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Quantum chemical approaches today are a powerful tool to study the properties and reactivity of
metalloenzymes. In the field of solar fuels research these involve predominantly photosystem Il and
hydrogenases, which catalyze water oxidation and hydrogen evolution, as well as related biomimetic
and bio-inspired models. Theoretical methods are extensively used to better comprehend the nature of
catalytic intermediates, establish important structure—function and structure—property correlations, eluci-
date functional principles, and uncover the catalytic activity of these complex systems by unravelling the
key steps of their reaction mechanism. Computations in the field of water oxidation and hydrogen evolu-
tion are used as predictive tools to elucidate structures, explain and synthesize complex experimental
observations from advanced spectroscopic techniques, rationalize reactivity on the basis of atomistic

Received 5th February 2021, models and electronic structure, and guide the design of new synthetic targets. This feature article covers
Accepted 19th March 2021 recent advances in the application of quantum chemical methods for understanding the nature of catalytic
DOI: 10.1039/d1cc00705j intermediates and the mechanism by which photosystem Il and hydrogenases achieve their function, and

points at essential questions that remain only partly answered and at challenges that will have to be met
rsc.li/chemcomm by future advances and applications of quantum and computational chemistry.

1. Introduction

The pressing need to develop energy sources and alternative
fuels that are based on renewable, environmentally friendly,
and affordable approaches is critical for successfully facing the
. . 1,2
E-mail: maylis.orio@univ-amu fr mounting energy and climate challenges.”” Molecular solar

3 . . . .
b Max-Planck-Institut fiir Kohlenforschung, Kaiser-Wilhelm-Platz 1, 45470 Miilheim fuels, such as hydrogen,” that can in principle be obtained by
an der Ruhr, Germany. E-mail: dimitrios.pantazis@kofo.mpg.de mimicking biological processes, represent the most promising

“ Aix-Marseille Université, CNRS, iSm2, Marseille, France.

Maylis Orio was born in 1981. Dimitrios A. Pantazis was born in
She obtained her PhD in Che- 1976. He obtained his PhD in
mistry from the University of Chemistry from the University of
Grenoble in 2007. She is a York and is currently a research
CNRS researcher from Aix-Mar- group leader at the Max-Planck-
seille  University. Her research Institut fiir Kohlenforschung. His
interests focus on the use of quan- research  interests focus on
tum  bioinorganic chemistry in quantum bioinorganic chemistry
relation with catalysis, including in and  theoretical  spectroscopy,
the field of hydrogen production. particularly in relation to natural
and artificial photosynthesis.

Maylis Orio Dimitrios A. Pantazis

3952 | Chem. Commun., 2021, 57, 3952-3974 This journal is © The Royal Society of Chemistry 2021


http://orcid.org/0000-0002-9317-8005
http://orcid.org/0000-0002-2146-9065
http://crossmark.crossref.org/dialog/?doi=10.1039/d1cc00705j&domain=pdf&date_stamp=2021-03-27
http://rsc.li/chemcomm
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1cc00705j
https://pubs.rsc.org/en/journals/journal/CC
https://pubs.rsc.org/en/journals/journal/CC?issueid=CC057033

Open Access Article. Published on 19 marzu 2021. Downloaded on 12/06/2026 0:30:45.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Feature Article

way of meeting this need. In the hydrogen evolution reaction
(HER), electrons and protons are combined to generate molecular
H,, which stores energy in its chemical bond. Hydrogen produc-
tion through water splitting is one of the preferred solutions in
the long run for the storage of renewable energy. Today hydrogen
is principally used for industrial processes. However, it has the
potential to play a major role as energy carrier in transportation,
the gas industry, as well as in the generation of electricity and
heat. In addition to other technical challenges, for the expansion
of H, usage in these directions it would be necessary to increase
the global production of H, considerably and sustainably.*

Nature can provide useful guidelines in this quest, because
metalloenzymes involved in water oxidation and hydrogen
evolution serve as archetypes for these reactions and for the
development of artificial catalysts for solar fuels.>>'* Nature
offers a unique example of a water-oxidizing enzyme, photo-
system II (PSII).">'° This harbours the oxygen-evolving complex
(OEC) with its manganese-calcium cluster (Scheme 1a) that
catalyses the oxidation of water into dioxygen, protons, and
electrons, powered by light-driven charge separation. Several
aspects of the function of PSII remain unclear,"” while the
development of molecular manganese-based structural mimics
of the OEC™™> has not been accompanied by comparable
catalytic water oxidizing activity.>¢"®

