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ABSTRACT

The work performed in this thesis aimed to resolve several key functions of the photosystem II (PS II)
enzyme, in particular the structure and mechanism of the water oxidizing complex (WOC). Advanced
electron paramagnetic resonance (EPR) methodologies were employed to provide detailed atomic level
information about the complex and its reaction (S-state) cycle. A strong emphasis was placed on determining

the sites of substrate water binding. Topics addressed in this thesis include the following:

» Resolution of the site(s) of substrate binding. A direct probe for water derived ligands via the detection
of labeled substrates with the 'O isotope was developed that allowed an assignment of one the
substrate sites of the WOC. This substrate site, generally termed ‘the slow substrate’ likely represents
a bridging ligand (p-oxo) ligand throughout most of the reaction cycle.

>  The role of the Ca*" ion of the WOC, as probed by replacing the Ca* ion with Sr** biosynthetically.
Multi-frequency EPR and electron nuclear double resonance (ENDOR) data demonstrate Ca/Sr
substitution has little effect on the electronic properties of the WOC. Together with density functional
theory (DFT) calculations, these measurements further refine models of the geometric structure of the
WOC and assign specific oxidation states the four manganese ions.

» Variation in the structure and coordinating residues of the WOC across different species and the
influence of small, substrate analogues such as methanol. It is suggested that the underlying cause of
these variations is the flexibility of p-oxo bridge connecting the dangler Mn ion and Mn; cuboidal
unit, which leads to distortions of ligand arrangement in the vicinity of the WOC.

» Benchmarking of all experimental data collected in biological systems to inorganic model complexes.
Models have well defined geometry in which particular structural features can be examined in depth.
Broken symmetry DFT calculations performed in tandem on such model complexes allow further
insight to be ascertained as to the parameters which lead to certain molecular arrangements within

metallocofactors.
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1. INTRODUCTION

Photosynthesis plays a very important biological role on Earth (1). About 2.3 billion years ago, early
photosynthetic organisms that had developed water splitting — became the dominant life-form in the world’s
oceans (2). This led to the formation of the oxygen-rich atmosphere and the protective ozone (Os) layer in
the stratosphere, which was important for the development of aerobic metabolism and the evolution of
multicellular life forms on Earth. Photosynthesis, coupled to carbon fixation, which reduces carbon dioxide
(CO,) into energy-rich organic compounds such as carbohydrates, is responsible for the conversion of the
solar energy into the best energy storage unit — chemical bonds. Thus, photosynthesis is a source not only for
food and biomass, but also for all fossil fuels such as coal, oil and natural gas. The production of fossil fuels
takes millions of years. Rapidly increasing consumption has led to a shortage of these fuels and,
consequently, to an impending energy crisis. It is therefore necessary to find alternative renewable energy
sources. Solar energy seems to be excellent choice, since it is essentially unlimited. The only problem is its
efficient conversion and storage into a useful form of energy like electricity, heat or chemical fuels. The
technologies for the first two forms are already developed quite well; however, that’s not the case for
chemical fuels, and this is still a challenging project (3). The invention of an efficient way to store solar
energy in chemical fuels on an industrial scale would be a breakthrough in scientific research, solving the
energy problem. The potential fuel material would have to be abundant, non-toxic, and inexpensive for
storage and usage. One promising material is water, which can be split into molecular oxygen and hydrogen.
Hydrogen is considered the ideal primary fuel for the future, since only water is generated as a waste product

during its combustion (4). However, this process requires a synthetic light-driven water-splitting catalyst.

The development of such catalyst is the primary target of many scientific centers. A promising starting
point is to look at nature’s catalyst for inspiration. The water-splitting reaction of oxygenic photosynthesis
occurs in a single biological super-complex, Photosystem II (PSII), which is found in plants, algae and

cyanobacteria (5).
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1.1 Structure and function of the Photosystem I1

PSII is a large, pigment-containing protein complex embedded in the thylakoid membrane of
chloroplasts and cyanobacteria. Recently, a high-resolution X-ray crystal structure of the super-complex
purified from cyanobacteria Thermosynechococcus vulcanus (Fig. 1.1) was reported (6). It has a dimer
structure, where each monomer contains about 20 protein subunits that harbor 77 cofactors: 35 chlorophylls
(Chl a); 11 B-carotenes; 2 plastoquinones (PQ); 2 pheophytins (Pheo a); 1 Mn,OsCa complex; 2 heme Fe

centers; 1 non-heme Fe center; and 1 hydrogencarbonate (HCO3_, CO;3) (7).

PSII functions as a water:plastoquinone oxidoreductase, catalysing the following reaction:

stroma

2H,0+2PQ+4H:__ —* 50, +2PQH, +4H} . (Eq. 1.1)

The water-splitting reaction occurs using light within the visible range (400-700 nm). The chemical energy
produced is temporarily stored as reduced plastoquinol (PQH,), which is subsequently used by Photosystem I
(PSI) to reduce NADP" to NADPH (Nicotinamide adenine dinucleotide phosphate) — one of the two major
energy carriers in biology. During this process a proton (H") gradient builds up across the thylakoid
membrane, driving the synthesis of ATP (Adenosine-5'-triphosphate) — the second primary biological energy
carrier. Both ATP and NADPH are used in carbon fixation processes, and therefore, PSII and PSI are

responsible for the majority of biological energy storage that is derived from sunlight.

D1 D2 C(Cp47 Cyt b-559
Cp43 v, R y 7;> \ e/ Cytoplasm

Figure 1.1 The X-ray crystal structure of the PSII dimer, view from the direction perpendicular to the thylakoid membrane

normal. The most important subunits are shown in color.
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preventing recombination of the radical pair. The Pheo," passes its electron to the neighboring

plastoquinone Q, (within 100-200 ps), whereas P680°" is reduced by a redox-active tyrosine residue Tyr;
(Y2). This leads to a very high quantum efficiency for the PSII complex (over 90%). However, the multiple

electron transfer reactions decrease AG , reducing the overall energy efficiency of photosynthesis (11).

The next step is the reduction of plastoquinone Qg by Q,” (~200-600 us) and protonation at the

acceptor side of PSII (~1 ms). The tightly-bound Q, " passes one electron to a second plastoquinone Qy,

which is much less strongly associated within the protein. Overall, Qg can accept two electrons and two

protons from Q,", and thus is fully reduced after two photon absorptions/charge separation events. At this
point, it is exchanged with an oxidized quinone from the pool in the membrane (~5 ms). The reduced

plastoquinol QgH, therefore acts as a mobile electron carrier, transferring electrons to the next protein

complex of the photosynthetic apparatus, the cytochrome bsf complex.

On the donor side of PSII, the water-splitting reaction takes place:
2H,0— 50, +4H" +4e™ . (Eq. 1.2)

This reaction is catalysed by the oxygen-evolving complex (OEC) or water-oxidizing complex (WOC)
of PSIL. The WOC consists of an inorganic Mn,OsCa cluster and its surrounding protein matrix (12,13). To
drive this reaction, four electrons must be removed from two water molecules, and since only one electron-
hole pair is generated per photon absorbed, the PSII must temporarily store four oxidizing equivalents. The
tetra-nuclear Mn cluster allows such complicated chemistry. The functionally important protein matrix
includes the redox-active tyrosine residue Yz (D;-Y61), which couples the electron transfer from the primary
donor P680"" to the manganese cluster and is involved in proton transfer reactions (14). During water-
splitting, the Mn,OsCa cluster goes through a reaction cycle proposed by Kok et al. (15). The catalytic cycle
comprises five distinct redox intermediates known as the S; states (Fig. 1.3), where the index indicates the
number of stored oxidizing equivalents (i =0—4). Once formed, the S;Y," state rapidly decays to the S,
state under the release of molecular triplet oxygen and the rebinding of at least one substrate water molecule

(11,16). The S, state, which is different from the S;Y" state, has not yet been spectroscopically identified.
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The dark stable state of the enzyme is S;. Higher S-states, S,-S;, decay back to this state on a timescale of
seconds at room temperature. The S, state is of sufficient reduction potential that it can be oxidized by a
second redox-active tyrosine residue Yp (D2-161) (17). Yp (D2-161) does not participate further in the S-

state cycle.

P680

P68O+

)

100pus 680
v )

3505 P680°

P680"  P680
L

Figure 1.3 The S-state cycle of the WOC. The rates of corresponding S-state transitions are shown along with the four light
absorption and the subsequent four electron “hole” transfer events. The binding of the two water molecules and as the release of

molecular oxygen and protons is also indicated.

Water oxidation chemistry is relatively slow, requiring substrate binding, proton translocation and ultimately
0-0O bond formation. Early S-state transitions, So—S;—S,—S;, which involve oxidation of the Mn ions,
occur on a timescale of ~100 us, whereas the transitions S;—S;—S,, in which O-O bond is formed, occur on
a timescale of about 1-2 ms (18). The timescales involved in the water-splitting chemistry are more than nine
orders of magnitude slower than the reaction center photochemistry. Thus, the secondary and tertiary
electron transfer events described above, which stabilize an oxidized state of the complex are critical, as they

lengthen the lifetime of the chemical oxidant.
15



1.2, Structure of the WOC

The WOC is a made up of four Mn ions and one Ca ion. The five metal centres are connected via a
network of five bridging oxygen (p-oxo) atoms(6). The proposed structure from X-ray crystallography bears
similarities to earlier literature models, including those derived from (polarized) extended X-ray absorption
fine-structure (EXAFS) measurements (19,20) and to the computational models of Kusunoki (21), Siegbahn
(22) and Dau (23,24). The metals are arranged in a ‘distorted chair-like’ arrangement where the base is
formed by a p-oxo-bridged cuboidal Mn;O4Ca unit (Fig. 1.4). The fourth ‘outer’ Mnyy is attached to this
core structure via a p-oxo-bridged ligation (O4) and presumably hydroxo bridge (O5) to the central Mng;. In
addition to the p-oxo-bridged network, the Mn,OsCa is held together by six carboxylate ligands, four of
which (Asp342, Asp170, Glu333, CP47-Glu354) forming p-carboxylato bridges between Mn sites (25). The

cluster has only one nitrogen ligand, the His332.

A _ Ala344 B

CP43-Glu354

W1l

Figure 1.4 (A) The crystal structure Mn,OsCa cluster(6); (B) Modeled geometric structures of the WOC poised in the S, state as
derived from DFT calculations based on the crystal structure coordinates, from left to right: MnyOsCa inorganic core seen in the
crystal structure of Umena et al.(6); the ‘best’ geometry optimized DFT structure of Ames et al. (26); optimized DFT structure which

contains a protonated O5 bridge.

When compared to the experimental EXAFS data, the Mn-Mn, Mn-Ca and Mn-O/N distances

determined from the crystal structure are all elongated, suggesting that the cluster underwent some degree of
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radiation-induced reduction during data collection. Thus, the crystal structure of the Mn-cluster may not
represent a physiological S-state, but rather a ‘super-reduced’ state (S.;, S.). These reduced states are
typically formed using chemical reagents such as NH,OH, NH,NH, and NO (27,28). Nevertheless, the X-ray
structure has the general pattern of three short and one long Mn-Mn distances and four distinct Mn-Ca

distances as observed earlier in EXAFS measurements.

It should also be noted that in the different S-states the Mn,OsCa cluster undergoes structural changes
during the catalytic cycle (29-31), particularly during the S,—S; transition. Thus, the structures of the
Mn,O;Ca cluster in the lower oxidation states, S; and S, states, are expected to be different from those in the
S; and/or the S, states in which the O-O bond is formed. In other words, the catalyst is not a static entity but

rather a dynamic structure undergoing geometric changes that are necessary for proper function.

The presence of both the coordinated Ca®" and more distant CI ions is crucial for water splitting activity.
Removal of either the Ca®" or CI ions inhibits the water-splitting process by blocking the S-state cycle at the
S,—S; transition (32,33). Interestingly, surrogates of these ions (Sr2+ instead of Ca*', Br and I' for CI
substitution) are able to restore water-splitting, however, at slower turnover rates. The replacement of both
Ca”" and CI by surrogate ions, leads to an additive effect on the turnover frequency, slowing the S3—S;—S,
transitions by 30-fold (34). Both chloride and calcium ions have been proposed to influence proton transfer

away from the WOC. Ca®" may also play a role for substrate water binding.

For understanding of the mechanism of water oxidation it is important to not simply look at the
geometric structure, but the electronic structure as well, in all S-states. These measurements provide
information of the net oxidation state of the cluster, the order in which the four Mn are oxidized and the level
to which the Mn ions interact (via spin exchange, J). These three features will all influence the redox

properties of the cluster, binding of the substrates, and O, and H' release.

Since the S; state cycle consists of four single oxidation events of the Mn4OsCa cluster, it is possible to
probe the electronic structure by electron paramagnetic resonance (EPR) spectroscopy, which is well suited
for detection of chemical systems with unpaired electrons. All the S-states are paramagnetic (35,36), and two
of them have a half-integer ground spin, Sy and S,. It is these two states that are easily probed by standard

perpendicular mode continuous-wave (cw) EPR and pulse EPR techniques, and thus most studies on the
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The arrangement of all redox cofactors required for photochemical charge separation and water
oxidation is shown in Fig. 1.2. Initially, light is absorbed by the chlorophyll molecules of the outer antenna
(LHI, LHII) and inner antenna complexes (CP43 and CP47), and subsequently the energy is transferred to
the reaction center (RC) of the PSII. The RC is a multi-pigment assembly of four Chl a and two Pheo a
molecules (Fig. 1.2), which are bound by the D1 and D2 proteins. The cytochrome Cyt b-559 and carotene

pigments play a role in preventing photodamage of the RC.

