMR spectra.

Copper-binding proteins play a number of vital roles in biology, including electron transfer, catalysis, and
regulation of iron and copper levels in the cell. Copper sites in proteins are classified as Type 1, Type 2, and
Type 3. Type 1 Cu centers (Figure 16.3) are high-potential mononuclear sites that act in electron transfer. They
are characterized by weak coupling between the unpaired electron and the Cu nucleus, which is consistent
with substantial electron spin distribution from the Cu(II) to the ligand(s). In the Cu(II) state, an intense
ligand-to-metal charge-transfer band ∼600 nm associated with the Cu-S interaction is observed that gives
these proteins an intense blue color and also their name as “blue copper” proteins [94]. Type 2 or “normal”
Cu sites lack this transition but have ligand-field bands and a light blue color, as well as a larger hyperfine
coupling. Type 2 sites typically play roles in catalysis. Finally, Type 3 sites constitute most multinuclear Cu
sites. However, an additional class of binuclear Cu site is known as CuA, in which the two Cu ions are bridged
by two Cys thiolates to form a Cu2S2 diamond-core structure (Figure 16.8). CuA sites are always electron-
transfer sites and are found in the Cu(I)/Cu(I) reduced or Cu(I)/Cu(II) oxidized forms. The oxidized form has
an intense purple color arising from an intervalence charge-transfer band [95–97].

Type 1 sites, such as in azurin and plastocyanins, comprise a Cys (S𝛾) and two His (N𝛿) ligands binding a
Cu(II/I) in a roughly trigonal planar geometry. A Met (S𝛿) forms a weak interaction in an axial position, and in
plastocyanins the structure is distorted toward tetrahedral. Quantum mechanical calculations and experiments
probing the electronic structure of plastocyanin indicate a large covalency of metal-ligand bonds with 40%
copper and a 36% sulfur character of SOMO in Cu(II) ground state [48, 49]. This large spin density on the
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Figure 16.8 CuA site showing two Cu ions, two bridging Cys, and two His ligands [98]. (See colour plate section)

Cys ligand is expected to yield large hyperfine shifts for ligand protons. However, detection of Cys resonances
was precluded by extreme linebroadening. A breakthrough came when Bertini and coworkers [41] succeeded
in assigning “hidden” hyperfine-shifted resonances in the copper protein plastocyanin by saturation transfer.
The Cys ligand H𝛽 protons have extremely large contact shifts, which were used to determine electron spin
densities of 1.6% and 1.2% in the 1s orbitals of H𝛽1 and H𝛽2 nuclei. In a follow-up study, the Cys ligand
H𝛽 protons were assigned and compared in blue copper proteins azurin, plastocyanin, and stellacyanin. Even
the very broad (1.2 MHz) signals of the Cys ligand H𝛽 protons in azurin could be assigned. Interestingly, the
Cys ligand H𝛽 protons display diverse spin densities in these different blue copper proteins, ranging from 0.9
to 2.0%, corresponding to differences in Cu-S(Cys) covalencies resulting from the variation of the out-of-
plane displacement of copper [99]. In addition to these studies of hyperfine shifts, paramagnetic relaxation
enhancements also have been used to map spin density distribution in blue copper proteins, as described in
Section 16.4.2.

CuA-type sites attracted the attention of NMR spectroscopists after the soluble CuA domain of Ther-
mus thermophilus cytochrome ba3 (the terminal oxidase) was expressed in 1996 [100]. Prior to that report,
a multi-frequency EPR study provided evidence that the oxidized CuA site was a binuclear Cu(II)/Cu(I)
site with the one unpaired electron interacting with both Cu nuclei [101]. The X-ray crystal structure of
Paracoccus denitrificans cytochrome c oxidase, containing a CuA site, confirmed this assignment and pro-
vided valuable additional structural information that facilitated NMR study [102]. The 1H NMR spectrum
of the soluble oxidized S = 1

2
CuA fragment displays surprisingly narrow lines for a copper protein. The

three broadest lines were found between 250 and 300 ppm, and were assigned along with a signal at 105
ppm to bridging Cys H𝛽 nuclei. Ring protons on terminal His residues were assigned as well and show
similar hyperfine shifts to each other, consistent with similar spin densities resulting from extensive spin
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delocalization between two copper sites. The highly delocalized nature of this site is proposed to decrease
reorganization energy and enhance directional electronic coupling [103]. Subsequent NMR studies have
investigated these phenomena in more depth. The sequence-specific assignments of all 1H and 13C reso-
nances of the T. thermophilus His and Cys ligands allowed researchers to determine apparent hyperfine
coupling constants (A/h)app according to equations (16.5)–(16.7) [104]. Values for 𝛿con were determined
by accounting for pseudocontact shifts using available g-values and equation (16.12). The (A/h)app values
are consistent with a high level of spin delocalization across both Cys and both His, but inequivalence
of the two Cys is observed that is attributed to a hydrogen bond to only one of the Cys. Notably, with
other spectroscopic approaches to analyze spin density, it is very difficult to obtain site-specific informa-
tion on spin density when there are equivalent or similar ligands. The authors also find that 1H and 13C
line widths correlate well with (A/h)app

2, (equation 16.18) but poorly with r−6 [equation (16.15)], suggest-
ing an unusual contact relaxation mechanism [104]. However, ligand-centered dipolar relaxation may come
into play as well. NMR studies of this and related sites as well as mutants have provided detailed insight
into how the structures of binuclear copper sites influence spin density distribution and electron transfer
activity.

16.6 Conclusions and Outlook

Nuclear magnetic resonance spectroscopy of paramagnetic molecules is underutilized in the inorganic chem-
istry community. Despite the many advances in collection and analysis of NMR data on paramagnetic com-
pounds, paramagnetism continues to be used as a reason to exclude NMR as a tool. While paramagnetism
makes NMR spectra more complex, with that complexity comes richness and insight into electronic structure.
In particular, NMR is well positioned to provide detailed maps of spin density distributions in paramagnetic
compounds. The chemistry and biochemistry communities have recently embraced paramagnetic relaxation
enhancements as an approach to analyze structure, which is an exciting development. Analysis of spin densi-
ties through relaxation rates and hyperfine shifts observed by NMR remains a specialty technique but holds
promise for broader use. It is expected that with continued developments in experimental and computational
arenas, the application of NMR to understand spin densities will make an increasingly significant contribution
to the field.
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17.1 Summary

It has long been recognized that metal spin states play a central role in the reactivity of important biomolecules,
in homogeneous catalysis and in spin crossover compounds. The latter offer many exciting possibilities for
novel, switchable materials with applications in computer storage and display devices. Elucidating the role
and effect of different spin states on the properties of a system is presently one of the most challenging
endeavors both from an experimental and theoretical point of view. This has been put forward in the chapters
in this book, both from a computational and an experimental point of view. The major highlights from these
chapters are listed below:

� Computational methods to describe spin states. At the moment there does not seem to exist a computa-
tional method that is able to describe spin-state behavior without any error. Out of the plethora of density
functionals (often called the alphabet soup) emerged a number of promising candidates [1, 2] (B3LYP∗,
OPBE, TPSSh, S12g, B2PLYP, M06-L); however, there are still some complexes that escape a proper
computational description of the spin states through DFT [3]. One example is the Fe(II)-porphyrin with
an axial histidine ligand [4], another class of examples is posed by spin-crossover of Fe(II) complexes [5].
The fundamental nature of this class of compounds is to have at least two spin states with nearly degenerate
energies. Thus a proper method will need to possess an extraordinarily high precision in determining ener-
gies of spin states to describe such systems. The use of wavefunction methods gives encouraging results,
but because of the complexity of these calculations and the computational cost of them, a straightforward
application to typical transition-metal complexes with ca 100 atoms is not easy.
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� Experimental methods to describe spin states. A combination of various spectroscopic techniques is
needed to pinpoint with certainty what kind of spin state the metals have in the systems under study.
Magnetic moment measurements can be useful to give a first indication, but these could be interfered by
metal impurities, especially when the magnetic moment of the compound is small. For iron-based sys-
tems, Mössbauer spectroscopy remains the ideal technique to clearly indicate both the oxidation state
and spin state, and when combined with EPR, very precise descriptions of the electronic structure of the
iron centers could be attained. For other paramagnetic metal ions that are of biological interest such as
copper, manganese, nickel or cobalt, magnetic measurements and EPR spectroscopy constitute powerful
techniques, but precise descriptions of spin states may be challenging.