In terms of H, evolution, biology provides good examples in
hydrogenases (HG). These enzymes contain nickel and iron
active sites (Scheme 1b) and achieve catalytic performances
that rival synthetic platinum-based catalysts for hydrogen
production.”**> Therefore, in analogy to the manganese-
based water oxidizing PSII, hydrogenases serve to inspire the
design of artificial hydrogen evolution catalysts based on Earth-
abundant metals.*® Several studies have reported homo-**"’
and hetero-polynuclear®®**" metal complexes as electrocatalysts
for HER reproducing the structure of the active site of hydro-
genases. In addition to biomimetic approaches, a variety of
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Scheme 1 (a) Structure of the Mn,CaOs cluster in the active site of the
OEC of photosystem II, showing standard atom labelling. W1-W4 repre-
sent water-derived ligands. (b) Structures of the active sites of the [NiFe]
and [FeFe] hydrogenases, with X representing the site for catalytic H,/proton
turnover.
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Scheme 2 Selected biomimetic and bioinspired models of the hydro-
genases.39,40,44,4558—63

molecular electrocatalysts have been developed to facilitate
hydrogen production by making it occur faster with a lower
energy input. Up to now, platinum-based catalysts provide the
best performance in hydrogen evolution.*”> However, due to its
scarcity and cost, intense research efforts have been devoted in
developing non-noble transition metal catalysts.*’ In this con-
nection, diverse ligand skeletons with cobalt, iron, and nickel
complexes**™" were shown to evolve hydrogen both in organic
and aqueous media (Scheme 2).

Research in the PSII and HG fields has benefited greatly
from the contributions of quantum chemistry. During the last
two decades of the 20th century the density functional theory
(DFT) revolution extended the applicability of quantum chemistry
to realistic transition metal systems in general and metalloenzymes
in particular.’®° Particularly after the advent of hybrid functionals
it was possible to predict molecular structures and reaction profiles
with sufficient accuracy to make meaningful analysis of geometric
and mechanistic aspects of bioinorganic systems. The further
combination of DFT with classical force-field methods within
QM/MM approaches® has become a considerably powerful com-
ponent of modern computational chemistry.

The first two decades of the 21st century broadened even
more the realm of applicability of quantum chemistry to
metalloenzymes. One major development is that “quantum
chemistry” in this field is no longer synonymous with “DFT”,
but relentless advances in methodology, implementation, and
infrastructure have made single and multireference wave func-
tion theory a practical and accessible option. Moreover, quan-
tum chemistry today reaches much further than mere geometry
optimizations and simple reaction energetics. Theoretical
advances mean that much deeper insights into the electronic
structure and properties can be obtained, and hence much
deeper and more insightful connections with experiment can
be established.

The two title systems of the present feature article, photo-
system II and hydrogenases, have served as application plat-
forms on which quantum chemistry has reached new heights in
terms of what can be computed, and how it advances the
broader research fields. In the following we will describe selected
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examples of specific challenges that have been met for each
system using quantum chemistry, focusing on properties and
questions that require more than a trivial application of standard
computational approaches. Furthermore, we will point to challenges
that remain to be satisfactorily addressed, and to opportunities for
future theoretical advances and demanding applications. Thus, we
hope to offer a broad overview of where we stand and to provide
motivation towards expanding the frontiers of quantum chemistry
as applied to these metalloenzymes.

2. Photosystem I

Photosynthesis involves light harvesting, excitation energy
transfer, and creation of charge separated states that drive
subsequent redox transformations.">"® In oxygenic photosynthesis
the pigment-protein complex PSII utilizes this charge separation,
likely initiated at the primary donor Chlp,,*** to create the most
oxidizing agent in biology, a radical cation (P680°") delocalized
among a pair of chlorophylls (Pp,/Pp,). This oxidizes the Mn,CaO,
cluster of the OEC in successive one-electron abstraction steps via
an intermediary redox-active tyrosine (Y;), until the OEC becomes
able to complete the four-electron oxidation of water to dioxygen.
The intermediate “charging” or “storage” states of the OEC are
known as S; states, where the subscript denotes the number of
stored oxidizing equivalents (i = 0-4). S; is the resting (dark-
stable) state with commonly accepted Mn oxidation states of
Mn(m),Mn(v),, while S, is an unobserved transient state that
evolves dioxygen (Fig. 1). Electron and proton transfers take
place alternately,®® maintaining a narrow potential range for the
OEC for all S; — S;,; state transitions. On the electron acceptor
side of PSII a plastoquinone is doubly reduced and released from
the complex to transfer reducing equivalents further along the
photosynthetic chain, eventually to be used in CO, fixation.