Cytoplasm

ACCEPTOR
SIDE

Mn, O_Ca Cluster

Figure 1.2 The arrangement of main cofactors in PSII and the electron transfer pathways on acceptor and donor sides.

In the RC, the next process occurs — charge separation, initiated by the photo-excited state, P680*. The
transfer of a single electron within the multi-pigment assembly results in a charge-separated (radical pair)
state (8), which forms on a timescale of about 3 ps (9). The positive charge (‘“hole”) is predominantly

localized at a single Chl a pigment (Pp;), forming the cation radical (primary donor), which is commonly
referred to as P680" because of the position of its optical absorption maximum. The estimated oxidizing
potential of P680" is +1.2 to +1.3 V — one of the highest known in biology (10). The electron is transferred
to the primary acceptor, the anion radical Pheoy,” on a time scale of 3-20 ps. The fast subsequent

electron/hole transfer from both primary donor and acceptor further separates the two charges in space,
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electronic structure of the Mn-cluster have been performed on these two intermediates. The characteristic
EPR signals seen in both the Sy and S, states are the so-called “multiline (ML) signals” of the OEC (Figure
1.5). These spectra are centred at g~2 and contain a large number of spectral lines (Sy 26 lines, S, 18-20
lines). These lines arise from the hyperfine interaction of the unpaired electron spin (effective spin of the
ground spin-state S = %) with the four *Mn nuclei (nuclear spin 7 = 5/2). Unfortunately, as the resonance
lines overlap, there is no unique interpretation of the experimental data. As a consequence, advanced NMR-
related techniques such as “Mn-electron nuclear double resonance (ENDOR), that probe the >>Mn nuclei

directly, have been developed to more accurately probe the electronic structure (37-39).

Mn3+ Mn3* S / EPR Dismukes and Siderer, 1981
Mn3** Mn* S,-state ML signal
H 0 5
o
0 =~ hv ?
Mn3+ Mn2* E
Mn** Mn* E

g=2

H+

200 250 300 350 400 450

@
H* | Magnetic Field (mT)
hv
55
V Mn-ENDOR Kulik et al., 2007
h

= .| S,-state Data

V\ H* Seﬂ 1/2 31 — Sim.

= — Mn,

) Y \ / \ . . = V‘H —— Mn,
Mn** Mn* 3?\”1\ Mn** Mn* E
or - §
Mn® Mn# HZO S

Mn* Mn*

50 100 150 200
Radiofrequency (MHz)

Figure 1.5 The S-state catalytic cycle of the WOC. The typical EPR/ENDOR spectra for the S,-state are shown, EPR/ENDOR

data adapted from works of Dismukes (35) and Kulik (37).

*Mn-ENDOR data for the OEC are shown in Figure 1.5, where contributions from individual Mn ions
are additive and sum in the spectrum. The key observation that can be made from this data set is that all four
Mn of the WOC must carry significant electron spin density, that is to say all four Mn contribute (almost)
equally to the electronic ground state of the complex. This result along with comparison to model

compounds strongly suggests that the OEC does not contain a Mn" ion in any S-state during its reaction
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cycle. Thus, the net oxidation states of the Sy, and S, states are determined to be: Mn,(IILIILIILIV) and

Mn,(IILIV,IV,IV) respectively to yield the experimentally observed spin multiplicity (37).

1.3. Substrate (water) binding and the mechanism of O-O bond
formation

One outstanding problem in this research field is identification of the water-derived ligands of the WOC
that represent the two substrate molecules. The best data on substrate binding currently come from time-
resolved H,'°O/H,"0 exchange membrane-inlet mass spectrometry experiments, which demonstrate that at
least one substrate water (the slowly exchanging substrate, W) is bound in all S-states, and that its exchange
kinetics are significantly affected by replacement of the Ca®* ion with Sr** (40,41). In contrast, the second,
faster exchanging substrate water (W) is thought to bind late in the S-state cycle, possibly in the S; state or
during the S,—S; transition (29,30,42-46). These observations can be used as constraints for the sites of the
substrates. The positions of all ‘water’ (including Mn ligands, bridges, etc) molecules according to the
Umena et al. crystal structure within a 5 A radius of the WOC are shown in Fig. 1.6. Waters ligated to the Ca
ion (W3 or W4) or the Mn-oxo bridges (O1, O3 and O5) are probably the best candidates for Wy, the water
bound in the early S —states (So-S,). In contrast, it is more difficult to determine the position of Wy as it may
not be bound or occupy the position required for O-O bond formation to occur (the crystal structure is
representative of the earlier S-states). It is noted that the site still needs to be close to the position of the first

substrate W, and may include the Mny4 terminal ligand H,O/OH (W1 or W2), among others.
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Mn(IV): A, B, C
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Figure 1.6 The positions of water molecules within a 5 A radius of the WOC with proposed hydroxo bridge (O5).

From the considerations above, a large number of mechanisms have been proposed for O-O bond
formation by the WOC (for reviews see (47,48)). These can be grouped into two basic classes: a nucleophilic
attack mechanism and an oxo/oxyl radical coupling mechanism (Figure 1.7). For the nucleophilic attack
mechanism, the O-O bond is formed between two adjacent substrate oxygen atoms, with one deriving from a
water molecule bound to either Ca or Mn (the nucleophile) and the second as an oxygen ligand of high-
valent Mn (the electrophile). Two pathways for nucleophilic attack are shown in Fig. 1.7A and B. In A, the
nucleophile is bound to the Ca®* which attacks a terminal or bridging oxygen ligand on Mny, i.e. W3 and
W2/05 (49,50). Alternatively, the same reaction could occur between a water bound to Mnyg, i.e. W1 and
W2/05 (21,51), see Figure 1.7B. In both of these reactions, the substrate bound to the Mn is progressively
deprotonated during the S-state cycle such that in S, it is a strong electrophile. In the simplest case for a
terminal ligand, this species can be considered to be a Mn(V)=0 species; however, it may equivalently be
described as a Mn(IV)=0" or Mn(IV)-O" species. Nucleophilic attack mechanisms have been previously
observed in Mn model systems that perform O-O bond formation. However, these systems display turnover

rates that are orders of magnitude slower than that of the WOC (52).
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Figure 1.7 The proposed mechanism for O-O bond formation via a nucleophilic attack mechanism and radical attack as

described in the text.

In the proposed oxo/oxyl coupling mechanisms, the O-O bond is formed between two adjacent substrate
oxygen atoms which are already fully deprotonated. The most detailed and rigorous mechanism to this date
is the mechanism proposed by Siegbahn (22). In this catalytic cycle, the slowly-exchanging substrate is
considered to be the O5 p-oxo bridge between Mna, and Mng;. The fast substrate water binds then at the
open coordination site on the Mnp; as water/hydroxo in S,/S;, forming an oxyl radical in S, (see Figure
1.7C). This type of mechanism allows for the possibility that O-O bond formation can occur in the S; state
(53), i.e., the WOC contains a complexed peroxide in the S; state which presumably is in redox equilibrium
with other forms of S; that may include an oxygen radical and/or a formal Mn,(IV,IV,IV,IV) state. Upon
formation of the S;Y; state, only centers which contain the complexed peroxide configuration are able to
donate an electron to Y, and liberate O,. Thus the rate of the S;—S, transition reflects the equilibrium
constants between the different S; redox states, and would directly follow the time course of Y reduction, as

is observed experimentally. In contrast to the nucleophilic attack mechanism, the radical coupling
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mechanism has no precedence in manganese chemistry. However, it is the energetically favorable pathway

for efficient O-O bond formation in rare earth catalysts such as the ruthenium “blue dimer” (54).

1.4. Model complexes that represent structural motifs of the WOC

Mixed-valence Mn dimer complexes have been historically used to calibrate measurements performed
on the WOC of PSII. These complexes are considered ‘good’ models for the WOC as they typically display
the same electronic ground state (S = %2) and thus their multiline EPR spectrum is similar to that seen for the
half-integer paramagnetic states of the WOC, S, and S, (35,37,38,55-61). In this way, a magnetic fingerprint
for different ligand motifs can be resolved and an understanding of the factors that affect the electronic
environment can be developed. This approach of using Mn dimer complexes as electronic structure mimics
has been previously used to benchmark *Mn-ENDOR (37,38,58,61,62) and *C ENDOR (63) studies on the

WOC. Three such models are shown in Fig. 1.8.

Mn""Mn"V (BIPY)  Mn'"Mn"'(pivOH) Mn""Mn'V(DTNE)

Figure 1.8 Manganese dimer model complexes used to calibrate '"O-EDNMR results for the OEC.  Left: planer
Mn"-pu0,-Mn"" BIPY complex (64-66), [Mn""Mn"(1-0),bipy,]C1O4, BIPY = bipyridine. Center: mono-p-hydroxo
bridged [Mn"Mn"(u-OH)(p-piv),(Mestacn),](C104), complex (PivOH). Right: bent Mn'"'-nO,-Mn"Y DTNE complex,
[Mn""Mn"Y(u-0),(u-0,CCH3;)DTNE]BPh,, DTNE = 1,2-di-(1,4,7-triazacyclononyl)-ethane (60,67). The bridging
oxygens of the BIPY complex have an identical chemical environment. In contrast, the bridging oxygens of the DTNE

complex are not strictly identical due to the additional bridge (-N(CH,),N-) that connects the two ligand adducts.
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2. EPR THEORY

The aim of this chapter is to provide an overview of the theoretical principles of EPR spectroscopy and
its application to exchange-coupled transition metal complexes, i.e. the tetra-manganese cluster of PSII or

synthetic Mn complexes. For a full treatment of the principles of EPR theory, see (68-70).

2.1. The Spin Hamiltonian Formalism

The spin Hamiltonian formalism was first described in the work of Abraham and Pryce (25). The
complete static spin Hamiltonian that operates on the wavefunction of bound electrons using the perturbation

theory approximation includes the following terms:

H=HEZ+HZFS+HHF+HNZ+HNQ+HEX (Eq. 2.1)
=Zﬂeéo 'éi 'gi +Z*§i 'ﬁi 'S;i +Z*§i 'fai i, _Zgnﬂng() i: +Zil }A)ljl _Zgi jy 'gj

where H ., : the electron Zeeman interaction; /. : the zero field splitting term; H . : the hyperfine
interaction between bound electrons spins and nuclear spins; H ,: the nuclear Zeeman interaction; H y,:

the nuclear quadrupole interactions for spins with nuclear quantum numbers 7 >1/2; and H,, : the spin-

spin exchange interaction. This spin Hamiltonian describes the energy states of any paramagnetic species

with several bound electrons and nuclei.

For the system of # electron spins and k& nuclear spins the initial (uncoupled) wavefunctions have the

following form:
Sy..S,M, M. T my...m, ), (Eq. 2.2)

where S, : electron spin of unpaired electron(s); M, : its magnetic sub-level (projection on magnetic
field axis); / ;+ nuclear spin of certain nuclei; m;: its magnetic sub-level. The basis set of eigenfunctions

and eigenstates for the coupled system can be built via diagonalization of the spin Hamiltonian.
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2.1.1. Electron and nuclear Zeeman interaction
The electron Zeeman interaction describes the interaction between electron spin and the external

magnetic field Eo :
(Eq. 2.3)

H,, =pBB, g S=pBB,(L+g.S),

where £, : the Bohr magneton; g, =2.0023193043737 : the Lande factor of the free electron. The g
tensor is represented by a symmetric matrix 3x3 in the laboratory coordinate system and can be transformed
to a diagonal form in the principal axes frame via rotation. The diagonal elements of the ¢ tensor are called

principal values (gx,gy,gz). The three Euler angles describe the orientation of principal axes in the

laboratory frame. Typically, the principal axes frame is considered as the molecular frame, and all interaction

tensors are referred to within this frame.
In most cases, the ground spin state of molecules is non-degenerate and the orbital angular momentum

L is quenched. This leads to a deviation of the principal values from the free electron g, value, which is

caused by the interaction of the ground spin state with excited states. Due to spin-orbit coupling, for which

the Hamiltonian can be written in the form:
(Eq.2.4)

H,,=LS,

the orbital angular momentum mixes with the spin, introducing a second-order contribution to the g
values. Here, A is the effective spin-orbit coupling constant. Since these second-order contributions are

inversely proportional to the energy difference between the ground state and excited states, the deviation

from g, can be significant if the energy levels are close to each other.

The nuclear Zeeman interaction describes the coupling between the nuclear spin / and the external

magnetic field Eo :
(Eq. 2.5)

Hy, = _gnﬂnéo 1.
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The nuclear spin quantum number and the nuclear g, factor are intrinsic properties of a particular

nucleus. In most EPR experiments, the nuclear Zeeman interaction can be considered isotropic, and this

approximation will be used throughout this work.