� Multistate reactivity. The number and nature of metal mediated reactions where spin crossing processes
occur is continuously increasing. Considering that first row transition metals are the elements of choice
by nature to form metalloenzymes, and that high spin states and low spin states are nearly degenerate
for these ions, multistate reactivity can be envisioned to become a general situation in metallo-enzymatic
redox catalysis. The theoretical framework for the understanding of the crossing-points of spin states is
now well placed through, for example, the work on minimum-energy crossing points by Harvey, Schwarz
and co-workers [6, 7] or exchange-enhanced reactivity by Shaik and co-workers [8, 9] (to name just a
few examples). Future investigations will also test if high spin states are largely prevalent in transition
states, and thus if the theory of exchange enhanced reactivity is substantiated. On the other hand, the
recognition that reactivity is naturally connected to the spin state brings also the exciting possibility of
developing systems whose reactivity could be triggered or stopped at will by manipulating the spin state. It
has already long been recognized that this control is nicely employed by nature to initiate an O2-activation
cycle in P450 upon substrate binding in the active site. Realization of such control in synthetic systems
can be envisioned.

� Similarity and differences between biology and chemistry. Nature uses various metalloenzymes for com-
plex chemical transformations that are done selectively under ambient conditions. This often involves a
high-valent metal-oxo species in the active site for instance for the functionalization of strong C–H bonds
[10], or in the case of the oxygen-evolving complex of photosystem II a highly complex metal-oxygen
cluster [11]. A deeper understanding of the mechanism taking place in these enzymes might be obtained
through biomimetic model complexes that often involve metal-oxo species. There are however still many
unanswered questions about the chemistry of these high-valent metal complexes, such as the role of the
spin state in their reactivity.

� Spin-crossover and molecular magnetism. Many transition-metal complexes exhibit bistability behavior,
where under the influence of temperature, pressure or light can be switched between different (meta)stable
states. This interesting property can be exploited in technological advances, such as quantum-computing
(qubits), molecular coolers or electronic devices like computer displays or memory. Often however this is a
collective property where through cooperative interactions this switching takes place, and hence apart from
the knowledge about the intrinsic spin-state behavior of a complex, the manifold of neighbor-neighbor and
long-range interactions at the Nano-scale should also be taken into account. Obviously, this complicates
matters considerably and makes the prediction of spin-state switching in these systems a challenging task.

17.2 Outlook

Throughout this book several authors have discussed how spin states play a chemistry defining role for a
wide range of systems in biology, inorganic chemistry, physical chemistry and life sciences. Through a com-
bination of spectroscopy and theory one might understand in greater detail the reactivity and (bio)catalysis
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of (non)heme enzymes, and biomimetic complexes that are used to gain a deeper understanding of the com-
plicated processes that take place in these enzymes. Nevertheless, there is much work ahead as scientific
discoveries in these fields are often obtained through serendipity, and there does not seem to be a straightfor-
ward manner in which one would be able to control the spin-state behavior of transition-metal complexes.

This has been put forward as one of the aims of the ECOSTBio COST Action CM1305, where through
rational design of ligand coordination explicit control can be exerted over spin states. The interaction of
theoreticians and experimenters should lead to synergy: it would help the theoreticians to validate their models
and the experimentalists to improve the performance of novel materials with desired properties. This has been
one of the main movements that have been observed in the past decade, where previously theoreticians and
experimenters were co-existing in their own isolated habitat and only occasionally an isolated joint study
was performed. However, more and more joint experimental/theoretical studies are being carried out, where
the role of theory is changing as well. Instead of being used only as an analysis tool to clarify some parts
of the experimental results, theory now can also be used as predictive tool to guide experiments. This is
the result of three important issues: (i) advances in computing power, which enables a realistic study of
the actual transition-metal complexes instead of a small and simplified model system; (ii) advances in the
computational descriptions that make the computed results more reliable; and (iii) an increase in confidence
by the experimenters that the theoretical results can be trusted. All of these go hand in hand with the increasing
use of spectroscopic techniques to characterize the complexes, intermediates and products, which can be used
to corroborate or falsify (experimental or computational) proposals for what is going on.

We anticipate that in the next few years collaborative efforts between synthetic chemists, spectroscopists,
theoreticians and chemists working in catalysis will continue to increase with the aim of building a more
profound understanding of both the origins and consequences of spin states in the chemical properties of
transition-metal complexes. This will help us to explore new exciting pathways in technology, and to get a
better grip of how nature has used metals and spin states in the design and maintenance of human life.
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[3] M. Swart, M. Güell and M. Solà, Accurate description of spin states and its implications for catalysis in C.F. Matta

(Ed.), Quantum Biochemistry: Electronic Structure and Biological Activity, Wiley-VCH, Weinheim-Germany, pp.
551–583 (2010).

[4] N. Strickland and J. N. Harvey, Spin-forbidden ligand binding to the ferrous-heme group: ab initio and dft studies,
J. Phys. Chem. B 111, 841–852 (2007).

[5] B.J. Houghton and R. J. Deeth, Spin-state energetics of FeII complexes—the continuing voyage through the density
functional minefield, Eur. J. Inorg. Chem. 2014, 4573–4580 (2014).
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10Dq (Δ), 11, 23, 86, 93–94

Absorption spectra, see UV-Vis spectroscopy
Actinides, 271
Activation

bond, 107, 132, 146
C-H bond, 104, 110, 112–113, 132, 134–137, 146,

160, 168, 170–171, 218–220, 230, 436
O2, 186, 188, 193, 208, 369–370, 377, 396, 436
substrate, 248, 370

Active space, see Wave function (theory),
multiconfigurational

Adiabatic demagnetization, 278
Addition

CO, 108
N2, 108
oxidative, see Reactions, oxidative addition

Agostic interaction, 111, 115
Alzheimer’s disease, 191, 247
Angular momentum, (spin), 62, 272
Angular overlap model (AOM), 11, 96
Antiferromagnetic, see Spin-spin interactions,

antiferromagnetic
Aromaticity, 91
Atmospheric chemistry, 157
Average orbital configuration (AOC), 13

Barrier height, see Reaction barrier
Basicity, 219–220
Basis set, 4, 16, 328, 375, 421

d-functions, 4
gaussian-type orbitals (GTO), 16
h-functions, 43
including effective-core potentials (ECPB), 16
size, 43
Slater-type orbitals (STO), 16

Bell–Evans–Polanyi (BEP) principle, 131, 146–147
Biomimetic chemistry, 133, 137

Biomimetic complexes, 2, 35, 50, 52, 134, 241, 253, 386,
436–437

Bistability, 85, 88, 267, 436
Bleomycin, 369–371, 398
Bond energy (strength), 160–161, 194, 197, 219, 401
Branching ratio, 169–171
Broken symmetry method, 245, 297–319, 347, 352, 354