Our primary focus here is on the site of water oxidation and
the contributions of quantum chemistry in understanding its
nature, its properties, and its function. We will cover selected
developments and applications in recent years, mostly from our
group, that had significant impact on discovering specific
correlations between structural features and spectroscopic
properties of the OEC, and which contributed to interpreting
experimental results and directing further investigations. We
will also identify outstanding challenges that will require more
than simple extensions of present quantum chemical
approaches to be successfully met in the future.

2.1. Correlating molecular structure with spin states

For a long time geometric information on the OEC was con-
fined to metal-metal distances derived from EXAFS.®° This
allowed discussion of plausible structural features but could
not lead to well-defined atomistic model that are required for
quantum chemical investigations. Even the first crystallo-
graphic models’®”* were not of sufficient resolution to allow
definition of a unique structure. Therefore, early computational
studies”’* explored a range of geometric and mechanistic
possibilities but incorporated numerous structural assumptions
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Fig. 1 (a) Photosystem Il cofactors participating in electron transfer.
(b) The oxygen-evolving complex and the catalytic cycle (Kok-Joliot
cycle) of the S; oxidation states including tyrosyl radical intermediates.

that later proved inaccurate. Crystallographic models of suffi-
ciently high resolution that appeared in the last decade and that
more recently utilize pulses from X-ray free electron lasers
changed this situation by accurately defining the spatial arrange-
ment of metal ions and oxygen bridges as well as the type and
mode of coordination of first and second sphere ligands.”> " As
shown in Scheme 1a the core of the OEC consists of four Mn and
one Ca ions connected by oxo bridges and additionally bridged
mostly by carboxylate residues, while there are also two terminal
water-derived ligands (H,O or OH) on each of Mn4 and Ca. The
redox-active tyrosine residue (Tyr161, or Yy) is in close proximity
and interacts with Ca and the rest of the inorganic cluster via
hydrogen bonding. Ambiguities remained,®” and they still do,"”
for example regarding the protonation states of oxo bridges and
the extent of radiation-induced reduction of metal ions,** %> but
these advances nevertheless enabled quantum chemical studies
to be performed on a much safer basis than ever before.®® One
important consequence was that the spatial arrangement was
sufficiently well defined to allow theoretical studies of electronic
structure, spin states, and spectroscopic properties beyond
superficial energy comparisons, thus enabling for the first time
direct connections between quantum chemical studies and the
vast repository of spectroscopic observations on various catalytic
intermediates.

The most obvious target property to begin with is the spin
state of specific catalytic intermediates, which in many cases had
been identified, or at least constrained, by EPR spectroscopy.

This journal is © The Royal Society of Chemistry 2021
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Advances in this direction were tied to the investigation of
magnetostructural correlations and began with the spectro-
scopically well-studied S, state of the OEC and synthetic analogues.
The S, state was long known to exhibit two types of EPR signal that
correspond either to a low-spin (S = 1/2, g ~ 2) multiline state or to
a higher-spin state (S > 5/2, g > 4.1).¥ > A landmark study in
2012 established a correspondence between two structural forms
of the OEC core and these two spin states.®® The structural forms
were derived from refinement of the 2011 crystallographic
model.”> They were almost isoenergetic and featured different
distribution of Mn valences (III-IV-IV-IV versus IV-IV-IV-III) and
slightly different connectivity of an oxo bridge that led to their
description as open-cubane (S,*) and closed-cubane (S,").”* As will
be explained below, quantum chemical investigations of the spin-
dependent properties of these models supported their association
with the two observed EPR signals.