2.1.2. Hyperfine interaction

The spin Hamiltonian of the hyperfine interaction between an electron and a nuclear spin have the

following form:

A =

H,.=S A1, (Eq. 2.6)
Where A is defined as the hyperfine tensor. This Hamiltonian consists of an isotropic and an anisotropic

term. The isotropic term is described by the Fermi contact interaction:

HF :Aisog.i:S?Egeﬁegnﬂn5(r)'§'i: (Eq 27)

with the isotropic hyperfine constant A, . The anisotropic part represents the electron-nuclear dipole-

dipole coupling

|

o oA = N
HDD :S.Aanisa.]:geﬂegnﬂn|: ( 7 )_ :|9 (Eq 28)

with a dipolar coupling tensor A which is typically traceless and symmetric.

aniso

The Fermi contact interaction describes the interaction of the nuclear spin with the electron spin from

atomic s-orbitals.

2.1.3. Nuclear quadrupole interaction

Nuclei with nuclear spin quantum number />1 have a non-spherical charge distribution due to a

nuclear electrical quadrupole moment (). The nuclear quadrupole interaction is the interaction of this charge
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distribution with the electric field gradient caused by the surrounding electrons and nuclei. The

corresponding spin Hamiltonian is:

Hy=1-P-I, (Eq. 2.9)

where P is the nuclear quadrupole tensor — a diagonal traceless tensor in its principal axes system. The

Hamiltonian can be expanded as

3 1 1
Hy,=PI'+PI>+PI* = 51){(13 —51(1 +1)J +§77(15 —Jj)] (Eq. 2.10)

where |PZ| > ‘Py‘ > |ﬂ

; 77 : the asymmetry parameter, which is defined by

n=—+—=. (Eq. 2.11)

The largest principal value of the quadrupole tensor is given by

e’q0

== Eq. 2.12
* T h21Rr) (Fa. 2.12)

where eq is the electric field gradient. The quadrupole tensor is usually expressed in terms of the two

parameters equ/ h and 1.

2.1.4. High-Spin Systems ($>1/2)

For spin systems with more than two unpaired electrons, i.e. systems with an effective spin S >1/2, the

“fine-structure” and exchange terms have to be included in the spin Hamiltonian:

HZFS+HEX:Zgi'bi'gi_zgi'jy'gja (Eq. 2.13)

i<j
where lA)l. is the traceless zero-field splitting (ZFS) tensor and J ; 1s the exchange coupling tensor.

For the effective electron spin S the ZFS term can be written as:
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H,.=S8-D-S, (Eq. 2.14)

with the ZFS tensor D , which is diagonal in the principal axes system. Then the spin Hamiltonian can

be rewritten as

wey z-z y

H, =D.S>+D S>+D_S* = D{Sf - % S(S+ 1)} + E(s? - 5?), (Eq. 2.15)

where D=3D_/2 and E = (Dxx -D, )/ 2 — axial and rhombic ZFS parameters.

In systems with high local symmetry, e.g. octahedral or tetrahedral, the ZFS contribution is constant in

all Zeeman energy levels and thus is not observed using EPR. However, for systems with .S >2 ZFS can
also be detected for these symmetric systems. The effect of crystal fields with cubic symmetry makes it

obligatory to include higher order terms in S, , and the spin Hamiltonian for the ZFS is given by

H g = aZ6FS [S: +S,j +S: _%S(S+1)(3S(S+l)_l):|' (Eq. 2.16)

The exchange coupling spin Hamiltonian describes weakly interacting unpaired electrons or group spins

S, and § ; with an exchange coupling tensor J;;, which consists of isotropic part and anisotropic part. The
anisotropic part of the exchange interaction tensor is caused by spin-orbit coupling and can be usually

neglected.

The isotropic part of the exchange interaction consists of two components: Heisenberg (direct) exchange
and super-exchange (indirect). Heisenberg exchange becomes relevant when the orbitals of two spins overlap

significantly, and therefore unpaired electrons strongly interact. There are many definitions of the exchange
interaction spin Hamiltonian, ie. H = —2J§1§2 , H= —J§1§2 and H = J§1§2; however, the most

frequently used is

H=-2JSS,. (Eq. 2.17)

Here, J <0 corresponds to an antiferromagnetic exchange interaction (a weak bonding situation) and

J > 0to a ferromagnetic interaction (a weak anti-bonding situation).
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Indirect exchange appears from overlap between orbitals of a bridging ligand across two centers, with
each of these centers (71,72). The same spin Hamiltonian (Eq. 2.17) can also be used to describe super-

exchange interaction.

In most cases, direct exchange is antiferromagnetic, since the electronic configuration with the highest
number of paired electrons is lower in energy. Depending on the specific bridging environment, the super-
exchange interaction can be ferromagnetic or antiferromagnetic. Overall, antiferromagnetic contributions are

usually dominant.

2.1.5. Spin-Coupling Model. Mixed Valence Mn-Mn Complexes

In cases where the electron exchange interaction is significantly larger than any other term of the total

spin Hamiltonian, the spin manifold can be described in terms of coupled or effective electronic spin
states(73). For example, a two spin system containing S, and §, can be expressed in term of a single

quantum number S, which takes values

S =8, +1,...,8 +8, . (Eq. 2.18)

2

S=|s, -5,

The energy levels and differences between neighboring energy levels are

E, =—J[S(S+1)=5,(S, +1)-S,(S, +1)], (Eq. 2.19)
E,-E, =2JS. (Eq. 2.20)
The spin Hamiltonian for two electron spins can be written as

[:[:_2*]515;2"'251"C}i'gi"'zlgego'éi'§i+2§i'&i'ii

51+ ST BT (Eq. 2.21)
ESTRRSIE

Depending on the manifold of .S, the coupled representation of the spin Hamiltonian is given by

Hy=-J[S(S+1)-S,(S, +1)-S,(S, + )]+ S-D-S+ B,B,-G-S+>.8- 4,1,
.. . : (Eq. 2.22)
_ZgnﬂnBo'li'i'Zli'Pi']i
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It should be noted that G , D and 12[1. no longer represent onsite values, i.e., intrinsic to a specific spin
center, but instead now reflect a property of the coupled system. The uncoupled spin basis is transformed to
the coupled basis using Wigner-Eckardt theorem. This allows the effective tensors G and 121,. to be expressed
in terms of intrinsic (uncoupled) tensors via spin projection factors p . The relation between the effective

and intrinsic tensors can be analytically solved for the system with two centers and is given below for a total
spin of S = . This was first described by Sage et al. (74) in relation to the dimeric iron cofactor of purple
acid phosphatase and extended to mixed valence manganese complexes by Zheng et al. (75) and Peloquin et

al. (62). The isotropic spin projection factors are given by

_S(S+1)+8,(S, +1)-S,(S, +1)

| = 25(5+1) : (Eq. 2.23)
b= S(S+1)- Ségsk; :i; S, (S, + 1)’ (Eq. 2.24)
and, assuming g, and a, are isotropic, effective G and hyperfine A, tensors are
G=pg + P8+ p;iz (&~ 2. [Bp +1)d, ~(Bp, +1)d, ], (Eq. 2.25)
4 =pa, —5“—} o030, +1)d, = (3p, +1)d, ], (Eq. 2.26)
A, =p,a, + :—;pl,% [(3,01 +1)d, —(3p, +1)d, ] (Eq. 2.27)

For a Mn"Mn" dimer, Sivmm =5/2 and S,y =2 which gives isotropic spin projection values of

0, =7/3 and p, =—4/3 respectively. In the limit where exchange coupling J is large (J >>d,), the

7 4 7 4
above relations are approximately: G = 5 g” -— g’” , A" = ga” and A" = —Ea”[ (74).

3

It is important to note that the expressions above are derived from first order perturbation theory, which

breaks down in systems where .J is not large. In systems that have a pseudo-well-isolated ground state, it is

often more convenient to describe the spin projections p; as a tensor as opposed to a scalar quantity, that is,
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the correction to the projected g/hyperfine tensor (second/third terms of eqs. 2.25 — 2.27) is subsumed into
the spin projection coefficient itself. This formalism can also be readily generalized to the large spin systems.
Here, the Mn ion fine structure terms are included in the spin Hamiltonian that describes the spin manifold

(total zero-field splitting) of the complex:

H=-2JSS,+S,-d,-S,+8,-d,-S,, (Eq. 2.28)
where the ZFS tensors for two centers are traceless and can be represented as

—1(d, -3e,) 0 0
d = 0 ~4(d +3¢,) 0 |. (Eq. 2.29)
0 24,

1

The projection of the total spin onto the individual Mn centers is defined as the ratio of the on-site

spin expectation value (S, ) of the i-th Mn to the “total spin’ .S or (S,) (76,77):
p p z z

(Eq. 2.30)

For the S =1/2 electronic spin manifold, the expectation value of the spin operator <S z> is % and thus

(Eq. 2.30) can be rewritten as:
pPi = 2<SIZ> :

The effective G and hyperfine 4, tensors are weighted linear sums of the intrinsic tensors of individual

Mn ions:
G=pg+p.é. (Eq. 231)
4 =pa,. (Eq. 2.32)
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2.1.6. The Spin Hamiltonian of the Mn Cluster of the WOC

Here, an exchange-coupled Mn tetramer is considered. The current assignment for the oxidation states of
the four Mn ions when poised in the S, state is Mn""Mn""Mn""Mn"" (37,78,79). This net oxidation state is
assumed throughout the text. A basis set that describes the Mn-tetramer spin manifold can be built from the

product of the eigenstates of the four interacting spins:
|5,8,8,8,M,M,MM,II,1,1,mm,mm,), (Eq. 2.33)

Here S, refers to the electronic spin state of Mn;, M, refers to the electronic magnetic sub-level of Mn;,
I, refers to the nuclear spin state of Mn;, and m, refers to the nuclear magnetic sub-level of Mn;. S, takes
the value 2 for Mn"" and 3/2 for Mn""; M, =-S§,,—S, +1,...,S,; I, takes the value 5/2 for *Mn (100%

natural abundance); m, =—1,,—1, +1,...,1,.
The Spin Hamiltonian that describes the spin manifold of the Mn tetramer is:

H:Zﬂeéo 'gi 'gi_zgnﬂnéo'ii +Z§i'&f jz"'zjz ﬁziz"'zgzé?zgz

_Zsi'jij'gj

i<j

(Eq. 2.34)

It contains: 1) an electronic Zeeman term for each Mn ( g;) ion ; ii) a nuclear Zeeman term for each *Mn
(g,); ii) an electron-nuclear hyperfine term for each *Mn (a,); iv) a nuclear quadrupole term for each *Mn
(p,); v) a fine structure term for each Mn (d, ) ion and vi) pair-wise exchange terms for each Mn-Mn (J i)
interaction.

The tetra-nuclear manganese cluster of the WOC (Mn,4OsCa), already presents a daunting theoretical
exercise. A basis set that describes the entire spin manifold of the coupled four Mn ions requires 414720
vectors, too many to be readily handled by current numerical techniques. The problem can be greatly
simplified by assuming all Mn-Mn couplings are large, i.e. within the strong exchange limit. In this case, the
exchange interactions between the Mn ions have to be significantly larger than any other term of the spin
Hamiltonian. The resultant electronic spin states of the manifold are then adequately described by a single

quantum number, the total spin S, . The ‘multiline’ EPR signal observed for the S, state of the WOC is
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derived from only one total spin state, the ground state of the spin manifold with total spin S, =1/2. The
basis set that describes this subspace requires only 2592 vectors which represent the coupling of the effective

electronic spin S, =1/2 to the nuclear spin of each **Mn (/ = 5/2) nucleus.
The wavefunctions of this basis are given by

T M m m, m m4>, (Eq. 2.35)

2|

where M ==+1 and m, :—%,—%,...,
The effective spin Hamiltonian that describes the ground state of the spin manifold (S, =1/2) is:

H= G-S +Z( ' B,-1.+S- 4, i) (Eq. 2.36)

It contains: i) the Zeeman term for the total electronic spin; ii) Zeeman terms for each *’Mn nucleus; iii)
hyperfine terms for each *Mn nucleus. Quadrupole terms are neglected for the >>Mn nuclei since they are

considered to only have a small contribution to the energy levels (eigenstates) of the system.

2.1.7.  The Spin Hamiltonian of the '’ O-Mn Cluster of the WOC

To study water binding modes and sites we need to address a more general case, when a single ''O
nucleus is magnetically interacting with an exchange coupled Mn tetramer. Similar to as described before,

the uncoupled extended basis set can be written as:
|5,8,8,8, MM, MM, I,1,1,1,mm,mym,Lk) (Eq. 2.37)

Here S, refers to the electronic spin state of Mn;, M, refers to the electronic magnetic sub-level of Mn;,
I, refers to the nuclear spin state of Mn;, and m, refers to the nuclear magnetic sub-level of Mn;. §, takes
the value 2 for Mn"" and 3/2 for Mn"; M, =—-S§,,—S, +1,...,S,; I, takes the value 5/2 for *Mn (100%

natural abundance); m, =—1,,—I,+1,....,I,; L=5/2 for O (0.038% natural abundance); and

k=-L—-L+1,...,L.
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The Spin Hamiltonian that describes the spin manifold of the '7O-Mn cluster is:

H:Zﬂeéo 'gAi 'Si _nggnéo iz +Z‘§i '&i iz +Zi1 'ﬁi iz +Z‘§i 'aA’i 'Si

S50 5 4 goBBy Y8 6 LAl f I

i<j i

(Eq. 2.38)

It contains: 1) an electronic Zeeman term for each Mn ( g;) ion ; ii) a nuclear Zeeman term for each >Mn
(g,)and "0 ( g, ) nucleus; iii) an electron-nuclear hyperfine term for each *Mn (a;) and "0 (c ;) nucleus;
iv) an nuclear quadrupole term for each >>Mn ( p;) and "0 ( /) nucleus; v) a fine structure term for each Mn

(d,) ion and vi) pair-wise exchange terms for each Mn-Mn (J ;) interaction.