C-H bond activation, see Activation, C-H bond
CASPT2, see Wave function (theory),

multiconfigurational, CASPT2
Catalysis, 104, 119–125
Catalyst, 103

Phillips, 121–123
CCSD(T), see Wave function (theory), coupled cluster

theory
Charge transfer, 275, 329, 375

ligand-to-metal (LMCT), 44, 115, 369, 390, 427
metal-to-ligand (MLCT), 37–38, 45–46, 115

Chemical shift, 15, 78–79, 332, 360, 413
diamagnetic, 78–79, 412–413
Fermi contact, 78–79, 411, 413, 419, 429

relation with spin density, 413–414
from DFT, 416, 419–421, 424
hyperfine, 412–413, 416, 419–420, 424
linebroadening, 412
paramagnetic, 78–79, 412–416

diamagnetic reference molecule, 417
pseudocontact (dipolar), 78–79, 413–414, 420, 422,

424, 429
Co-factor, 185, 187–188, 298, 327, 350, 371

MoFe, see Iron-sulfur clusters, MoFe7S9

(MoFe co-factor)
𝛼-ketoglutarate (𝛼-KG), 186, 191–192, 196–197, 207,

370, 382
CoH+, 163–164
CoI complexes, 116, 119
CoII complexes, 16, 21, 47, 79, 93–94, 110, 272–273, 277
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CoIII complexes, 12, 93, 229, 273, 277
Collision energy, 158–159, 166, 169
Collision rate, 157
Color (change), 8, 89
Compound 0, 189, 343
Compound I (Por∙+FeIVO), 134, 137, 145, 149, 189, 203,

220, 343, 345–349
Compound II (PorFeIVO), 145–146
Computational chemistry, 4, 119

effect on spin states of ingredients, 4
spectroscopic properties, 332, 361

Condensed phase, 111
Conductivity, thermal, 282
Cooperative interactions, 85, 88, 91, 436
Coordination chemistry, 7–8, 85, 203, 230, 285
Coordination clusters, 266
Coordination complexes, 266
Coordination geometry, 220, 300

tbp, trigonal bipyramidal, 208, 210
tp, trigonal-planar, 238

Coordination number, 71, 103, 110, 237, 276, 299
Coordination polymers, 266
Coordination sphere, 71, 209
Coordination, hepta, 20
Copper proteins, 427–429
Corrolazine, MnV, 137, 146
Counterions, 91
Covalency, see Metal–ligand covalency
Cr0 complexes, 37
CrI complexes, 124
CrII complexes, 93, 121–123
CrIII complexes, 21, 49, 280
CrV complexes, 204
Cryogenic cooling, 278
Crystal field (theory), 86, 204, 272, 280
Crystal packing, 91, 95
Crystal structure, 92
CuII complexes, 49, 264, 285
Curie law, 62–63, 78
Cyclic voltammogram, 215
Cytochrome c, 265, 422, 424

Defects, 269
Density functional approximations, 9, 10–11, 435

broken symmetry, see Broken symmetry method
double hybrid functionals, 10, 15, 95

B2PLYP, 11, 96, 435
empirical fitting, 9
experimentally calibrated, 375
generalized gradient (GGAs), 10, 15

BLYP, 15, 18, 340

BP86, 15, 17–19, 22, 304, 307, 337, 351, 353, 360,
375

OPBE, 11, 15–25, 96, 338, 435
OLYP, 18–20, 96, 98, 306–307, 309, 311
PBE, 10–11, 351
S12g, 9, 11, 16–25, 435
SSB-D, 9, 11, 16–26, 338

hybrid functionals, 10, 15, 95, 375
B3LYP, 9–10, 15–20, 22, 95, 111–112, 114, 119,

122–123, 162, 173–175, 307, 317, 337,
339–340, 345, 347, 349, 351, 353, 360–361

B3LYP∗, 9, 15–16, 19, 95, 98, 435
PBE0, 10, 15, 17

long-range corrected, 15, 18, 98
meta-GGAs, 10

M06-L, 17–18, 22, 435
meta-GGAs (hybrid), 10

M06, 112, 351
M06-2X, 15
TPSSh, 10–11, 16, 18–19, 96, 338, 435

metal-oxyl complexes, 218
non-empirical, 9
self-interaction error (SIE), 328
spectroscopically calibrated, 375

Density functional theory, 9, 50, 52, 95, 119, 141, 167,
214, 232, 265, 299, 308, 328, 375, 385, 409,
416

Determination of spin state, 59
Dielectric properties, 98
Diels–Alder cyclo-addition, 119
Dispersion energy, 4, 10, 328
DMRG, see Wave function (theory),

multiconfigurational, density matrix
renormalization group (DMRG) theory

DNA base demethylation, 185, 190, 192–193
Double exchange, 201
Double-shell effect, 38
Driving force, 4, 220

E/D ratio, 67–68, 208, 211, 217, 373, 378
Effective core potential (ECP), 16
Electric field gradient (EFG), 72, 82, 333
Electrometric states, 134
Electron correlation, dynamic, 13, 36, 38–39, 41–42, 97
Electron correlation, nondynamic, 13, 36, 38, 97
Electron count

d-orbitals, 144–145, 205
valence, see Valence electron (VE) count

Electron–electron repulsion, 138
Electron-nuclear double resonance (ENDOR)

spectroscopy, 283, 299, 316, 331, 348
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Electron–nucleus interaction
correlation time, 415
through-bond, 410

Electron paramagnetic resonance (EPR) spectroscopy,
60, 66, 189, 204, 206, 208, 211, 213, 216, 232,
234–235, 239, 248, 265, 274, 284, 299, 308, 314,
331, 336, 352, 373, 409, 436

Electron reservoirs, 118
Electron-shift diagrams, 140, 142
Electron spin echo envelope modulation (ESEEM)

spectroscopy, 317
Electron transfer, 104, 273, 297, 333–334,

357–359
hopping mechanism, 359
Marcus equation, 106, 357
reorganization energy, 358, 426, 429
super exchange mechanism, 359

Electron-withdrawing groups, 120
Electronic configurations, 8, 85–86, 243
Electrostatic repulsion, 15
Elementary reactions, 111
Elimination

reductive, 103, 107, 110, 119
𝛽-hydride, 104, 112–115, 120

Embedded cluster approach, 47
Embedding schemes (QM/MM), see Quantum

mechanics/molecular mechanics (QM/MM),
embedding schemes

Energy thresholds, 160
Enthalpy, 21, 96
Entropy, 4, 21, 86, 96–98, 278–280
Environment effects, 328–329
Enzymes, 327, 436

copper
dopamine 𝛽-monooxygenase, 242–243
galactose oxidase, 237–242

electrostatic field, 331
heme, 185–186

catalase, 185
cytochrome P450, 134, 145, 149, 160, 173,

186–190, 203, 343, 436
catalytic cycle, 188–190, 343–344
compound I, see Compound I (Por∙+FeIVO)
effect of protein environment, 345
hydrogen peroxide shunt, 189

monooxygenase, 185, 188
peroxidase, 185
peroxygenase, 188

hydrogenase, 349–354
hydrogenase (Fe-Fe), 300, 352–354
hydrogenase (Ni-Fe), 315–318, 350–352

nitrogenase, 298
MoFe co-factor, see Iron-sulfur clusters, MoFe7S9

(MoFe co-factor)
P-cluster, see Iron-sulfur clusters, Fe8S7 (P cluster)

nonheme, 185–186, 190–197, 203, 207, 210–211,
369–370

cysteine dioxygenase (CDO), 191, 247–251, 385
desaturases, 132
dioxygenase, 186

extradiol, 370, 377
intradiol, 369
Rieske, 298, 370

halogenases, 194–197, 371, 392
HPPD, 377–378
isopenicilin N-synthase (IPNS), 377–378
methane monooxygenase (MMO), 131
monooxygenase, 186
pterin-dependent, 370, 386, 394
taurine:𝛼-ketoglutarate dioxygenase (TauD), 131,