The quantum chemical approach used for determining the
spin states is based on a generalization of the two-centre
broken symmetry (BS) DFT methodology®* ™ to the tetranuclear
case. The low-lying states of a cluster representing the OEC can
be described using the effective Heisenberg-Dirac-van Vleck
Hamiltonian (HDwV), which describes magnetic levels in terms
of fictitious interactions between local spin magnetic moments:

H=-2%"1;8:8;
i>j

where §; and S’J are the spin operators and J; are the pairwise
exchange coupling constants that parameterize the fictitious
spin interaction. The sign of J; signifies whether the interaction
is antiferromagnetic (J; < 0) or ferromagnetic (J; > 0). Diag-
onalization of the Hamiltonian yields the spectrum of spin states
(“spin ladder”) that can be directly compared to experiment as
long as the effective Hamiltonian is a valid representation of low-
energy states. The broken symmetry approach attempts to
determine the j; parameters employing a set of Kohn-Sham
determinants in which the unpaired electrons are localised at
the Mn ions in all possible up/down (o/B) combinations while
maintaining the local high-spin electronic configuration on each
site. Using as an example the S, state of the OEC with Mn
oxidation states III-IV-IV-1V, local S, of 2 for the d* ion Mn(m)
and 3/2 for the d* ion Mn(iv), the high-spin determinant can be
described as |+2, +3/2, +3/2, +3/2) (or “aaoa”’, Ms = 13/2) and BS
determinants are created by inverting (“flipping”’) local spins of
Mn ions. For example, |+2, +3/2, +3/2, —3/2) (“acaf’”’, Ms=7/2) or
|[+2, —3/2, —3/2, +3/2) (“afPo”, Ms = 1/2). Each BS determinant is
characterized by an Mg value and not S, because it is not a spin
eigenfunction. The energies of the BS determinants can be used
to deduce a set of J; values for the S,-only (Ising) Hamiltonian.
Subsequently, the same exchange coupling constants are used to
diagonalize the full HDvV Hamiltonian and obtain the spin
ladder. The details of the procedure have been described exten-
sively in the literature.”®'°° Fig. 2 provides a schematic flow
diagram that summarizes the points made above.

This lengthy procedure obviously involves significantly
increased computational and human effort compared to studies
that simply ignore the spin state problem. For each structural

This journal is © The Royal Society of Chemistry 2021
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Fig. 2 Flow diagram of calculations in the context of the broken-
symmetry DFT approach for determining the exchange coupling constants
and spin state ladder for a computational model of the S; state of the OEC,
assuming Mn oxidation states of IlI-IV-IV-IV. Note that in this case there
are only seven BS determinants that can be formed in addition to the high-
spin determinant, yet the proper solution to the exchange coupling
problem yields in total 320 states (including sublevels of spin multiplets).

model to be considered one has to complete a series of calcula-
tions that often exhibit challenging convergence behaviour, and
then perform additional analysis to extract exchange coupling
constants and magnetic spin states. Yet, despite the consider-
able overhead, the results have been richly rewarding and have
pushed research in natural water oxidation in new and fruitful
directions. It is crucial to stress that no discussion of spin states
can be made by comparing energies of different broken-symmetry
determinant, simply because these do not correspond to observa-
ble states. It is an unfortunate fact that several papers erroneously
discuss spin states by direct reference to broken-symmetry
solutions.

The application of the approach to the two valence isomers
found for the S, state of the OEC showed that they differ in their
exchange coupling scheme (Fig. 3).”% The isomer labelled as S,*
(II-IV-IV-1V) has antiferromagnetic interaction between Mn1-
Mn2 and Mn3-Mn4 resulting in a spin S = 1/2 ground state,

Chem. Commun., 2021, 57, 3952-3974 | 3955
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Fig. 3 (a) Computational valence isomer models for the S, state of the
OEC. (b) Computed nearest-neighbor exchange coupling constants and
resulting spin states. (c) The valence isomers rationalize the two EPR
signals associated with the S, state. In addition, they are very close in
energy and interconvertible over a low barrier, as required experimentally,
and they are each consistent with independent spectroscopic measure-
ments for each g signal, including the >*Mn hyperfine coupling constants
and the distinct localization of the Mn(i) ion in each case.

whereas S,” features strong ferromagnetic interactions within
the cuboidal Mn1-Mn2-Mn3 unit (effective spin of the cube S = 9/2)
resulting in a total ground state spin of S = 5/2 for this isomer.
This suggests already a potential correspondence between the
two structural models and the observed spin states. This was
further supported by explicit simulations of EPR spectra, which
associated the S,* with the g = 2 EPR signal and the S,” model
with the g = 4.1 signal.”?