Again, we can simplify the task using the strong exchange limit for the Mn ions. The basis set that

describes the ground state of the spin manifold with total spin S, = 1/2 requires only 15552 vectors, which
represent the coupling of the effective electronic spin S, =1/2 to the nuclear spin of each >*Mn (I =5/2)

and 'O (I =5/2) nucleus.

The wavefunctions of this basis are given by

T M m m, m m, L k>, (Eq. 2.39)
where M=+1;m=-3,-2,..,3 and k=-3,-3,....3.

The effective spin Hamiltonian that describes the ground state of the spin manifold (S, = 1/ 2)is:

— A~

H=pE,-G-5+>(¢,8B, T +S-4,-1)+g,BB, - L+5-C-L+

FL (Eq. 2.40)

i

It contains: i) the Zeeman term for the total electronic spin; ii) Zeeman terms for each >Mn nucleus and
the 'O nucleus; iii) hyperfine terms for each >>Mn nucleus and the '’O nucleus and iv) a quadrupole term for
the 'O nucleus. Quadrupole terms are neglected for the *’Mn nuclei since they are considered to only have a

small contribution to the energy levels (eigenstates) of the system.
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2.1.8. "0 ENDOR spectra simulations
The simulation of 'O EPR/ENDOR spectra of the WOC can be further simplified. Because the 'O

couplings are small, they do not contribute significantly to the inhomogeneous linewidth of the S, EPR
spectrum. Thus, for simulation of the EPR spectrum, the terms in Eq. 2.40 relating to the '’O nucleus can be

excluded as given below:

H ppp :ﬂeéo'G'§+Z(gnﬂnéo'ji+§'lei'ii) (Eq. 2.41)

Similarly, a simplified effective Spin Hamiltonian can be used for the simulation of ENDOR spectra
associated with the '’O nucleus. As the '’O nucleus does not significantly couple to the four >>Mn nuclei, the

terms in Eq. 2.40 associated with the *Mn nuclei can be excluded:
Hppor =B.B, - G-S+g,B,B,-L+S-C-L+L-F-L (Eq. 2.42)

In practice, however, the above Spin Hamiltonian (Eq. 2.42) is only valid when the 'O ENDOR
spectrum is collected at the center field of the S, multiline spectrum, for this position, all powder-pattern
orientations are sampled uniformly. ’O ENDOR spectra that are collected on the high and low field edges of

the multiline spectrum must also take into account the sampling of the powder-pattern orientations.

2.2. EPR spectroscopy techniques and spectral analysis

Electron and nuclear spin transitions can be induced in spin system within an external magnetic field by
application of a second electromagnetic field at the condition of resonance, i.e. when the frequency of the
field is close to the corresponding transition frequency. For a spin system with S = '3, the electron Zeeman
term is dominant at commonly used in EPR magnetic fields, and energy levels are split into two levels. Then

the resonance condition is described by:
hv=AE=g,B,B,. (Eq. 2.43)

To induce these spin transitions, linearly polarized monochromatic microwave (mw) or radio frequency
(rf) fields are used in EPR spectroscopy. Detection of an electronic transition essentially amounts to

searching for the resonance condition. This search can be performed in two ways: i) the frequency of the
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incident mw frequency can be scanned while the external (static) magnetic field is kept fixed or ii) the
external magnetic field is scanned while the incident mw frequency is kept fixed. Due to technical reasons,
latter option is typically used. There are different fixed mw bands used in EPR. Historically, the most widely
used EPR wavebands are X-, Q- and, since end of 1970s, W-bands, with working frequencies of 9.5, 34 and
95 GHz, respectively. The most frequently used EPR techniques and their application to particular systems

of interest are described below.

2.2.1. Continuous-Wave (cw) EPR

Observation of a cw EPR signal is based on detection of the energy absorbed by the system at a resonant
frequency. The absorption of energy by the spin ensemble is possible since there is a difference in population
of upper and lower energy levels. The populations of energy levels are described by the Maxwell-Boltzmann

distribution, and the ratio of populations can be written as
n,, AE
% —exp [— —] , (Eq. 2.44)

where k is the Boltzmann constant and 7" the temperature in kelvin. For example, this ratio is ~ 0.998
at X-band resonance frequency (9.5 GHz) and at temperature 300 K. Small difference in populations leads to
a sensitivity problem. Therefore, magnetic field modulation is used to record cw EPR spectra, and thus cw

EPR spectra are usually represented as the first derivative.

The sensitivity of EPR technique is defined as the minimum number of detectable spins, which is
dependent on microwave power P, resonance frequency Vv, sample volume V and the unloaded quality

factor of resonator Q in the following way

N._. o« VO 2P, (Eq. 2.45)

min

Thus, high microwave power is preferable for higher sensitivity; however, this may saturate the spin
ensemble. At low power, the EPR signal should increase proportionally to the square root of mw power.
Saturation occurs at higher power, where the signal intensity grows most slowly and may actually diminish

due to local heating of the measured sample. Increased temperatures prevent saturation problems, since
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relaxation processes slow down at low temperatures. At lower temperatures, though, the population
difference between the spin levels is enhanced, increasing signal intensity. The two effects have to be
balanced to achieve the best performance.

For the spin system S=1/2, I=1/2, with a positive isotropic hyperfine coupling constant, and
assuming that external magnetic field is directed along z axis and linearly polarized magnetic field — along
X axis, the non-perturbed spin Hamiltonian can be written as

H,=p.B,gS. +aS.I.—g,B,B,l.. (Eq. 2.46)

The corresponding energy level diagram is shown in Fig. 2.1 (panel A). Here the following interactions
are shown: the electron Zeeman splitting, the hyperfine splitting, and the nuclear Zeeman interaction. There

are six possible transitions in this scheme that can be induced by an oscillating electromagnetic field.

The interaction of a given spin system with oscillating electromagnetic field B, can be described by the

following spin Hamiltonian.
Hl = 2B1 Cos(a)mw.txgﬂesx - gnﬂnlx)' (Eq 2’47)
Its matrix elements partitioned against the eigenstates of the system gives transitions amplitudes:

A 2
aly f>‘ , (Eq. 2.48)

Vif = ‘<l/li

where ;i . represent initial and final wavefunctions of the eigenstates and can be defined for a given

system by two spin quantum numbers of electron (mg = , ) and nucleus (m, =, 5,).

For the first term, there are only two non-zero matrix elements, which represent transitions without
changing the projection of nuclear spin, i.e. aa, <> fa, and aff, <> B, transitions (solid line arrows in
panel A, Fig. 2.1.). Only transitions of this type (a <> f) are relevant for EPR detection, since an applied

mw frequency cannot flip the nuclear spin (this process requires an additional oscillating rf field). Thus the

second term in Eq. 2.45 is irrelevant for the EPR transitions, since matrix elements for those transitions are

equal zero. In total, there are two EPR transitions with frequencies v,, = g,8,B, /h* a2 that appear in the

cw EPR spectrum shown in Fig. 2.1 (Panel B).
36



Electron
Zeeman

Hyperfine

Nuclear
Zeeman B
A A
i NMR
Y
A
EPR
v v,
A fixed v,
+ NMR fixed B,
vy v

B

res

[§)

)

A}

Figure 2.1 (A) The energy level scheme for the S = 1/2, 7 = 1/2 spin system with isotropic g and a > 0; (B) Corresponding cw

EPR spectrum in different representation form.

Transitions of type «, <> 3, can be detected by applying special techniques such as Electron Nuclear

Double Resonance (ENDOR), where an additional rf source is used to induce NMR transitions.

2.2.2. Continuous-Wave ENDOR

The cw ENDOR is a double resonance technique that was developed by Feher for his studies of

phosphorus-doped silicon (80). NMR transitions are detected by monitoring the intensity of the EPR

transition.
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Figure 2.2 The scheme of induced transitions and possible relaxation pathways in the cw ENDOR experiment for the S =1/2, /
= 1/2 spin system with isotropic g and a > 0.

The first step in performing a cw ENDOR experiment is to record an EPR spectrum to determine the
resonance magnetic fields. Then, the chosen resonance magnetic field is fixed, and the corresponding EPR
transition is saturated with a high power mw field. Finally, the rf frequency is swept while monitoring the
EPR absorption signal. If the swept rf induces a nuclear transition, connected to the pumped EPR transition,
desaturation of the EPR transition takes place. Analogous to cw EPR, modulation of the rf is used to increase
sensitivity of the cw ENDOR technique, and as such, the spectrum typically is presented with a derivative

line shape.

Double resonance experiments such as cw ENDOR require more effort than common EPR or NMR
experiments, but they combine the high sensitivity of EPR with the high resolution of NMR techniques and

can provide information about a molecular system not accessible with a single technique.

2.2.3. Pulse EPR techniques

In contrast to cw methods, where mw or rf radiation is continuously applied, in pulse EPR techniques
transitions are induced by pulses of a certain frequency. The quantum mechanical explanation of the effect is
rather complex and discussed in many fundamental works, e.g. (68). Here, the formation of the signal in

pulsed experiments is discussed using the vector model, which describes the evolution of the magnetization
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vector in time. The scheme of the electron spin echo (ESE) signal formation is presented in Fig. 2.3. This

was first developed by Hahn (81) for detection of NMR signals using rf pulses.

Hahn

v FID FID echo

Y

Figure 2.3 The vector model of Hahn echo signal formation.

In a system where the external (static) magnetic field is applied along z-axis, all spins precess around the
z-axis, and therefore the net magnetization can be considered to be aligned along z-axis. A pulse of resonance
frequency applied along the x-axis leads to a rotation of the total magnetization vector around the x-axis. The
length of the pulse is chosen such that magnetization vector is turned by 90° (/2 pulse). Immediately after
the pulse, the net magnetization of the system is aligned along y-axis, and spins start to precess in the xy
plane. Detection of magnetization occurs in the y direction via one of two possible techniques. The decay of
magnetization in the xy plane can be monitored immediately after the m/2 pulse, which results in the so-
called free induction decay (FID) signal. Alternatively, a second pulse can be used to refocus the
magnetization at a later time (). This second 180° (m pulse) is also along the x-axis, which reverses the
precession of spins. At twice the time difference between the two pulses (¢# = 27 ), the spins refocus, and the
electron spin echo (ESE) signal is observed. The dephasing of the magnetization in the xy plane derives from
inhomogeneity of local fields or spin-spin interactions, which engender slightly different Larmor frequencies
for the ensemble of spin packets. The decay of magnetization due to spin-spin interaction is irreversible and

cannot be restored by the second pulse. This is called spin-spin relaxation and is associated with the time

constant 7, , or phase memory time. The ESE amplitude decays exponentially with correlation time 7, .
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2.2.3.a. Field-swept Echo-detected EPR

Field-swept echo detected EPR is one of the simplest pulse EPR techniques, where the m/2-t-1 pulse
sequence is used to generate a spin echo signal which is integrated while magnetic field is swept. This pulse
experiment has some advantages over conventional cw EPR, such as the absence of mw irradiation during
signal detection , and that the measured EPR response is proportional to the magnetization vector amplitude
at the moment of mw excitation. Thus, the noise level is defined by only spectrometer limits, without
additional noise from the mw source, and spectral analysis is simplified due to the absence of mw excitation
in the detected signal. In particular, cw EPR is insensitive to very broad spectra due to the field modulation
when collecting data. Echo detected EPR does not suffer from this problem. However, echo detected EPR
does suffer from some serious limitations, including time resolution and sensitivity. The time resolution is
limited by two factors: the length of the pulse sequence and the deadtime of the spectrometer. Deadtime is
defined as the time between switching off the mw power and when the ringing intensity in the cavity
decreases to the same order of magnitude as the echo intensity, which is when it becomes possible to

measure the response signal.

2.2.3.b. Electron Spin Echo Envelope Modulation (ESEEM)

A very important class of ESE experiments is the Electron Spin Echo Envelope Modulation (ESEEM)
experiment (82). The simplest experiment is the two-pulse ESEEM technique with the Hahn echo pulse
sequence, where the echo intensity is monitored while sweeping 7 (Fig. 2.4). The interaction of electron spins
with nearby nuclei causes a modulation in the decay of the electron spin echo. In order to obtain the
hyperfine coupling constants of those nuclei, the decay of the spin echo is subtracted, and a Fourier
transformation is applied to the oscillations. This Fourier transform of the time domain spectrum yields a
frequency domain spectrum that contain information about all of the nuclei that are coupled to the electron,
such as hyperfine interactions, nuclear quadrupolar interactions for I > 1, as well as a measure of unpaired

electron spin density on a given nucleus or the distance between the coupled nucleus and the electron.
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Figure 2.4 Pulse sequences of two-pulse and three-pulse ESEEM techniques.