137, 185, 191, 210, 230, 251–252, 370, 386
oxidases, 186
promiscuous, 193
reductase, 298

adenosine-5′-phosphosulfate reductase, 310
nitrite oxidoreductase, 298
sulfite oxidoreductase, 298

Ethylenedioxytetrathiafulvalene (EDO-TTF), 275
Evans method, 60, 77–78
Exact (Hartree-Fock) exchange, 4, 15, 95
Exchange coupling, (magnetic), 63, 65, 74, 78, 81, 240,

264–265, 269, 300, 305, 333–334, 347, 356
Exchange interaction, (Kdd), 138–141
Exchange saturation, 145
Exchange-correlation (xc) energy, 10
Exchange-enhanced reactivity (EER) principle, see

Reactivity, exchange-enhanced (EER)
Excitations, metal-to-ligand (MLCT), see Charge

transfer, metal-to-ligand
Excited states, 22
Extended X-ray absorption fine structure (EXAFS), 74,

191, 236, 238, 241, 251, 372
Eyring rate equation, 105

[Fe(CO)x] complexes, 108
FeH+, 163–164
FeI complexes, 72, 175, 272, 304
FeII complexes, 12, 15, 17–19, 22, 44, 71–72, 79, 87–93,

110, 114, 191, 272, 277, 351, 369, 381, 422
FeIII complexes, 15, 49, 71–72, 79, 86, 93–94, 141, 145,

148, 175, 189, 192, 207–209, 264, 272, 277, 280,
285, 304–305, 344, 369–370, 381, 398, 422
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FeIV complexes, 72, see also Metal oxo, FeIVoxo;
Compound I (Por∙+FeIVO); Compound II
(PorFeIVO)

FeO+cation, see Transition-metal oxide, FeO+cation
Fermi surface, 275
Ferredoxins, 298

rubredoxin, 299, 420, 426
thioredoxin, 310

Ferrocenium, 214, 216
Ferromagnetic, see Spin-spin interactions, ferromagnetic
Fluorescence quantum yield, 359
Force constant, 373, 396
Force field, see Molecular mechanics, force field
Franck–Condon, 287, 387–392
Frequency, stretching, 373, 375, 387, 389, 396
Frontier molecular orbital (FMO) interactions, 143–144,

372, 381–383, 386, 389–390, 392–396

g-Anisotropy, 62, 64, 234
g-Tensor (values), 211, 214, 217, 234, 248, 299, 302,

331, 336, 338, 347, 351–353, 359, 414, 417, 419,
424–425, 429

Gas-phase reactivity, see Reactions, gas-phase
GdIII complexes, 281, 285, 287
Generalized gradient approximations (GGAs), see

Density functional approximations, generalized
gradient (GGAs)

Glauber dynamics, 268, 270
Gold electrodes, 93

Hamiltonian (spin), see Spin Hamiltonian
Hartree-Fock approximation, 9, 35–36, 95, 97
Heat capacity, 60, 80, 265
Heisenberg chain model, anisotropic, 269
Heisenberg coupling parameter (J), 48, 65, 81, 301, 305,

333–335, 347
Heme, 50–51, 134–136, 185, 422–425

ruffling, 424
Hohenberg–Kohn theorem, 10
Hund’s rule, 85

of chemical reactivity, 138–139
Hydrogen atom abstraction, see Reactions,

hydrogen-atom abstraction
Hydrogen atom transfer (HAT), 110
Hydrogen evolution, 349
Hydrogen peroxide, 188
𝛽-Hydrogen transfer, 111
Hyperfine coupling (constant), 66, 79, 81, 217–218, 234,

316–317, 333, 338, 347, 352–354, 360, 410–413,
419–420, 424, 427, 429

relation of sign with spin density, 412

Hyperfine sub-level correlation (HYSCORE)
spectroscopy, 316–317

Hysteresis, 85, 88–91, 94, 98, 267–268, 270, 275

Impurities, metal, 8, 61, 63, 436
Infrared (IR) spectroscopy, 80, 341, 386

Fourier transform (FTIR), 208, 210, 331, 336
Internal conversion, 45
Intersystem crossing, 45, 52, 167, 169, 174
Intruder state, see Wave function (theory),

multiconfigurational, intruder state
IPEA (ionization potential-electron affinity) shift, 39, 43,

45
IrI complexes, 161
IrIII complexes, 235
Iron-nitrosyl {FeNO}7 complexes, 248, 303–310,

372–402
Iron(IV)-oxo, see Metal oxo, FeIV-oxo complexes
Iron-sulfur clusters, 297–319, 352, 425–427

Fe(SR)4, 299, 426
Fe2S2, 298–302, 304, 307–308, 370
Fe3S4, 298–299, 308–309, 315–318, 352
Fe4S4, 298–299, 303–304, 308–309, 311–315, 353,

427
[Fe4S4]1–/2− (high-potential iron protein, HiPIP),

299, 427
[Fe4S4]2–/3− (ferredoxins), 299, 427

Fe8S7 (P cluster), 298, 318
labile iron site, 298
MoFe7S9 (MoFe co-factor), 298

Ising limit, 269–271
Ising magnetic anisotropy, 267
Ising spins, 268
Isotope labeling, 206, 208, 211, 213, 215, 218, 251, 373,

396–397, 426

Jahn–Teller distortion, 13, 21, 23, 48, 214, 217, 240, 270
Jahn–Teller stabilization energy, 21

Kinetic isotope effect (KIE), 113, 133, 148–150, 239,
242, 251, 398

Kinetics, 104, 108, 112, 116, 159–160, 163, 166, 170,
174, 239, 315, 331

Kohn–Sham theorem, 10
Kramers doublet, 66, 427

Lanthanides, 268–272, 285
Larmor frequency, 415
Lewis acid interactions (Sc3+), 215, 217–218, 245
Ligand association, see Ligand exchange
Ligand exchange, 104, 107–109
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Ligand field density functional theory (LF-DFT), 12–15,
21–25

Ligand field molecular mechanics (LFMM), 11, 96
Ligand field theory (LFT), 7, 11–12, 45, 87, 93, 96, 99
Ligand field, 64, 237, 276, 299, 375

octahedral, 11
tetrahedral, 11

Ligand sphere, 139, 171, 437
Ligand

2-butyne (MeC≡CMe), 206
acetate, 193, 215, 239, 264, 281
bipy (2,2′-bipyridine), 16, 44, 79, 232, 270, 272–273
catecholate, 118, 232, 234, 369–370
Cl, 175, 196
CN−, 12, 90, 92, 231, 265, 270, 275, 277, 417, 425
CO, 37, 44, 108–109, 112–114, 300, 383
corrolazine, 135, 137, 146
cyclam, 71, 73, 394–396
daco (1,5-diazacyclooctane), 385
dpp (2,6-di(1H-pyrazol-1-yl)pyridine), 44, 93
electrophilic, 148, 204, 210, 215, 245–246, 370, 383,