Importantly, the results on the magnetic properties of the S,
state isomers are aligned with experimental and theoretical
results on synthetic trinuclear and tetranuclear analogues.'®"'*>
For example, synthetic Mn(iv);Ca cubane complexes®'% that
mimic this structural unit of the S,® model similarly have
dominant ferromagnetic coupling among their Mn ions and
display high-spin (S = 9/2) ground states.'®* This can be explained
at the orbital level by elimination of superexchange interactions
between the Mn ions due to the angles of the oxo bridges.'® The
broken-symmetry approach can be equally well applied to spin-
frustrated systems with antiferromagnetic ground states, as exem-
plified by a combined experimental and theoretical study of a low-
spin trinuclear terpyridine cluster with a Mn(1v);0, core.'®*

Consideration of spin state alone may be insufficient to
establish a firm one-to-one correspondence between a compu-
tational model and a true catalytic intermediate. For example,
other structural models or protonation patterns can be shown

3956 | Chem. Commun., 2021, 57, 3952-3974
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to have the same spin state as that observed experimentally.'®*"%>
It is only the combined evaluation of geometries, spin states,
energetics, and spectroscopic parameters that can lead to safe
assignments. In any case, spin states are strong constraints and
essential for discussing the relevance of any computational model
to an experimentally observable state of the physical system. Thus,
they have been central in many studies that examined the nature
of specific intermediates, by showing connections between struc-
tural features and magnetic properties. For example, BS-DFT
analysis of spin states for various isomeric forms of the S; state
established that the S = 3 states observed by magnetic resonance
spectroscopies'®*'%® must be attributed to structural forms that
have one additional water-derived ligand compared to the pre-
ceding S, state, and hence forms where all four Mn ions are six-
coordinated.’®"'°® By contrast, a form of the S; state that has no
additional ligand and contains a five-coordinated Mn(v) ion is
characterized by the highest possible spin for a Mn(wv), cluster, of
S = 6 (Fig. 4)."°%1%

Similar structure-magnetism correlations have been used to
examine the effect of protonation of oxo bridges on specific
exchange coupling pathways. It is known that in general an oxo
bridge enables stronger superexchange and thus enhances
antiferromagnetic coupling between two Mn ions compared
to a hydroxo bridge."°™*** Applied to the OEC, study of the
effects of protonation or hydrogen bonding to specific oxygen
bridges contributed, among others, to screening of structural
models for the S, state’®>'™ and to evaluation of possibilities
for the interaction of small molecules such as methanol and
ammonia with the manganese cluster."**™"” It is also important
to note that since different oxidation states of the Mn ions lead
to different exchange interactions, analysis of magnetic pro-
perties in terms of exchange couplings and spin ladders is
essential for evaluating redox-isomeric forms of specific S-state
intermediates'®* and for evaluating competing oxidation state
paradigms.1°4'118’119
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Fig. 4 Possible structural components of the S; state of the OEC with
their corresponding spin states.
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These successful applications should not obscure the fact
that the spin-projected broken-symmetry DFT methodology,
even if applied correctly, depends considerably on the nature
of the functional, on the nature of the system under study, and
on the validity of the effective spin Hamiltonian assumed to
describe the system. High-valent/high-spin manganese systems
are among the most favourable systems for this approach.
Indeed, according to a study by Krewald et al,'®* the broken-
symmetry approach using the TPSSh functional and the com-
plete methodology for calculation of exchange coupling con-
stants and spin states predicts with absolute accuracy the
correct ground spin state of all known oligonuclear manganese
complexes with oxidation states relevant to the OEC. Exceptions
may be associated with limitations of the isotropic exchange
model rather than with failures at the DFT level. Of course, even
if the energetics obtained by the above procedure are useful, it
is always desirable to have direct access to the spin states
themselves, which can only be achieved by using multireference
methods. For multi-electron systems such as those containing
high-valent Mn ions, multireference approaches have found
limited application so far."*>'*! Notable studies that are directly
relevant for the OEC include the use of density matrix renorma-
lization group (DMRG) based complete active space self-
consistent field (CASSCF) and N-electron valence state perturba-
tion theory (NEVPT2) calculations on dinuclear Mn and Cr
complexes."*"**'** Such calculations are far from trivial. They
require careful study of convergence with respect to the active
space and other technical parameters, and they present a series
of requirements that must be satisfied for the results to be
meaningful and reliable. As defined by Roemelt et al.,"** these
requirements include the necessity for state-averaged orbital
optimization over all spin multiplets that are part of the
exchange coupling problem and the necessity to include
dynamic correlation. Results obtained without state averaging,
without complete orbital optimization, and without additional
treatment of dynamic correlation are numerically inadequate
and may show substantial deviations from the correct order and
spacing of spin states. In cases where such deviations have been
reported for non-manganese systems,">*'*" it is not always clear
whether the correct application of the methodology as defined
above would suppress or eliminate them."*® Systems with more
than two Mn ions present profoundly greater difficulties for such
methods. This is not strictly because of the larger active space
but because of how the calculations should be performed in
order to enable us to derive and discuss magnetic properties.
Although state-specific DMRG-based CASSCF calculations have
been demonstrated for tetramanganese models,"*”'*® these
calculations have not dealt with, and cannot address, the ques-
tions of exchange coupling and spin state energetics; it cannot
even be verified in principle that the correct ground state is
computed. The above stated requirements derived from applica-
tion of DMRG-CASSCF/NEVPT2 on a dinuclear Mn complex,'**
particularly the need for state-averaged orbital optimization over
all magnetic spin levels, imply a steep increase of computational
complexity and cost for exchange coupling analysis of a triman-
ganese system, which is an open challenge for multireference