The linewidth in two-pulse ESEEM is related to the phase memory time of the electron spins and is
twice as large as the homogeneous EPR linewidth. The natural linewidths of nuclear transition spectra are
related to the phase memory time of nuclear spins, which is usually much longer than that of the electron
spins, and hence the nuclear linewidth can be much smaller. As a consequence, the resolution of the 2p
ESEEM spectra may be lower than ENDOR spectra. To avoid this limitation, the three-pulse ESEEM

method is used with a pulse sequence based on detection of a stimulated echo (Fig. 2.4).

The three-pulse ESEEM is the one of the most commonly used techniques, where the echo modulation is
recorded as the time delay 7 between second and third pulses is incremented. As a result, the echo intensity
decays with the time constant of the phase memory time of nuclear spins, allowing echo detection for
systems with short spin-spin relaxation times (7,). The advantage of this technique over the two pulse
method is increased spectral resolution, since the linewidths are determined by the phase memory time of the
nuclear spins, which is usually of the same order of magnitude as the longitudinal relaxation time 7; of the
electron spins. However, due to the nature of the experiment, 3p ESEEM suffers from blind spots at nuclear
frequencies with a period of 1/t. Because of this, 3p ESEEM experiments are typically conducted at several
values of 1 to identify and minimize artifacts from blind spots. However, this effect can also be used
advantageously to suppress effects from unnecessary background signals such as large matrix proton peaks

coming from water.

2.2.3.c. Davies and Mims ENDOR

Davies and Mims ENDOR are additional commonly-used pulse techniques, first described by Davies

(83) and Mims (84). Both techniques rely on transfer of spin polarization. Pulsed techniques have several
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advantages over continuous wave ENDOR. Though cw ENDOR is a more sensitive technique in comparison

with pulsed ENDOR, pulsed ENDOR allows the observation of weakly coupled nuclei.

Davies ENDOR Mims ENDOR
T /2 n /2 /2 /2
bl | I N ol I | Jee=
on reson.
> >
on resonance T
Vl’f T - - off resonance Vrf m T
-— >
preparation mixing detection preparation mixing < detection

Figure 2.5 Pulse sequences of Davies and Mims ENDOR techniques.

The corresponding sequences are shown in Fig. 2.5. In the Davies ENDOR sequence, the first selective
mw 7n-pulse inverts the spin population of a single EPR transition (preparation period). This essentially
creates a hole in the EPR spectrum. The width and depth of this “burned” hole depend on the length of the
applied pulse, with long pulse producing narrow holes and vice versa. Then, during the mixing period, a
selective rf pulse is applied to induce NMR transitions. When the swept rf is in resonance with an NMR
transition, magnetization is transferred to the other spin manifold, otherwise no mixing occurs to fill in the
hole created by the inversion pulse. During the detection period, the z-component of the magnetization is
measured using a two pulse echo sequence. In short, the EPR signal that is restored during the mixing period

is observed. This technique is most suited to nuclei with large hyperfine coupling values.

The Mims ENDOR technique is based on a stimulated echo sequence. It consists of a preparation pulse
sequence of two m/2 pulses to invert the electron spin population, and a final 7/2 pulse after the mixing
period to stimulate the ESE for signal detection. During the mixing period, an rf & pulse is used to invert the
nuclear spin population, resulting in polarization transfer between the nuclear and electronic transitions. This
results in changing the intensity of the EPR transition when the rf frequency is in resonance with specific
NMR transitions. The echo intensity is subsequently measured as a function of the radio frequency to give

the characteristic ENDOR spectrum shown in Fig. 2.6.
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Figure 2.6 The ENDOR spectra of the spin system S = 1/2, I = 1/2 with isotropic g at different conditions. A) low field limit;

B) high field limit.

Here the resonance frequencies are given by:

a
v, T—

Eq. 2.49
2 (Eq )

Vienpor =

In the low field limit, the nuclear Larmor frequency is less than half of the hyperfine coupling, and

resonance lines are split by 2V around a frequency equal to a/2 . The opposite situation occurs in the high

field limit 2v, > a, where the ENDOR lines are split around the nuclear Larmor frequency by the hyperfine

coupling a (see Fig. 2.6).

2.2.3.d. High field ELDOR-detected NMR as an alternative to ENDOR spectroscopy

Electron-electron DOble Resonance (ELDOR) detected NMR (EDNMR) (85) is an example of a
polarization transfer experiment and as such is similar to Davies ENDOR. In the EDNMR experiment,
nuclear transitions of the spin manifold are probed indirectly using a second microwave pulse, which pumps
spin forbidden electronic transitions (gray solid arrows in Fig. 2.7A) i.e. transitions where both the electron
and nuclear spin states change. The pump pulse is swept around the resonance frequency (Vmy'). At

microwave frequencies where the pump pulse coincides with the forbidden electron transitions of the spin

manifold (v, = VELD(i) —Vmw(o) ), the observed echo signal decreases, leading to apparent side-holes, which

correspond to the nuclear transitions of the spin manifold. In addition, the pump pulse excites the allowed

transitions of the spin manifold. These results in a decrease in the observed primary echo across the entire
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region swept. This response profile is Lorentzian, and centered at the resonance frequency (Vi”). This
profile is termed here the central hole. Side holes appear symmetrically about the resonance frequency
(Vas”), for an inhomogeneously broadened EPR line i.e. where the EPR linewidth is larger than that of the

nuclear coupling of interest.

EDNMR has been used for the detection of strongly coupled nuclei at low microwave frequencies (X, Q
band). At high field (W-band) though, the Larmor frequency of many more low y nuclei ('*N, ""O) is now
sufficiently large that signals from these nuclei can be resolved from the central hole even for the
circumstance where the coupling of the nuclei to the electronic spin is weak (i.e. less than twice the Larmor
frequency). The W-band EDNMR of a complex containing both "*N and '"O ligands in the weak coupling
limit is shown diagrammatically in Figure 2.7. The lines associated with a particular nucleus are centered at
the Larmor frequency of the nucleus of interest, split by the hyperfine (and quadrupole) coupling.
Importantly, at high field, the Larmor frequency of 'O [v('’0)=19.63 MHz at B,=3.4 T] is significantly
different from that of "*N [v('*N) =10.46 MHz at B,=3.4 T], thus allowing both components to be readily

identified.

For nuclei with / > '5, multiple quantum transitions are observed. These are centered about scalar
multiples of the Larmor frequency split by the same scalar multiple, i.e. in double quantum transitions are
centered about twice the Larmor frequency split by twice the hyperfine coupling. It is important to note that
high field (W-band) detection of '’O signals arising from oxygen ligands of metallocofactors is the preferred
as compared to X- or Q-band frequencies. In previous literature studies, hyperfine couplings of the order of
~10 MHz have been observed for 'O ligands. At both X- and Q-band frequencies, couplings of this
magnitude result in one of the branches of the signal envelope appearing at ~0 MHz, which is generally
strongly suppressed or technically difficult to measure, thus only half of the signal envelope is resolved. In
contrast, at W-band, both branches are shifted at least 10 MHz from the origin, allowing resolution of the

whole signal envelope.

EDNMR has several advantages over ENDOR and ESEEM for the detection of 'O ligands to
metallocomplexes. For metallocomplexes, EDNMR is often more sensitive than Davies ENDOR, especially

for systems for which the 7 relaxation is short, since the detection sequence can be placed directly after the
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pump pulse. EDNMR also allows the simultaneous detection of multiple overlapping nuclei (i.e. N, '"0).
In the corresponding Davies ENDOR experiment, the two nuclei of interest may have very different optimal
nrr pulses leading to suppression of one species relative to the other. Similarly, ESEEM and Mims ENDOR
are both limited by 7 relaxation and thus large, highly anisotropic coupling can be often lost or distorted due
to the deadtime of the spectrometer. Because the profile of the EDNMR spectrum is not dependent on 7

time, EDNMR does not suffer from this disadvantage.

2.2.3.e. Two dimensional EDNMR

Further information on the spin system can be obtained using 2D EDNMR. In the 2D experiment, an
EDNMR spectrum is taken at a series of magnetic field positions across the EPR spectrum. Pictorial 2D
EDNMR surfaces representing two limiting cases are shown in Figures 2.7D. As stated previously, the peak
positions of the side-holes associated with a particular nucleus are centered at the Larmor frequency of the
nucleus of interest, split by the hyperfine (and quadrupole) coupling. As the Larmor frequency is linearly
field dependent, the mean peak position linearly increases with respect to the central hole (vy,'”) as the
magnetic field increases. As a consequence, not only the position but also the rate of change of the peak shift
is characteristic of a particular nucleus. It is noted that double quantum transitions must have twice the field

dependence of the corresponding single quantum transitions.

In Figure 2.7, the hyperfine coupling of all detected nuclei (‘*N, '’0) is significantly anisotropic. In this
circumstance, the splitting of the two peaks is also dependent on the magnetic field because the sampling of
the powder pattern orientation is field dependent. Therefore, non-linear dependence of peak positions are
observed. However, the average peak position still linearly increases with respect to the central hole (Viny'”)

as the magnetic field increases, and as such can be used as a marker for the nucleus identity.

The 2D EDNMR spectrum should nominally reproduce the corresponding 2D Davies ENDOR spectrum,
accounting for artifacts systematic to this technique. This requires two conditions: (i) the nucleus of interest
does not contribute to the inhomogeneous linewidth of the EPR spectrum, and (ii) the signal envelope is

relatively narrow such that the side-holes are placed on the “wings” of the Lorentzian signal envelope. It is
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noted though that the relative intensities of multiple quantum transitions to a single quantum transition differ

between the ENDOR and EDNMR experiments.
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Figure 2.7 High field ELDOR detected NMR (EDNMR) of a mixed valence Mn dimer complex (S = '2) containing weakly
anisotropically coupled low v nuclei (7O, '“N). (A) Energy level diagram and EPR/EDNMR transitions for the S =1/2, I =1 (**N)
system. (B) The EDNMR spectrum measured at the center of the multiline spectrum. (C) The EPR multiline spectrum of the
complex. (D) The 2D EDNMR representation of B. Here a series of EDNMR spectra have been collected across the EPR spectrum
(i.e. C) of the complex. The lines represent the peak positions of the side-holes observed in B. The field dependence of the side-
holes for each nuclei are non-linear, however the mean peak position does shift linearly away from the central hole (Vuy'™) with
increasing magnetic field. (E) The baseline corrected EDNMR spectrum at three selected field positions within C: the centre field

and the low and high field edge. Only half of the EDNMR spectrum is shown and inverted for clarity of presentation.
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3. SUMMARY

This chapter has an overview of the academic work produced during my PhD project. This work
includes five journal articles, three of which are already published, one is submitted, and the remaining is

still in preparation. My contribution to each study is described below:
3.1 The effect of Ca*>*/Sr** substitution on the oxygen evolving complex of PSII

e [ collected most of the EPR experimental data;
e [ performed most of the data simulations and modeling
e [ was involved in the production of the manuscript

A. Boussac provided all biological samples. D. Pantazis performed all the DFT calculations.
3.2 The electronic structures of the oxygen evolving complexes in plants and cyanobacteria

e [ was involved in the collection of the EPR experimental data;
e [ performed part of the data simulations and modeling
A. Boussac provided the biological samples.

11

3.3 Electronic structure of a weakly antiferromagnetically coupled Mn"Mn"" model complex

e [ performed part of the data simulations and modeling

T. Wehyermueller provided the chemical samples. W. Ames performed all DFT calculations.

3.4 Detection of water binding sites in the oxygen-evolving complex of photosystem II (major work

of my thesis)

e [ performed all the EPR measurememts

e [ performed most of the data simulations and modeling

e [ was involved in the production of the manuscript

T. Wehyermueller provided the chemical samples. A. Boussac/M. Nowaczyk provided the biological

samples. W. Ames performed all the DFT calculations.
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3.5 Characterization of p-oxo bridge of Mn model complexes using high field EPR spectroscopy

(second major work of my thesis)

e [ performed all the EPR measurememts
e [ performed most of the data simulations and modeling
e [ was involved in the production of the manuscript

T. Wehyermueller provided the chemical samples. W. Ames performed all the DFT calculations.
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3.1 The effect of Ca’*/Sr’* substitution on the electronic structure

of the oxygen-evolving complex of photosystem II: A combined

pulse “Mn-ENDOR, multi-frequency EPR and DFT study of the
S, state

Published in the Journal of the American Chemical Society, 2011 Vol. 133 (10), pp 3635-3648.