389, 394, 396, 400–401
H3buea (1,1,1-tris[(N′-tert-butylureaylato)-N-

ethylene]aminato), 208–219
hydride, 110–115, 163–164, 231, 351
hydroxide, 110, 180, 231, 351, 425
hydroxyl, 116–117, 168, 173–174, 317, 399
imidazole, 51, 89, 193, 317
mesityl, 206, 213, 245
N3

− (azide), 71, 73, 87, 372, 377
N4Py (N,N-bis(2-pyridylmethyl)-N-bis(2-pyridyl)

methylamine), 136–137, 141, 143, 217, 386,
389, 392–393, 396, 399, 402

NCS, 15–16, 44, 91, 273–274, 276
NO, 231, 248–249, 303–309, 361, 372–402
nucleophilic, 205, 310, 383
PH3, 44, 95–96, 109, 112–113
phen (1,10-phenanthroline), 15–16, 44, 87, 91, 93,

173–175, 177, 270, 273
phenanthraquinone, 177
pic (2-(aminomethyl)pyridine), 44, 92
porphyrin, see Porphyrin
pyrazine, 90–92, 284
radicals, 230
redox non-innocent, 3, 104, 116, 171, 174–177,

229–253, 299, 304, 372
salen, 137, 213, 270
Schiff-base, 89, 270
semiquinone, 118, 177, 234, 273
tacn (1,4,7-triazacyclononane), 16, 21–23, 25, 97, 266,

372, 377

tbc (1,4,8,11-tetrabenzyl-1,4,8,11-tetraaza-
cyclotetradecane), 394

terpy (2,2′:6′,2′′-terpyridine), 16, 44, 69, 232
tetrazole, 16, 42, 44
tmc (1,4,8,11-tetramethyl-1,4,8,11-tetraaza-

cyclotetradecane), 136–137, 143–144,
209–210, 212–213, 217, 386–387, 389, 394,
396, 398–399, 402

TMG3tren (1,1,1-tris(2-[N2-(1,1,3,3-
tetramethylguanidino)]ethyl)amine), 210, 386,
390–392

tosylimido, 245
Tp (trispyrazolylborate), 16, 21, 109, 115, 272
tpa (tris(2-pyridylmethyl)amine) derivatives, 272–273,

396–397
triazole, 44, 90–92

Light-induced excited spin state trapping (LIESST),
45–46, 89–90

Lipoxygenases, 369

Magnetic anisotropy, 64, 267–269, 280, 416, 420,
422

Magnetic circular dichroism (MCD), see X-ray magnetic
circular dichroism

Magnetic coupling, 35, 39, 47–50
Magnetic field, 61, 66, 70, 73, 78, 80, 278, 414
Magnetic measurement, 60–66, 86, 88, 206, 213, 215,

267, 274–275, 435
Magnetic relaxation, 265–267, 269, 271
Magnetic susceptibility, 61, 63, 66, 77–78, 91, 215,

264–265, 269, 274, 276, 299, 302, 343, 351, 373,
417

Magnetization, 61, 265
Magnetization saturation, 63
Magnetoanisotropy, see Magnetic anisotropy
Magnetocaloric effect (MCE), 278–282
Magnetochemistry, 264
Magneto-structural correlations, 264
Marcus equation, see Electron transfer, Marcus equation
Mass spectrometry, 158, 206
Metal hydroperoxo, 242, 246, 370–371, 396
Metal nitridyl, 231
Metal oxo, 110, 117, 133, 138–139, 142, 203–220, 246,

436
CrIV–oxo, 215
Cu–oxo, 244–245
FeIII–oxo, 207–209
FeIV–oxo, 47, 132, 139, 146, 148, 186, 194, 197, 207,

209–211, 371, 383, 386, 389, 394, 399
FeV–oxo, 206, 212, 401
IrV-oxo, 206
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Metal oxo (Continued )
Mn-oxo, 136–137, 146, 203, 210, 212–217

EPR spectra, 216–217
MnIII–oxo, 210, 212–213
MnIV–oxo, 213–214
MnV-oxo, 214–216
ReIII–oxo, 206
triple bond, 205–206
VIVoxo, 204, 242

Metal-ligand bond (strength), 38, 80, 87, 203, 219
Metal–ligand covalency, 87, 210–211, 218, 411, 419,

426–427
Metal-organic framework (MOF), 90, 281
Metal–oxyl, 218, 230–231, 251
Metal–peroxo, 186, 189, 246, 370, 383
Metal–superoxo, 117, 186, 189, 192, 194, 242, 246, 248,

371, 377, 383
Metallobiochemistry, 298
Metalloenzymes, see Enzymes
Metalloproteins, 77–78, 211, 409

paramagnetic, 61, 264, 409–410, 420, 422
Metastable state, 89
Metathesis, 113
Methane activation, 110
Microwave frequency, 70, 211

D-band, 70
Q-band, 66, 70
W-band, 70
X-band, 66–68, 70, 208, 284

Migratory insertion, 103, 107
Minimum energy crossing point (MECP), 52, 104–107,

109, 112, 113–114, 116, 119, 123, 132, 362, 436
Mixed-valence (cluster), 266, 280, 299, 301, 312
MnI complexes, 138
MnII complexes, 22, 93, 114
MnIII complexes, 70, 93–94, 210, 217, 272
MnV complexes, 136–137, 145–146, 203
MoII complexes, 108
MoIII complexes, 109
Molecular coolers, see Refrigerants, molecular-based

magnetic
Molecular dynamics simulations, 97, 337

Car-Parrinello, 337
Molecular magnetism, 61–62, 263–287, 436
Molecular mechanics, 329

bonded interactions, 330
electrostatic QM/MM interactions, see Quantum

mechanics/molecular mechanics (QM/MM),
embedding schemes

force field, 329–330, 338, 341

AMBER, 341, 344, 349
CHARMM, 341, 345
GROMOS, 341
OPLS-AA, 341
polarizable, 338, 359
TIP3P, 338

non-bonded interactions, 330
Molecular nanomagnet, 265–273
Møller-Plesset perturbation theory, see Wave function

(theory), perturbation theory, Møller-Plesset
second-order

Monte Carlo simulations, 97–98
Mössbauer spectroscopy, 60, 70–74, 88, 189, 191,

207–208, 210, 212, 229, 232, 235, 251, 299,
302, 316, 331, 338, 347–348, 352, 360, 385,
436

isomer shift (𝛿), 71–72, 208, 210, 235, 299, 307,
348

magnetic hyperfine splitting, 71, 73
quadrupole splitting (ΔEQ), 71–73, 208, 210, 235,

348
MoV complexes, 204
MP2, see Wave function (theory), perturbation theory,

Møller-Plesset second-order
Multiconfigurational ab initio methods, see Wave

function (theory), multiconfigurational
Multideterminant density functional theory, see

Ligand-field density functional theory
Multideterminantal wave function (theory), see Wave

function (theory), multiconfigurational
Multipole expansion, 338
Multireference methods, see Wave function (theory),

multireference
Multistate reactivity, 103, 110, 112, 120, 132–150,

160–164, 245, 436

Nanoparticles, 92, 98
Natural bond orbital analysis, 420
Neutron diffraction, (polarized), 60, 80, 206
Neutron scattering, (inelastic), 60, 80, 265
NiH+, 163–164
NiI complexes, 351
NiII complexes, 12, 20, 64, 110, 114, 276, 350–351
NiIII complexes, 116, 350–351
Nitrogenase, 3
Non-innocent ligands, see Ligands, redox non-innocent
Nonheme, 134–137, 185
Nuclear magnetic resonance (NMR) spectroscopy, 60,