This journal is © The Royal Society of Chemistry 2021
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treatments, and probably render the tetranuclear case intract-
able with standard algorithms on conventional computers.

2.2. Spectroscopic parameters

In addition to spin states, an important point of contact
between quantum chemistry and experiment are the various
forms of spectroscopy used to study catalytic intermediates of
the OEC. Here we focus only on parameters relevant to magnetic
resonance spectroscopies. Spectroscopy-oriented quantum chem-
istry is more than a powerful tool for analysing experimental
results and more than a way of maximizing the extraction of
information from experimental spectroscopic data. It allows
access to information that lies beyond the limitations of specific
experimental approaches and can achieve unification of disparate
sources of information into a common interpretation that con-
nects experimental observations with the electronic structure of
computational structural models.

Hyperfine coupling constants of Mn ions contain rich
information on the local and global electronic structure of
the OEC. Here the great challenge for quantum chemistry has
been how to properly compute Mn HFCs for an oligonuclear
exchange coupled system with DFT. This was addressed with
the development of a generally applicable theoretical metho-
dology that allows the use of the standard broken-symmetry
DFT approach and makes connections between the various
levels of Hamiltonian approximations involved in the fitting
of HFC parameters from experimental spectra and in the
calculation of HFCs from approximate DFT.’® The interested
reader is referred to the original publication for methodological
details.”® It is noted that for comparisons to experimental
values a scaling factor has to be used for the final spin
projected HFCs because of the systematic underestimation of
core spin polarization by DFT."*>**° This factor is not universal
and may differ depending on details of the methodology such
as the type of functional and the treatment of relativity, as well
as on the reference set of compounds used to derive the
required scaling.®®°%11%1317133 New theoretical developments
in this area will be important for making the calculations of
HFCs by DFT more robust.”>*'*> Recent advances in the
calculation of HFCs by correlated wave function methods such
as coupled cluster theory'*® are also very promising but their
applicability and reliability remain incompletely explored."*”

Following a pilot application®® on a synthetic tetramanganese
complex that is a Mn(m)Mn(v); analogue®® of the S, state,
broken-symmetry DFT was used in combination with the above
method to compute spin states and hyperfine coupling con-
stants of a wide variety of structural models that were considered
at the time as geometric possibilities for the OEC.?° This study
showed that many ideas derived from EXAFS studies'*® as well as
practically all models reported in computational studies until
that time**°™*® were not consistent with the spectroscopic data
on the S, state. These methods were essential in establishing that
model S,* described in Fig. 3 corresponds very well with the **Mn
HFCs determined experimentally by ENDOR spectroscopy, ****°
with one large, two medium, and one smaller hyperfine coupling
constant.”® These results demonstrated the importance of
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spectroscopy-oriented quantum chemistry in discriminating
between structural possibilities and encouraged numerous sub-
sequent applications to the OEC and other exchange-coupled
oligonuclear systems, including refinements and extensions of
the method."?"*>'"1>