Under normal conditions, photosynthetic organisms typically take up Ca”" ions when assembling the
WOC (see section 1.2). However, in cyanobacterial cultures (7. elongatus) grown in a medium devoid of
Ca™" salts, but enriched in Sr*" salts, a Sr*" ion can be used instead (86). No other metals can be naturally
used by living organisms for driving water-splitting chemistry. The modified, Sr*’-containing WOC
(Mn4OsSr), shows a slower rate of molecular oxygen formation, as the S;—S;—S, transition time is
significantly longer. In contrast, the yield of oxygen evolution remains the same as for MnsOsCa cluster. We
investigated the change in the electronic structure induced by the replacement of Ca with Sr using multi-
frequency EPR spectroscopy. EPR spectra of the Mn,OsSr cluster poised in the S, state exhibited the
characteristic differences in the hyperfine pattern of the multiline EPR signal seen in earlier literature (see
Fig. 3.1A and B). In contrast, the manganese (*"Mn) ENDOR spectra of the Ca and Sr forms of the WOC
were very similar (Fig. 3.1 C). Simultaneous simulation of all multi-frequency EPR/ENDOR data allowed a
unique solution for magnetic parameters to be determined. We found that the change in these parameters
upon Ca/Sr substitution is relatively small. Density Functional Theory calculations supported simulated

experimental values.

In addition, these results allowed a further analysis of the geometric structure of the WOC, particularly
the site and ligand environment of the unique Mnp (Mn"") of the S,-state. This Mn"" is a potential site for
substrate ‘water’ (H,O, OH) binding (see section 1.3, Figure 1.7C). Its location within the cuboidal
structural unit, as opposed to the external ‘dangler’ position, may have important consequences for the

mechanism of O—O bond formation.
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Figure 3.1 Summary scheme of work: coupling EPR/ENDOR spectroscopy with theoretical approaches. (A) X-band

cw EPR spectra. (B) Q-band pulse echo-detected field sweep EPR spectra. (C) Q-band pulse “Mn-Davies ENDOR

spectra. (D) Theory: from a coupling scheme to a structural model constrained by experimentally-determined

parameters.
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3.2. The electronic structures of the S, states of the oxygen
evolving complexes of photosystem II in plants and cyanobacteria

in the presence and absence of methanol
Published in Biochemica Biophyica Acta, 2011 Vol. 1807 (7), pp 829-840.

The variations are seen in the WOC across different species, in particular, differences in the electronic
structure of the WOC in plants and cyanobacterial PSII. The possible reason for that is distortion of
geometric structure of the WOC. Currently, the only existing crystallographic data on PSII thus far comes
from cyanobacterial membranes. However, much of the spectroscopic data in the literature were obtained
using PS II from plants rather than 7. elongatus. Thus, it is important to identify possible differences
between the different species to aid the collective interpretation of all PSII data. EPR spectroscopy
techniques are well-suited for comparison studies of different species, particularly because it can be used to

probe the electronic structure of the paramagnetic S-states of the WOC in detail.

As described in the introduction, the S, state of the WOC in plants and cyanobacteria displays a
structured EPR signal centered at g~2 called the multi-line (ML) signal. It comes from a St=1/2 ground state
configuration of the manganese cluster. However, under certain preparatory procedures, other EPR signals
are observed for the S, state, including signals above g~4.1, which arise from ground state configurations of
higher spin i.e. S>5/2. One of the most well-characterized effects is the addition of methanol. This organic
solvent prevents the formation of signals at high g-values and modifies the ML signal through the narrowing
of the EPR lines. However, the methanol effect occurs only in plant PSII; cyanobacterial PSII spectroscopic
signals are not modified by methanol. Small changes such as these suggest the WOC from plants and

cyanobacteria are similar but not identical in terms of their electronic structure.

A detailed analysis of the obtained EPR/ENDOR data identified possible differences between the two
species. Only small changes are seen in hyperfine couplings measured on the plant and cyanobacterial WOC,
suggesting the overall spin distribution and the coordination environment of the Mn is the same for both

111

species and only the contribution of the on-site ZFS of the Mn"™ to the total ZFS of the cluster changes. The
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small changes that are observed are rationalized within a model in which the connectivity of the Mn cluster
is slightly different between the two species. The effect of small organic solvents on the electronic structure
of the cluster is to change the coupling between the outer Mn (Mn,) and the other three Mn ions that form
the trimeric part of the cluster (Mng, Mnc, Mnp) by perturbing the linking bis-p-oxo bridge. The flexibility of

this bridging unit is discussed with regard to the mechanism of O-O bond formation.
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3.3. Electronic structure of a weakly antiferromagnetically
coupled Mn"Mn™ model relevant to manganese proteins: a

. 55
combined EPR, “Mn-ENDOR, and DFT study
Published in Inorganic Chemistry, 2011 Vol. 50 (17), pp 8238-8251.

An analysis of the electronic structure of the [Mn"Mn"(u-OH)-(p-piv),(Mestacn),](C1Oy),, (PivOH),
complex is reported in this work. PivOH is a mixed-valence compound which exhibits antiferromagetic
coupling leading to a ground state configuration with total electron spin (St) of 1/2 and a large on-site zero
field splitting (ZFS) for Mn"". The St = 1/2 state manifests the characteristic multiline signal centered at g ~
2 which arises from the coupling of the two >>Mn nuclei to the total unpaired electronic spin. Mn"Mn"
systems are structural model complexes of the oxygen evolving complex (WOC) due to the presence of same
properties: (i) a ground 1/2 spin state; (ii) a small exchange (J) coupling between the two Mn ions; (iii) a
mono-p-hydroxo bridge, bis-p-carboxylato motif; and (iv) a strongly coupled, terminally bound N ligand to

the Mn'".

The electronic structure and properties of these complexes can be elucidated by EPR spectroscopy,
although the analysis of this type of exchange-coupled systems is complicated by the presence of multiple
terms of similar energetic importance in the spin Hamiltonian. This problem can be solved by measuring
EPR spectra at multiple frequencies and using ENDOR spectroscopy. ~"Mn-ENDOR spectroscopy is a
powerful tool in this study because of the lower number of overlapping transitions. The “Mn-ENDOR
spectra provide information not only about the hyperfine couplings but also about nuclear quadrupole
couplings of the *Mn (I = 5/2) ions, allowing determination of the effective G and hyperfine tensors and
their relative orientation. The strong magnetic field dependence of these spectra allowed us to obtain a
unique solution for the electronic structure parameters by simultaneous simulation of all experimental

EPR/ENDOR data.

Multi-frequency EPR/ENDOR simulations showed that unusually large anisotropy of the effective

hyperfine tensors for both the Mn" and Mn"" ions is required to reproduce the experimental spectra. The

53



large effective hyperfine tensor anisotropy of the Mn" ion, which is a d’ ion and usually exhibits small

anisotropy, is interpreted within a formalism in which the fine structure tensor of the Mn"

ion strongly
perturbs the zero-field energy levels of the Mn"Mn" complex. The magnitude of the fine structure and

intrinsic (onsite) hyperfine tensor of the Mn"" is consistent with the known coordination environment of the

Mn" ion, as seen from its crystal structure.

This work also demonstrates that broken symmetry density functional theory (BS-DFT) calculations
provide accurate estimates for all Spin Hamiltonian parameters, including tensor anisotropy. The isotropic
and anisotropic components of the calculated hyperfine tensors match those obtained from EPR/ENDOR
data within an error of 10%. It is possible to conclude from this study that BS-DFT is a very useful tool for
examining complicated exchange coupled systems, and the combination of experimental and theoretical

methodologies developed in this work should be directly applicable to biological systems.
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Figure 3.2 Summary scheme of work: crystal structure of PivOH complex; EPR/ENDOR spectra and corresponding

simulations; estimation of the on-site fine-structure parameter for the Mn"ion.
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3.4. Detection of water binding sites in the oxygen-evolving
complex of photosystem II poised in the S, state using high field
(94 GHz) " 0-ELDOR-detected NMR spectroscopy

Submitted to the Journal of the American Chemical Society.

The light-driven water-splitting reaction that plays a crucial role in photosynthesis is catalyzed by the
oxygen-evolving complex (WOC). In order to elucidate the mechanism of oxidation of water to molecular
oxygen, it is necessary to identify the water-derived ligands which represent the two substrate molecules.
EPR spectroscopy is a powerful tool for determining the identity, including protonation state (H,O/OH/O™),
and location of water-derived species bound in the vicinity of the Mn4OsCa cluster. In the paramagnetic S,
and S, states, exchangeable protons can be identified via the disappearance of signals originating from
coupling of the '"H nucleus (I ="%) to the net electronic spin (S; = '2) of the Mn,OsCa cluster after 'H,0/*H,0
exchange. A more direct probe for water-derived ligands is via the detection of oxygen using ''O labeling.
One particular advantage of this approach is that the fully deprotonated substrate, which is likely to be a
critical intermediate in the O-O bond formation mechanism, is observable. Thus, it is possible to identify the
incorporation of water into a Mn-p-oxo bridge. Only a small number of publications describing '"O
couplings of metallocofactors and related model complexes have been published to date (87); (88); (89);
(90); (91). This is due to a combination of factors, including the low natural abundance (0.038%) of 'O and
as a consequence the high costs for enrichment, the large nuclear spin (/ = 5/2) and small nuclear g-factor (-

0.7575) of 70, and its typically large quadrupole splitting.

Multi-frequency EPR, ENDOR and EDNMR techniques were used in this work in combination with
isotopic labeling. The utilization of '"O labeling helps to determine the hyperfine coupling of '’O (I = 5/2)
nuclei to the spin system, which can be detected using 94 GHz (W-band) EDNMR. PSII preparations were
suspended in 'H,"’0O and *H,'°0. N (I = 1/2) labeling was necessary to uniquely identify the '"O couplings
which overlap with the His332 "N (I = 1) background signals. BIPY and DTNE complexes were used as

model compounds in '’O labeling experiments in order to recognize signals deriving from the '"O oxo bridge
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in the PSII sample. 'O signals were seen even after very short, 15 second-incubation of PSII poised in the S,
state suggesting that detected signals represent the slowly-exchanging substrate in S;. Multi-frequency 'H/°H
(I = 1/2, 1) ENDOR data complement the above findings. The relatively small 'H/*H couplings observed

implies that the p-oxo bridges of the Mn,;OsCa cluster are deprotonated in the S, state.

Consideration of the calibration data from the model compounds and experimental results which
constrain the system enabled a detailed analysis of the observed '"O signals. At least three type of signals
were identified: (i) strongly coupled species with hyperfine couplings of ~ 10 MHz representing a '’O- pi-oxo
bridge; (ii) intermediate coupled species with 'O hyperfine coupling of ~ 5 MHz representing terminal
ligation of water/hydroxo to Mn, and (iii) unresolved hyperfine couplings of non-manganese bound '"O
signals corresponding to ligation of a water/hydroxo species to Ca or water in the second coordination shell.
The hyperfine tensor anisotropy and orientation observed for the exchangeable p-oxo bridge of the WOC
constrains its position to either O4 or O5. Together, these results further refine the reaction pathway of O-O

bond formation, supporting an oxo/oxyl coupling mechanism in S,.
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3.5. Characterization of u-oxo bridge of Mn model complexes
using high field (94 GHz) '"O-HYSCORE and '"O-ELDOR
detected NMR spectroscopy

Manuscript is in preparation.

The p-oxo bridge forms a key structural unit of many biological homo and heteronuclear metal clusters,
governing the electronic (exchange) interaction between the metal ions. Important examples of Mn-
metallocofactors include: (i) the di-manganese catalase, which catalyses the dismutation of H,0O, to H,O and
O,; (i) the recently identified di-manganese cofactor of class Ib ribonuclotide reductase; and (iii) the tetra-
manganese oxygen evolving complex (OEC) of Photosystem II, which performs the multi-step oxidation of
H,0 to O,. As such it is of importance to understand the electronic structure of this unit and the parameters
that influence it. To this end, a detailed analysis of the electronic structure of two mixed-valence Mn dimer
complexes was performed. The two compounds examined were the planer Mn"-pO,-Mn'" BIPY and the
bent Mn"'-nO,-Mn" DTNE complexes. They both have bis-pi-oxo bridge connecting Mn ions, similar to that

seen in many biological catalytic sites listed above.