215, 283, 331, 336, 341–342, 360, 409–429
paramagnetic, 77–78, 299, 409–429
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Nuclear relaxation, 412, 414–415, 418
Curie spin relaxation, 415, 422
dipolar relaxation, 415, 429
Fermi contact relaxation, 415–416

Nuclear resonance vibrational spectroscopy (NRVS),
386, 389, 392–394, 398–399

Oligomerization, (acetylene), 115, 119
Optical features, 209

d-d transitions, 209
Orbach theory, 271
Orbital delocalization, 139
Orbital momentum, 62, 81
Orbital promotion energy (ΔEorb), 137–140, 146
Orbital selection rules, 137, 141
Orbital splitting, 7, 139
Orbitals

active, 37–38, 42
anti-bonding, 2, 20, 164, 170–171, 265
bonding, 2, 164–165, 170, 265
d-orbitals, 1–2, 372, 410, 423, 425

double-shell effect, see Double-shell effect
inactive, 37–38
natural bond, 420–421
non-bonding, 164
virtual, 37–38

Organometallics, 36, 103–126, 300
Os+ complexes, 162
Oxidation potential, 210, 214, 219
Oxidation, single-electron, 104, 138, 381
Oxidation state, 1, 3, 8, 12, 47, 52, 71–72, 76, 110,

116–118, 123, 138, 148, 161, 163–164, 206, 212,
229–230, 235, 237, 244, 274, 299, 304, 313, 327,
417, 436

FeIII–(𝜇-O)–ScIII, 217–218
formal, 229
Mn-oxo, 212

Oxidative addition, see Addition, oxidative
Oxo wall, 205, 217
Oxygen-evolving complex (Photosystem II), 212, 265,

300, 354–357, 436
Oxygen transport, 185

Pairing energy, 7, 12, 24–26, 93–94, 109, 138
Paramagnetic relaxation enhancement (PRE), 415, 418,

428
Parkinson’s disease, 191, 247
PdH+, 164
Peroxy intermediate, 186
Phonon modes, 96, 98

Photochemistry, 52, 132, 276–277, 359, 424
Photoelectron spectroscopy (PES), 299
Photomagnetism, 277
Photosystem I, 298
Photosystem II, see Oxygen-evolving complex

(Photosystem II)
Polarizability, 338
Polymerization, olefin, 114
Polyoxometalate (POM), 137, 215, 217, 281, 285
Porphyrin, 50–51, 173, 187, 213, 276, 417, 423–425

Chloro-FeIII, 19
Mn, 135–136, 145–146

Post Hartree-Fock methods, 36, 328. See also Wave
function (theory)

Potential energy surface, 104
Proton-coupled electron transfer (PCET), 140, 219,

297–298
concerted vs. stepwise, 219

Prussian blue (analogs), 265, 275, 277
Pt+ complexes, 162–163
PtH+, 164

Quantum coherence, 282–285
Quantum computing, 268, 282, 284–286, 436
Quantum dots, 283
Quantum entanglement, 282, 284
Quantum interference phenomena, 268
Quantum mechanics/molecular mechanics (QM/MM),

146, 192, 197, 242, 248, 327–362
boundary region, 331–332, 341, 343

adaptive, 357
electron transfer, 358–359
embedding schemes, 329–331, 343, 349

potential errors, 342, 360
QM model, 341, 356, 360
electrostatic (electronic), 330, 347, 355–356
mechanical, 330
polarizable, 331, 349

link atom, 331–332, 341, 360
Quantum Monte-Carlo, (diffusion), 167
Qubit, 282–286, 436

Racah’s repulsion parameters, 11, 13–14, 23, 25–26,
86–87

Radicals
ligand-centered, see Ligands, redox non-innocent
metallo-centered, 104

Raman spectroscopy, 336
RASSCF, see Wave function (theory),

multiconfigurational, RASSCF
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Rational design, 126
Reaction barrier, 15, 103–104, 109, 112, 133, 142, 160,

169–170, 173–174, 266, 271, 396
Reaction coordinate, 109
Reaction mechanisms, 103
Reactions

alkane amination, 243
alkene aziridination, 243
C-H bond functionalization, see Activation, C-H bond
desaturation, 191
driving force, see Driving force
enzymatic, 329

electrostatic field, 331
epoxidation, 136, 186
gas-phase, 109–110, 157–178
halogenation, 191, 194–197
hydrogen-atom abstraction, 133–138, 140, 143, 148,

169, 173–174, 194, 230, 241–242, 251, 377,
386, 389, 399

𝜋-pathway, 140–141, 389–390
𝜎-pathway, 140–141, 389–390

hydrogen-atom transfer (HAT), 4, 220
hydroxylation, 134–135, 146, 188, 190, 197, 203, 242,

251
oxidative addition, 103, 107, 109–110, 203
oxygen-atom transfer (OAT), 218, 386, 394–396
oxygenation, 134
spin-allowed, 132, 157, 163
spin-forbidden, 3, 104–107, 111, 119, 132, 146, 157,

186, 188
Reactivity

exchange-enhanced (EER), 132, 138, 140–150,
436

open-shell, 104
orbital-controlled (OCR), 138, 140–141, 146
spin-state, 148

Rebound mechanism, 110, 134, 137–138, 173–174, 190,
194, 197

Redox inactive metal ions, see Lewis acid interactions
Redox potential, 218, 220, 303, 314
Reduction potential, 305, 400, 424, 426
Reductive elimination, see Elimination, reductive
Refrigerants, molecular-based magnetic, 278, 281–282,

436
Relativistic effects, 4, 105, 161

scalar zero’th order regular approximation (ZORA),
19–20

Reorganization energy, see Electron transfer,
reorganization energy

Repulsion parameters, see Racah’s repulsion parameters

Resonance Raman spectroscopy, 191, 207, 210, 215, 229,
245, 251, 373, 375, 396–397

Resonance splitting, 301
Respiratory cycle, 186
Rhombicity, see E/D ratio
Roussin’s black salt, 304, 308
RuIII complexes, 234
Rydberg states, 39

Sc3+, Lewis acid, see Lewis acid interactions (Sc3+)
Scanning tunneling microscopy, 93
Serendipity, 270, 437
Single-chain magnets (SCM), 265, 268–271
Single-ion magnets (SIM), 265, 271–273
Single-molecule magnets (SMM), 265–268
Single-molecule toroics, 268
Single-state reactivity (SSR), 104, 132, 163, 168
Singly occupied molecular orbital (SOMO), 234–235,

338, 347, 410
Size consistence, 40
Slater determinant, 13, 36
Solvation, 4, 21, 95, 329, 335

absence of, 158
cavity field, 336
conductor-like screening solvation model (COSMO),

17, 24–26, 96, 306–307, 309, 311, 335, 356
local field, 336
non-equilibrium, 336
polarizable continuum model (PCM), 307, 335, 337
reaction field, 336
self-consistent reaction field (SCRF), 337

Spectra, charge-transfer, 12
Spin acceleration, 103, 106, 109, 115, 124, 164
Spin blocking, 103, 108
Spin contamination, 15
Spin crossover (complexes), 10, 23, 41–47, 85–99, 104,

264, 273, 436
Spin-crossover efficiency, 167
Spin crossover, multistep processes, 89
Spin delocalization, 301, 303, 352, 358, 410–411,