An obvious use of quantum chemistry in the study of >*>Mn
HFCs is in the evaluation of different oxidation state possibi-
lities, both in terms of absolute oxidation levels for the whole
cluster and in terms of internal distribution of local oxidation
states (valence isomeric forms) for a given total oxidation level
or S-state intermediate. This approach has been adopted for
evaluating various isomers of the half-integer-spin S, and S,
states that have been studied extensively by ENDOR
spectroscopy.'**™*® In particular for the S, state the situation
arises where in principle the total number of unpaired elec-
trons can be distributed among the four Mn ions with a formal
Mn(m);Mn(v) or Mn(i)Mn(m)Mn(wv), configuration. In combi-
nation with analysis of exchange coupling and spin states,
computed *>Mn HFCs have helped in evaluating various possi-
ble structure models.'***** Another important use of computed
>Mn HFCs has been in the evaluation of possible models for
the S; state. ENDOR-detected NMR studies on one of the
components of this state showed that all Mn ions were electro-
nic similar and isotropic.'® Quantum chemical calculations
helped to show that all-Mn(v) cluster models where all Mn ions
are octahedrally coordinated due to coordination of an addi-
tional water-derived ligand compared to the S, state are most
consistent with the data.'®*"'%® This carries significant weight
for the persistent question of whether the S, — S; transition
involves metal-centred or ligand-centred oxidation.'>*™**” The
calculations firmly support the Mn-centred option because they
demonstrate that the experimentally determined **Mn HFCs
for the S; state are not reproduced with a Mn(m)Mn(wv); cluster
such as in the preceding S, state. Owing in part to its hetero-
geneous nature, as clearly revealed by various magnetic resonance
spectroscopic studies'?® %1816 _ though not resolved by cur-
rently available structural methods which can only provide spa-
tially or temporally averaged representations - the composition of
the S; state remains under investigation.'®*"'%*

®>Mn HFCs have also been used in evaluating possible
protonation states of oxo bridges and Mn-bound water-
derived terminal ligands, and hence determine the most likely
overall protonation level and pattern of the active site.'*'**
This analysis eliminated the possibility of bridge protonation in
the S, state and led to the conclusion that the terminal Mn in
the S, state is most likely ligated by one water and one hydroxo
ligand.'®° The focus on spectroscopic properties enables direct
screening of computational models against experimental con-
straints and therefore guides the study of the catalytic mechanism
in ways that are otherwise impossible.

Although emphasis in the above was placed on metal ions,
ligand HFCs provide significant additional information. It is
possible to use ligand HFCs (e.g. of Mn-coordinating oxygen or
nitrogen nuclei) to assign metal oxidation states,'® to study the
identity and kinetics of exchangeable atoms, and to discover
the mechanisms by which small molecules access the active site
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and interact with the Mn ions, 1131667171

An example that will
be highlighted here concerns the interaction of the substrate
analogue methanol with the OEC cluster. The importance of
these studies is that they point to likely pathways for substrate
delivery to the OEC. It has long been known that methanol
modifies the magnetic energy levels and EPR signals of the
manganese cluster of the OEC, but the access pathway(s) and
mode of interaction remained unknown."®”'”>"'”® Based on the
experimental determination of the >C hyperfine parameters of
isotopically labelled methanol interacting with the S, state of
the OEC,"®” an extensive computational screening of structural
models was carried out that involved calculation of spin state
energetics and '*C isotropic and dipolar HFCs for each one.*®
This led to rejection of several possibilities such as direct
binding of methanol to Ca®* or one of the Mn ions, supporting
instead a second-sphere interaction that resulted in reorganiza-
tion of the hydrogen bonding network affecting the O4 bridge
and the Mn3-Mn4 exchange coupling interaction (Fig. 5)."*°
This is in contrast to the case of ammonia, which binds directly
to Mn4,'*>17%171179 gt Jeast in one of its interaction modes. The
identification of a crucial difference between cyanobacteria and
higher plants in a residue close to the proposed site of methanol
binding (D1-N87A)""” is consistent with the different response of
plant versus cyanobacterial OEC to methanol, which can be
explained by the restricted accessibility in the case of cyanobac-
terial OEC due to the more constrained channel architecture.'"”

An important methodological advance in terms of studying
and understanding the local anisotropy of the Mn ions was
been the development of the local complete active space
configuration interaction (L-CASCI) approach.'®® This enables
the use of multireference methods for the calculation of local
zero field splitting tensors and consists in conducting a multi-
reference (CASCI) calculation with an active space specifically
constructed to contain local orbitals for any given metal ion.
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Fig. 5 Proposed model for interaction of methanol with the OEC.1®

The increase in Mn3—-Mn4 antiferromagnetic exchange coupling explains
the stabilization of the low-spin S = 1/2 state of the cluster. The model is
the only one of those examined th