The electronic structure of the p-oxo bridge was examined by labelling with the magnetic isotope '’O.
In addition, high field EPR techniques were used to allow an accurate characterization of the magnetic
properties of the bridge, including the hyperfine and quadrupole coupling. From these parameters a
spectroscopic ‘fingerprint’ for the p-oxo bridge could be developed, to allow easy identification in
metallocofactors. This fingerprint provides a means of monitoring the p-oxo bridges of a metallocofactor
throughout its catalytic cycle. This is critical for understanding the chemistry that Mn metallocofactors
perform, as they often locate substrates for the reaction they catalyze as bridging species, e.g. the Mn

catalase takes up a HOOH as a p-oxo during the dismutation reaction.
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ABSTRACT: The electronic structures of the native Mn,O,Ca
cluster and the biosynthetically substituted Mn4O,Sr cluster of
the oxygen evolving complex (OEC) of photosystem II (PSII)
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and by pulsed Q-band **Mn-ENDOR spectroscopy. Both wild & "“MW f ) - Be® g”
type and tyrosine D less mutants grown photoautotrophicallyin iy s A 00 B Site ° oa
either CaCl, or SrCl, containing media were measured. The A e@N
obtained CW-EPR spectra of the S, state displayed the char- " et (o) DATA MODEL

acteristic, clearly noticeable differences in the hyperfine pattern of the multiline EPR signal [Boussac et al. J. Biol. Chem. 2004, 279,
22809—22819]. In sharp contrast, the manganese (**Mn) ENDOR spectra of the Ca and Sr forms of the OEC were remarkably
similar. Multifrequency simulations of the X- and Q-band CW-EPR and **Mn-pulsed ENDOR spectra using the Spin Hamiltonian
formalism were performed to investigate this surprising result. It is shown that (i) all four manganese ions contribute to the >*Mn-
ENDOR spectra; (i) only small changes are seen in the fitted isotropic hyperfine values for the Ca>" and Sr** containing OEC,
suggesting that there is no change in the overall spin distribution (electronic coupling scheme) upon Ca>*/Sr*" substitution;
(iii) the changes in the CW-EPR hyperfine pattern can be explained by a small decrease in the anisotropy of at least two hyperfine
tensors. It is proposed that modifications at the Ca>* site may modulate the fine structure tensor of the Mn"™" ion. DFT calculations
support the above conclusions. Our data analysis also provides strong support for the notion that in the S, state the coordination of
the Mn'" ion is square-pyramidal (5-coordinate) or octahedral (6-coordinate) with tetragonal elongation. In addition, it is shown
that only one of the currently published OEC models, the Siegbahn structure [Siegbahn, P. E. M. Acc. Chem. Res. 2009, 42, 1871—
1880, Pantazis, D. A. et al. Phys. Chem. Chem. Phys. 2009, 11, 6788—6798], is consistent with all data presented here. These results
provide important information for the structure of the OEC and the water-splitting mechanism. In particular, the 5-coordinate Mn™"
is a potential site for substrate ‘water’ (H,O, OH ™) binding. Its location within the cuboidal structural unit, as opposed to the
external ‘dangler’ position, may have important consequences for the mechanism of O—O bond formation.

1. INTRODUCTION cluster to Pggo and is involved in proton transfer reactions.®
Peso/Peso’ " and Pheo/Pheo” form the primary component of
the photoactive reaction center of PSII, which energe-
tically drives water-splitting by four sequential light-induced
charge separations, for reviews see refs 8—14, and 16—18. During

In oxygenic photosynthesis light-driven water-splitting is cata-
lyzed by the oxygen-evolving complex (OEC) of Photosystem II
(PSII). The OEC consists of an inorganic MnyO,Ca cluster
(where 4 < x < 6 indicates the number of oxygen bridges) and its
surrounding protein matrix'* The functionally important
protein matrix includes the redox-active tyrosine residue Y Received: November 21, 2010
(D1-Y161). Yz couples electron transfer from the Mn,O,Ca Published: February 22, 2011
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Figure 1. Current QM/MM and DFT literature models for the OEC poised in the S, state based on recent X-ray crystalloégraphic%5 and polarized
EXAFS® data. A) London crystal structure;>**~** B) Berlin crystal structure; *>3*3* C) EXAFS core ;7 D) EXAFS core II;"*” E) EXAFS core III;**’
F) Siegbahn model.'****° Purple spheres: manganese; red: oxygens; yellow: calcium; green: chloride; blue: nitrogen; gray: carbon.

Scheme 1

A (B), C, F D,E

water-splitting, the Mn4O,Ca cluster steps through a reaction
cycle comprising five distinct redox intermediates. These are
known as the S, states, where the index indicates the number of
stored oxidizing equivalents (n = 0—4)."” Once formed the S;Y;°
rapidly decays to the Sy state upon the release of molecular triplet
oxygen and the rebinding of at least one substrate water
molecule.”' A S, state, which is different from S;Y,°, has not
yet been spectroscopically identified.

Ca”" is known to be an essential cofactor for the water-
splitting reaction.”®” > Removal of Ca*" inhibits water-splitting
by blocking the S,—S; transition.” It was demonstrated that
S>" is the only surrogate that is able of restoring water-sglitting
after Ca>" removal, albeit at a slower turnover rate.2>?**” It has
been speculated that this may be due to a combination of two
important factors. The surrogate must match: (i) the approx-
imate size and (ii) the Lewis acidity®® of Ca®". This suggests
a role for Ca/Sr in substrate water binding. Time-resolved
H,'°0/H,"®0 exchange measurements performed by mem-
brane-inlet mass spectrometry®”*° demonstrate that the ex-
change kinetics of the slowly exchanging substrate water
molecule are strongly affected by Ca/Sr exchange.*"**

It has been recently shown that the thermophilic cyanobacter-
ium Thermosynechococcus elongatus (T. elongatus) can be photo-
autotrophically grown in either Ca>* or Sr>™ containing media. It
is thus possible to obtain PSII complexes with intact Mn4O,Ca or
MnyO,Sr clusters that display high oxygen-evolving activi-
ties.””*>** Consistent with these high activities, only minor
structural differences — mainly in Mn—Ca*"/Sr>* distances -
are observed in the S; and S, states between these two sample
types by EXAFS spectroscopy.®® The physical proximity of the
Ca”* to the Mn cluster was first demonstrated b;r Mn K-edge
EXAFS measurements on isotropic PSII samples®>*° and then
refined by X-ray crystallographic data®”>** and polarized
EXAFS.%”*! Figure 1 summarizes current structural models of
the Mn,O,Ca cluster that are based on these approaches.*” The
manganese connectivity and labeling for the models of Figure 1 is
depicted in Scheme 1 in which it can be seen that apart from
model A, all other models share the same basic topology. It is
noted however that model B lacks one u-oxo linkage between
Mn, and Mng.

Model A is based on the London crystal structure and QM/
MM and DFT based refinements.*** *° Here the Ca*" was
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assigned as a vertex of a #4-oxo-bridged cubane-like structure, with
three Mn defining the other three vertices. They form the three
short (about 2.7 A) Mn—Mn distances known from EXAFS
spectroscopy.*® ** Ca’" is suggested to bind the slowly ex-
changing substrate water and a Cl” ion. This is in conflict with
recent crystallographic and spectroscopic data, which both
demonstrate that the shortest Cl~ to metal distance is >5 A in
dark-adapted samples.>**~%* The fourth ‘dangler’ or outer Mn is
attached to this core structure via a t4-oxo-bridged ligation to
one of the oxygen corners of the cube and thereby forms the long
(33 A) Mn—Mn distance known from EXAFS spectro-
scopy.*™*® Water-oxidation chemistry in these models was
suggested to occur between one water bound to Ca and one
that is bound as a terminal oxo to the outer Mn ion (Mn,).
Model B is based on the Berlin crystal structure® and was also
refined by DFT calculations. In contrast to model A it has an
open and flattened cube structure (one corner oxygen is mis-
sing), and the outer Mn is attached via one mono (,-oxo bridge.
Ca”" is suggested to coordinate to two {,-oxo bridges of the
open cube; required protein ligands are not completely included
in this minimal model’>*** but see Kusunoki for a similar, more
complete model.>> Water-oxidation chemistry may occur in such
models for example between two water molecules bound to the
outer Mn (Mn,).>* Models C, D, and E of Figure 1 are based on
structures (models I, II, and III, respectively) derived from
polarized EXAFS measurements on PSII single crystals® that
were further refined based on crystallosgra_yhic information on
possible ligands and DFT calculations.”®>” These models also
have a more planar geometry and are somewhat reminiscent of
the original Berkeley ‘dimer of dimers’ model.*” However, they
are more interconnected than this original suggestion and have
one additional 2.7 A Mn—Mn distance*® that is formed by
connecting the di-¢-oxo bridge of one ‘dimer’ to a Mn of the
other ‘dimer’. Importantly, the symmetry of the cuboidal Mn;03.
Ca part is broken by the absence of one corner oxygen, which
leads to a longer Mn—Mn distance of 3.3 A inside this segment.®
In model C, the Ca*" is ligated in a similar fashion to the Mn,O,,
core as in model B, while in model D, the Ca** only has contact
with the rest of the Mn cluster via its binding to the t3-oxo bridge
connecting the Mn ions of the trimeric part. In model E the Ca™*
connects to two (,-oxo bridges: to one of the oxo’s of the trimeric
unit and to one of the bridges to the outer Mn ion. The most
detailed and rigorous proposal at present is shown in
Figure 1E.'"**>® The model of Siegbahn combines many crystal-
lographic and spectroscopic data. It was designed to be of the
lowest possible total energy and to allow low energy barrier O—
O bond formation to occur between a hydroxo that binds to Mnc
in the S; state (which is 5 coordinated in the Sy to S, states) and
the u3-oxo bridge connecting Mn,, Mng, and Ca. This model
has strong similarities to models C and E but is more compact.
In this model Ca is connected to all four Mn ions via three u,-
oxo bridges. Recently a model related to models C, E, and F was
proposed based on molecular mechanics modeling of the Berlin
crystal structure* and comparison to polarized EXAFS data.
Here two long (3.2 A) Mn—Mn distances are assumed to be
within the cuboidal part in the Sy, S;, and S, states (between
Mnc-Mnp and Mngc-Mng), that shorten (to about 2.7 A)
during the S,—S; transition due to the oxidation of Mnc™
and concomitant formation of another oxo bridge. As a con-
sequence, water-oxidation is expected to occur between waters
bound at the Mn, and to Ca since all other manganese are co-
ordinatively saturated in S3 and g,.6061

As water oxidation involves four single oxidation events of the
Mn,O,Ca cluster during the S, state cycle, it is particularly well
suited for study by EPR. By using standard perpendicular mode
CW-EPR the OEC in the S, state exhibits a characteristic
multiline signal (S = 1/2, see below) as well as a broad signal
atg=4.1(S=5/ 2)®* under certain sample conditions. Pulse EPR
techniques have further advanced our understanding of the S,
multiline state in higher plant (spinach).*”% In particular,
>*Mn-ENDOR has allowed the unambiguous determination of
all four **Mn-hyperfine tensors and has thus made it possible to
probe Mn-coupling schemes, which necessarily reflect the struc-
ture of the OEC, demonstrating that (i) all four Mn are strongly
coupled (|J| > 10 cm ') and (i) the most likely oxidation state of
the Mn cluster in the S, state is Mn™(Mn""),,% consistent with
XANES data (for review see ref 47).

The Sr** containing OEC, poised in the S, state, has been first
studied in higher plant (spinach) BBY type preparations.”® In
these samples the Ca>" is chemically removed by a low pH treat-
ment, citric acid at pH 3,”%® or by NaCl/EDTA washing,>"**
Supplemented Sr** then binds at the Ca*" site, restoring the
catalytic activity of the OEC albeit at a slower turnover rate.>®
The removal of Ca** and the subsequent introduction of Sr**
into the Ca>™ site leads to a significant modification of the S,
multiline EPR signal®® Here we use photoautotrophically grown
Ca”*- and Sr**- from T. elongatus to further refine current
models of the electronic structure of the paramagnetic S,-state
of the OEC.

2. MATERIALS AND METHODS

2.1. PSIl Sample Preparation. Ca>*/Sr>" PSII core complex
preparations from WT* T. elongatus® and from a TyrD less mutant”
were isolated as described earlier.””** Dark-adapted samples (~10 mg
chlorophyll/mL) containing ~0.5 mM phenyl-para benzoquinone
(PPBQ) and ~3% methanol were placed in Q-band quartz tubes with
3 mm outer diameter. The S,-state was generated by short, white light
illumination (S s) at 200 K (dry ice/ethanol bath).

2.2. EPR Measurements. X-band CW-EPR spectra were re-
corded at 8.5 K using a Bruker ELEXSYS ES00 X-band spectrometer
equipped with an Oxford Instruments cryostat. For these measurements
the Q-band tube was inserted into a X-band tube. Q-band pulse EPR and
**Mn-Davies ENDOR measurements were performed at 4.2 K using a
Bruker ELEXSYS E580 Q-band pulse EPR spectrometer equipped with
an Oxford-CF935 liquid helium cryostat and an ITC-503 temperature
controller. Electron spin echo-detected (ESE) field-swept spectra were
measured using the pulse sequence: 77/2—7——7—echo, where 7t = 80
ns and 7 = 440 ns. **Mn-Davies ENDOR spectra were collected using
the pulse sequence: T—rr—T—7/2—T—7—T—echo, where 7 = 80
ns, T = 440 ns, 7z (RF pulse, radio frequency) = 3.5 us, and a delay T =
600 ns. To measure hyperfine couplings in excess of 150 MHz, a home-
built computer console (SpecMan control software’***”!) was used
coupled to a external RF generator (SMTO2 signal generator) and RF
amplifier (ENI $100 L). A shot repetition rate of ~300 Hz was used for
all measurements.

2.3. CW-EPR/°’Mn-ENDOR Simulations. CW-EPR/**Mn-
ENDOR spectra were simultaneously fit assuming an effective spin
S =1/2 ground state (see Theory (section 3.2)). Calculations assumed
that all tensors were colinear. The same Spin Hamiltonian was used for
both CW-EPR and **Mn-ENDOR spectra. The electron Zeeman term
was treated exactly. The nuclear Zeeman and hyperfine terms were
treated using second order perturbation theory. Spectral simulations
were performed numerically using Scilab-4.4.1, an open source vector-
based linear algebra package (www.scilab.org) and the easyspin
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package’” in MATLAB. A Gaussian profile was used to describe the
excitation line width, with a fwhm (full width at half maximum) of 20 MHz.