424–425
Spin density, 4, 51, 60, 80, 165, 171, 218, 230, 232,

234–235, 241, 299, 305, 310, 317, 331, 337–338,
345, 347–348, 352, 358, 360–361, 409–429

from NMR spectra, 416, 421
influence on NMR chemical shifts, 412–413
NMR shifts from s-orbital density, 414

Spin depending bonding energy, 301
Spin flip, 37, 116, 161–162, 164, 166–167, 170–171,

173–174, 177
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Spin Hamiltonian, 48, 63–66, 81, 265, 332–335, 373
Spin inversion, 132, 150

probability (SIP), 150
Spin–orbit coupling, 52, 81, 104, 109, 116, 126,

132–133, 169–171, 175, 234, 237, 272, 333,
378–379, 390, 422

Spin polarization, 280, 285, 299–300, 318, 375,
410–411, 421, 424

Spin–spin interactions, 132, 300, 316
antiferromagnetic, 65–66, 115, 141, 207, 240–241,

249, 264, 270, 280, 284, 299–300, 305, 310,
312, 372, 377, 385

ferromagnetic, 65–66, 115, 141, 240, 265, 270, 280,
301

Spin-state crossing, 103–104, 106, 112, 175, 177, 249,
338, 383, 425, 436

light-driven ligand-induced (LD-LISC), 276
Spin-state selectivity, 132, 138
Spin transition, 86, 88, 103
𝜋–𝜋 Stacking, 91
Superconducting quantum interference device (SQUID),

61, 77, 90
Superoxide, 117
Superoxo, end-on, 117
Superparamagnetic, 266
Surface effects, 92
Surface hopping (probability), 105, 108–109
Symmetry

breaking, 299
broken, see Broken symmetry method
C3, 205, 208, 210–211, 217, 394
C3v, 386
C4v, 386
C5v, 285
cubic, 11–12
D4h, 423
octahedral (Oh), 8, 85–86, 99
spherical, 11
tetragonal, 204–205, 209, 214
tetrahedral, 72, 206
trigonal, 205–206, 210

Synchrotron radiation, 60
SyrB2, see Enzymes, nonheme, halogenases

T1/2 temperature, 88, 95, 97
Tanabe–Sugano diagrams, 41, 86–87
Tautomers, 230–231, 273
TbIII complex, 286
Temperature, blocking, 266–269, 271
TEMPO (tetramethylpyperidine-1-oxyl) radical, 283

Thermal energy, 159, 161, 163, 166, 171, 267
Thermochemistry, 9
Time-dependent density functional theory (TD-DFT), 17,

21–22, 385
Transition state (structure), 104, 110, 112, 169, 171, 244,

399, 401
Transition-metal oxide

CrO+cation, 165
CuO+cation, 171–174
FeO+cation, 132–134, 137, 145, 149, 164–167, 169,

173
MgO+cation, 168
ScO+cation, 164
TiO+cation, 165
VO+cation, 165

Transitions
allowed, 21, 23, 75
forbidden, 21, 23, 75

Trapping techniques, 159
Triad, facial 2-His-1-Asp, 190, 371, 375, 377
Tunneling, 151, 239, 265, 267–268, 273
Turnover rate, 187
Two-state reactivity (TSR), 52, 104–107, 110, 132–150,

164–171, 220, 251, 351

UV-Vis spectroscopy, 21–22, 80, 189, 214–215, 373,
375, 378

Valence electron (VE) count, 108
Valence-tautomerism, 273
Validation of density functional approximations, 15–25,

97
Variable temperature variable field (VTVH) magnetic

circular dichroism (MCD), VTVH-MCD, 371,
375, 378

Vibronic coupling, 12, 301
Vibronic structure, 104, 106, 386–387, 390–392
Virtual orbitals, see Orbitals, virtual

Water oxidation complex, see Oxygen-evolving complex
Water oxidation (photosynthetic), 203, 300
Wave function (theory), 9, 35, 265, 328, 435

configuration interaction (CI), 13, 36, 97, 380
difference dedicated (DDCI), 40
full, 37

configuration state function (CSF), 36, 39, 51–52
coupled cluster theory, 19, 37, 97, 166–167, 327–328,

340
equation of motion (EOM-CC), 37

Hartree-Fock, 36
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Wave function (theory) (Continued )
multiconfigurational, 36

CASPT2 (complete active space second-order
perturbation theory), 11, 16–17, 19, 39–40,
42–51, 97–98, 166, 345, 351

complete active space self-consistent field
(CASSCF), 22, 37–39, 42–52, 97, 116, 328,
345

density matrix renormalization group (DMRG)
theory, 40–41, 49, 51

intruder state, 39–40
IPEA shift, see IPEA (ionization potential-electron

affinity) shift
n-electron valence state second-order perturbation

theory (NEVPT2), 39–40
restricted active space self-consistent field

(RASSCF), 39–40
multireference (MRCI), 37, 40, 45, 386

equation of motion coupled cluster, see Wave
function (theory), coupled cluster theory,
equation of motion

perturbation theory, 36
Møller-Plesset second-order (MP2), 36, 328
Møller-Plesset second-order spin-component scaled

(SCS-MP2), 36, 340
semi-empirical, 339–340, 344
single determinant, 36–37

Wigner–Witmer rules, 132
Woodward–Hoffmann rules, 131

X-ray absorption near-edge structure (XANES), 74–75,
206, 236, 238, 245

K-edge, 74–75, 236, 238, 385
L-edge, 74–75, 237, 351

X-ray absorption spectroscopy (XAS), 60, 74–75, 210,
232, 236–237, 351, 373

X-ray crystallography, see X-ray diffraction
X-ray diffraction (XRD), 80, 92, 204, 206, 208, 214, 232,

372
X-ray emission spectroscopy (XES), 60, 74–77

K𝛽 (fluorescence) lines, 75, 215
X-ray magnetic circular dichroism (XMCD)

spectroscopy, 60, 80, 299, 302, 331, 371, 373,
375, 378, 386–387, 390

Zeeman coefficients
first order, 62
second order, 62

Zeeman effect, 66, 68, 70, 74, 81, 417
Zero-field splitting (ZFS), 13, 63–64, 67–70, 74, 81,

267, 285, 349, 373, 378, 386, 394, 413–414, 419,
422

Zero-point vibrational energy, 4, 43, 45, 96, 340
ZnII complexes, 79



[Fe(TACN)2]2+

[Fe(bipy)3]2+ [Fe(phen)2(NCS)2] [Fe(tz)6]2+

[Fe(dpa)2]2+ [Fe(amp)2Cl2]

Figure 2.3 Structures of some challenging FeII complexes (TACN=1,4,7-triazacyclononane, dpa=
dipyridylmethylamine, amp=monopyridylmethylamine, bipy=2,2′-bipyridine, phen=1,10-phenanthroline,
tz=1H-tetrazole).

Figure 2.8 Changes of the ligand field splitting parameter,Δ, and pairing energy along the metal–ligand distance,
rM-L in octahedral [FeCl6]4- ion from LF-DFT–SSB-D, COSMO(H2O); difference between approximate pairing en-
ergy (Π =2.5B+4C, B and C Racah’s parameters) and pairing energy from full diagonalization of LF matrix (Π exact)
is indicated.
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Figure 3.5 Energies of different spin states as function of the tetragonal Jahn–Teller distortion. The reference
energy E0 is that for the LS state in the undistorted lattice (T=5K). Reproduced from L. Siurkshina et al., 2010.
With kind permission of The European Physical Journal (EPJ).

Figure 3.6 Schematic representation of the magnetic model of [CuCl-(imvdO)]⋅CH3OH. The face-to-face-
oriented units are considered as one magnetic center showing a gradual spin transition with weak cooperativity
due to the staggered magnetic interactions. Reproduced from L. Norel et al., 2011, with permission from John
Wiley & Sons.



Figure 4.2 (a) Example of 𝜒T versus T plot for an S = 1 axially distorted octahedral Ni(II) complex and (b)
corresponding scheme of energies of the –S,ms > states (D > 0) as a function of the applied field H. Reproduced
from [22] with permission from Elsevier.

Figure 5.7 Representative examples of 1D [Fe(4-R-1,2,4-triazole)3]X2 coordination polymers (top, R = NH2) and
3D-Hoffmann metal–organic frameworks (bottom, Fe(pyrazine)[Ni(CN)4]). All hydrogens have been removed for
clarity. Colors: Fe, purple; N, blue; C, grey; and Ni, green.



Figure 5.11 Single crystal X-ray structure of [Mn(TRP)] (TRP = tris(2-((pyrrol-2-yl)methyleneamino)ethyl)amine
[41].
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Figure 6.12 Stabilization of the high-spin hydroxyl-radical species 4[NiII(H)(OH∙)]+ by virtue of the low SOC
constant of the oxygen atom [35].



Scheme 7.2 Electron-shift diagrams describing two alternative electronic reorganization modes in the d and 𝜎CH
orbitals in the S = 2 state during the H-abstraction step from an alkane, R–H, by L–FeIVO: (a) The 𝜎 path, which
is also the EER pathway. (b) The 𝜋 path, which is also the OCR pathway. RC and IH are, respectively, the reactant
cluster and the H-abstracted intermediate. The right-hand panels show the predicted orbital interactions, which
steer the orientation of the alkane relative to the oxidant in the TSH species of 𝜎 and 𝜋 pathways.

Scheme 7.3 Electron-shift diagrams describing the electronic reorganization modes in the 𝜎CH and d-orbitals in
the S = 1 and S = 2 states during the H-abstraction from an alkane, R–H, by L–FeIVO. The changes in the number
of exchange interactions are indicated by the arrows: (a) During the S = 1 reaction, the electronic reorganization
in the 3TSH,𝜋 species depletes the exchange by one Kdd unit. (b) During the S = 2 reaction, the exchange in the
5TSH,𝜎 species is enriched by four Kdd units, leading to EER. The vertical arrows from S = 1 to S = 2 show that
5RC has five Kdd units′ worth of exchange stabilization more than 3RC, whereas 5TSH𝜎

has 10 Kdd units′ worth of
exchange stabilization more than 3TSH,𝜋 .



Figure 8.12 Statistical modeling of rate constants for FeO+ + CH4 from [55] (open symbols) and GIB experi-
ments of Reference 47 (filled circles). (Green) Total rate constants; (red) rate constants for formation of Fe+ +
CH3OH; and (black) rate constants for formation of FeOH+ + CH3. The lines depict statistical kinetic modeling
at different temperatures assuming 100% probability of the intersystem crossing. Reprinted with permission from
[55], Copyright (2014) American Chemical Society.

Figure 8.18 Relative abundances of the fragmentations of (a) [(phen)Fe(Cl)(CH3O)]+ and (b)
[(PQ)Fe(Cl)(CH3O)]+ in dependence on the collision energy (the losses of CH3O⋅ are in green (open
symbols), CH2O in blue, HCl in red, and the combined losses of CH2O and HCl are in violet (all solid symbols)).
Adapted with permission from [81], Copyright (2009) American Chemical Society.



Figure 9.1 Active site structure of P450cam with key amino acids and substrate (camphor) shown.

Figure 9.4 Active site structure of CDO enzymes with its characteristic 3-His ligand system, the Tyr157–Cys93
covalent linkage and substrate cysteinate bound.



Figure 10.3 Proposed catalytic cycle of the nonheme iron monooxygenase, TauD.

Figure 10.7 Active site structure of the OEC within photosystem II.



Scheme 11.4 Strategy of the stabilization of [CuII-NR∙]+ cores in presence of Sc3+ ion. Adapted from References
84 and 85 with permission from the American Chemical Society and the Royal Society of Chemistry.
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Figure 11.21 Calculated potential energy surface (PES) for the iron(II)-superoxo mediated oxidation reaction in
CDO on the singlet, triplet and quintet surfaces. Reproduced from [94b] with permission from American Chemical
Society.



Figure 12.12 (a) Schematic representation of the entropy of a paramagnet as a function of temperature for two
applied magnetic fields showing the isothermal and adiabatic changes induced by variation of the field. (b). A view
of the structure of complex [MnIII

4GdIII
4(OH)4(C4)4(NO3)2(DMF)2(H2O)2](OH)2 (C4 = calix[4]arene) [137]. (c)

The ferromagnetic prototype molecular cooler [Gd2(OAc)6(H2O)4] and (d) the temperature dependence of its
magnetic entropy Sm at various applied magnetic fields (adapted from [138]). In (b) and (c), H-atoms are omitted.

Figure 12.14 (a) Representation of the rotation within a 2qubit quantum gate to bring about the CNOT opera-
tion. (b) Transformations of the 2qubit computational basis corresponding to a CNOT. (c) Structure of a photo-
switchable ligand displaying a diarylethene spacer between two N-oxide radicals.

High Potential Iron Proteins

1hpi.pdb 2hpi.pdb

1jb0.pdb 1g5p.pdb

B cluster

A cluster

X cluster

Ferredoxins

Fe Protein of NitrogenasePhotosystem I

1fxr.pdb 2fxb.pdb1vjw.pdb

Figure 13.2 Ribbon drawings of various Fe4S4 Fe–S proteins for comparison of DFT-calculated (BP86 exchange-
correlation potential) redox potentials with experiment (see Figure 13.3). Reprinted from [32] with permission
from American Chemical Society.
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5+ state, and thus a discontinuity of the potential energy surface.
The key transformation involving the TS transition state is given as a solid line, and the rest of the relative energies
are shown as dashed lines. Reprinted from [104] with permission from American Chemical Society.

Figure 14.9 Singly occupied spin-unrestricted natural orbitals (4A state) of the Compound I model 1 (a) without
external field, and (b) in the field of the protein point charges. Reprinted with permission from [67], Copyright
(2005) American Chemical Society.



Figure 14.13 (a) Part of the protein considered explicitly in [1]. The QM/MM region (in color) is shown within a
PSII monomer from X-Ray structure of Umena et al. [4]. (b) The QM/MM model (depicted unsolvated) with QM
atoms represented as spheres. Reprinted with permission from [1], Copyright (2013) American Chemical Society.



Figure 15.11 Left: 2D reaction coordinate for spin-crossover in generation of the S = 2 FeIV=O intermediate from
the S = 1 peroxy-bridged complex. Right: Geometric and electronic structure schematic of the Fe–O2–𝛼KA along
the substrate C–C cleavage reaction coordinate. Reproduced from [40] with permission from American Chemical
Society.
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Figure 15.24 (a) 2D PES of the S = 1/2 spin state of the activated ABLM along the O–O bond and OO–HCsubstrate

coordinates (in Å). The right edge shows the trajectory for the O–O bond homolysis, whereas the red trajectory
traces the H-atom abstraction pathway. (b) The TS for this HAA. Reproduced from [83] with permission from
American Chemical Society.

Figure 16.3 Coordination sphere of Azotobacter vinelandii plastocyanin (PDB: 1FA4) [46].



Figure 16.8 CuA site showing two Cu ions, two bridging Cys, and two His ligands [98].
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