2.4. Computational Details. All models considered in the pre-
sent study were optimized without restrictions, both with Ca>* and with
Sr*", using the previously benchmarked BP86 density functional”*
and TZVP basis sets for all atoms.”® The optimizations took advantage
of the RI approximation with the auxiliary def2-TZV/J Coulomb fitting
basis sets’”® as implemented in ORCA.”” Increased integration grids
(Grid4 in ORCA convention) and tight SCF convergence criteria were
used throughout. Exchange coupling constants (J;;) for all pairs of Mn
centers were subsequently computed for each optimized model using
the broken-symmetry DFT methodology (BS-DFT),”*”®! assuming the
isotropic Heisenberg Hamiltonian (Supporting Information eq S1). The
hybrid meta-GGA TPSSh functional®” was used in this case, and the
calculations employed the chain-of-spheres (RIJCOSX) approximation
to exact exchange.” Additionally, the effect of scalar relativistic effects
was tested for selected systems using the zero-order regular approxima-
tion (ZORA) in conjunction with appropriately contracted all-electron
scalar relativistic (SARC) basis sets.**~® Inclusion of scalar relativistic
effects was not found to alter the results to any significant extent and thus
was not considered further in the present study. The application of the
BS-DFT approach and the performance of the TPSSh functional for the
calculation of exchange coupling constants in oligonuclear manganese
systems has been extensively discussed, benchmarked, and calibrated in

. . . 8789, . 0 7,91
previous studies of manganese dimers, ? trimers,”® and tetramers.>”’

3. THEORY

3.1. The Spin Hamiltonian Formalism. Here we consider an
exchange coupled Mn tetramer. The current assignment for the
oxidation states of the four Mn ion when poised in the S, state is
Mn""Mn"Mn"VMn'V.*659293 This net oxidation state is as-
sumed throughout the text. A basis set that describes the Mn-
tetramer spin manifold can be built from the product of the
eigenstates of the four interacting spins

|SlSZS3S4M1M2M3M4111213I4m1m2m3m4) (1)

Here §; refers to the electronic spin state of Mn;, M; refers to
the electronic magnetic sublevel of Mn;, I; refers to the nuclear
spin state of Mn;, and m; refers to the nuclear magnetic sublevel of
Mn;. S; takes the value 2 for Mn™ and 3/2 for Mn'™; M; takes the
values S, Si-1, ....., 1-S,, -S;; I; takes the value 5/2 for >>Mn; and m;
takes the values —I, 1-I, ....., I-1, .

The Spin Hamiltonian that describes the spin manifold of the
Mn tetramer is

H = ZﬁeBo'gi'Si_ ZgnﬁnBO'Ii+ Zsi'ai'-li

i

+ZL"‘11“L‘+ Zsi'di'si_ Zsi']ij'sj (2)
1 1 1<y

It contains the following: i) an electronic Zeeman term for
each Mn ion; ii) a nuclear Zeeman term for each >*Mn nucleus;
iii) a hyperfine term for each **Mn nucleus; iv) a quadrupole
term for each >*Mn nucleus; v) a fine structure term for each
Mn ion; and vi) pairwise exchange terms for each Mn—Mn
interaction.

3.2. An Effective Spin 1/2 Ground State. The tetranuclear-
manganese cluster of the OEC Mn,OxCa(Sr), presents a
daunting theoretical exercise. A basis set that describes the entire
spin manifold of the coupled four Mn ions requires 414720
vectors, too many to be readily handled by current numerical
techniques. The problem can be greatly simplified by assuming
all Mn—Mn couplings are large, i.e. within the strong exchange

limit. For this, the exchange interactions between the Mn ions
have to be significantly larger than any other term of the Spin
Hamiltonian. The resultant electronic spin states of the manifold
are then adequately described by a single quantum number, the
total spin (St). The ‘multiline’ EPR signal observed for the S,
state of the OEC is derived from only one total spin state, the
ground state of the spin manifold with total spin St = 1/2. The
basis set that describes this subspace requires only 2592 vectors
which represent the coupling of the effective electronic spin
(St = 1/2) to the nuclear spin of each Mn (I = 5/2) nucleus

1
E Mm1m2m3m4 > (3)

Where M takes all half-integer values: —1/2 < M =< 1/2; and
m; (where i = 1—4) takes all half integer values: —5/2 < m; <
5/2.

The effective Spin Hamiltonian that describes the ground state
of the spin manifold (St = 1/2) is

H=pBo-GS+ > (gB,Bo-li+S-A-L)  (4)

It contains the following: i) the Zeeman term for the total
electronic spin; ii) Zeeman terms for each >*Mn nucleus; and iii)
hyperfine terms for each **Mn nucleus. Quadrupole terms are
neglected as they are considered to only have a small contribu-
tion to the energy levels/eigenstates of the system. A description
of the connection between the two Spin Hamiltonians given
above is outlined in the Supporting Information S1 and S2.

4. RESULTS

4.1. CW-EPR/ESE-Detected Field Sweep Pulse EPR. CW-
EPR spectra of the Mn,OxCa and Mn,OxSr OEC poised in the
S, state are shown in Figure 2A. In both samples a point mutation
was made to replace the tyrosine Yp (D,-Yis) with a
phenylalanine.”” This mutation removed from the spectrum
the Yp" (oxidized, radical form of Yp,) signal, which in wild type
(wt) samples appears as a strong, narrow (fwhm ~3 mT) signal
centered at g ~ 2 superimposing the central hyperfine lines of the
S, state multiline signal.

The Mn,OxCa S, multiline signal reported here is very similar
to previous literature reports.””***~*® The signal is centered
about g~2.0, and its hyperfine pattern contains at least 22 peaks,
spread over the 250—430 mT field range.”” A ‘modified multi-
line’ signal is observed for the Mn,OxSr OEC, poised in the S,
state. The ‘modified multiline’ is also centered at about g~2.0,
and its hyperfine pattern is spread over the same field range
(250—430 mT). The hyperfine pattern of the modified multiline
resolves additional peaks compared to the Ca-multiline signal, so
that a total of at least 24 peaks are observed with a markedly
different line-intensity distribution. The modified multiline sig-
nal reported here is very similar to the Mn,OxSr multiline signal
seen in higher plant (spinach) BBY type preparations obtained
by chemical Ca®>"/Sr*" exchange®® and to an earlier study per-
formed with T. elon§atus grown photoautotrophically in Sr**-
containing medium.”*

Similar observations are seen for the pseudomodulated field
sweep Q-band measurements obtained with T. elongatus samples
containing Y~ (Figure 2B). The multiline signals are both
centered at approximately g ~ 2.0 and are spread over the same
spectral range (1130—1320 mT). As at X-band, the Mn,O,Sr
OEC multiline does show more resolved hyperfine structure.
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Figure 2. EPR/ENDOR spectra of the Ca”* and Sr** containing OEC,
poised in the S, state, of PS II derived from T. elongatus (solid black
lines). A) CW X-band. In these samples a point mutation was made to
replace the tyrosine Yp, with a phenylalanine (Y160F). Yp" (oxidized,
radical form) appears in wild type samples as a strong, narrow (fwhm ~3
mT) signal centered at g~ 2. Experimental parameters: microwave
frequencies: 9.4097 GHz (Ca), 9.4213 GHz (Sr); microwave power: 20
mW; modulation amplitude: 25 G; time constant: 80 ms, temperature:
8.6 K. B) Q-band pulse EPR, ESE-detected field sweep. The derivative
spectra represent the pseudo modulated (2 mT) raw data. The Yp",
centered at about g ~ 2, was removed for clarity of presentation.
Experimental parameters: microwave frequencies: 33.6870 GHz (Ca),
33.8160 GHz (Sr); shot repetition rate: S us; microwave pulse length
(77): 80 ns, 7: 440 ns, temperature: 4.2 K. C) Q-band pulse >Mn-Davies
ENDOR. Spectra presented were smoothed using a 5 point moving
average. Experimental parameters: microwave frequencies: 34.0450
GHz (Ca), 34.0286 GHz (Sr); magnetic field: By = 1260 mT; shot
repetition rate: S ms; microwave pulse length (77): 80 ns, 7: 440 ns, RF
pulse (7gg): 3.5 us. The red dashed lines superimposing each trace
represent a least-squares fitting to the whole data set using a model based
on the Spin Hamiltonian formalism (see Theory eq 4). The optimized
parameter sets are given in Table 1. It is noted that the Sr-OEC sample
contains a small contribution of free Mn>*. Mn®>" in protein environ-
ments and in solution appears as a narrow EPR signal centered at g~2,
with 6 sharp peaks with peak-to-peak separation of 8 —10 mT. In the
corresponding **Mn-ENDOR experiment, three peaks are observed
using the experimental conditions described above. These peaks are
centered at the positions: 114, 158, and 375 MHz. The contribution of
the Mn>" signal is shown by the green dashed traces and is included in
the OEC simulation profile shown by the red dashed traces. Simulation
parameters for the Mn”" artifact are given in the Supporting Informa-
tion S3.
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Figure 3. The temperature dependence of the T relaxation time of the
Ca*" (M) and S£** (A) containing OEC in T. elongatus. The data are
shown as the natural logarithm of the inverse of the T, time versus the
inverse of the temperature. Electron spin echo-detected T relaxation
data were measured using a 3 pulse sequence: 7—AT—m/2—t—n—71—
echo, where 77 = 80 ns, T = 440 ns, and AT was swept over the range
0.1—10 ms. An estimate of the T, time was made by fitting the raw data
to a biexponential decay collected at each temperature (see the
Supporting Information). The superimposed red lines correspond to a
linear fit of the data. The slope of each line is given in cm™ . Both
experiments were performed at By = 1260 mT.

Q-band pulse spectroscopy is particularly sensitive to Mn>*, and
consequently a weak six-line Mn>" signal is seen in the Q-band
EPR spectrum of the Sr-PSII sample, which was not detectable in
the corresponding X-band spectrum. The Mn>" signal repre-
sents only a small fraction (<5%) of the PSII centers. It is not
observed in the respective Ca>* sample.

4.2. T, Relaxation of the Ca®*/Sr*" Containing OEC. Pre-
vious studies of higher plant spinach PS 11°*'°° demonstrated that
the OEC cluster in both the S, and S, oxidation states dom-
inantly displays Orbach relaxation over the 5—10 K temperature
range. As the relaxation rate of an Orbach process is dependent
on the ground to first excited state energy separation, an estimate
could be made for the energy ladder. Lorigan et al*® reported a
ground to first excited state energy difference (A) of 35 cm” ! for
the S, state, and Kulik et al.'® reported A =21.7 cm™ ! for the S,
state. Our measurements for S, in the cyanobacterium
T. elongatus yielded very similar results (Figure 3). The Mn,OxCa
and Mn,OxSr OEC poised in the S, state show A = 23.5 &
06 cm ' (3.0 K™') and A = 26.5 + 0.8 cm™ ' (35.8 K '),
respectively. These results suggest that the energy ladder and thus
the Mn electronic structure of the OEC with either Ca®>" or Sr**
present are likely to be very similar in T. elongatus. The relatively
large energy separation between the ground and first excited state
allows us to consider the system as an effective spin 1/2 state, well
removed from spin states of higher spin multiplicity (see Theory
3.2). Mn™ and Mn" typically have zero-field splittings (ZFS) of
the order of |~2 cm '| and |~0.1 cm |, respectively (see
Supporting Information S4). Similarly, the Zeeman term at
Q-band is of the order of 1 cm™". Thus the exchange terms (J;)
of the Spin Hamiltonian (eq 2) dominate the total zero-field
splitting of the cluster. This allows us to treat the system in the
strong exchange limit. It is noted though that this is only an
approximation. The onsite ZFS of the individual Mn ions will
effect the electronic structure, see Discussion.

4.3. >>Mn-ENDOR. Figure 2C displays Q-band **Mn-Davies
ENDOR spectra of the Mn,O,Ca and Mn,O,Sr OEC, poised in
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the S,-state measured at By = 1260 mT. The line shape of the
>*Mn-ENDOR signal shows only a small field dependence over
the 1190—1260 mT range, consistent with its assignment to the
tetramanganese cluster 5 (see above). The Mn,O,Ca spec-
trum shown in Figure 2C is similar but not identical to that
reported in the previous study of Pudollek et al;'" the total
ENDOR signal spans approximately the same width, but there
are differences in the intensities of the individual lines. The
spectra reported in Figure 2C were measured at a field position
where the contribution from free or nonspecifically bound Mn>"
is small. Mn*" signals of this type usually yield two relatively
sharp lines at ~115 MHz and ~155 MHz and a third broader line
at 375 MHz at all field positions across the 1190—1220 mT
range. Control experiments on purposely denatured PSII sam-
ples clearly show these signals (see Figure S3 in the Supporting
Information).

In contrast to the CW-X-band and field sweep ESE Q-band
spectra (see Figures 2 and 3), the Mn,OxCa and Mn,OxSr OEC
give rise to surprisingly similar **Mn-ENDOR spectra. No large
difference is seen with regard to the total spectral breadth of the
signal (60—200 MHz). The low field peak centered at ~52 MHz
originates from the magnetic coupling of protons with the Mn
cluster. Approximately six peaks are resolved for both the Ca*"
and Sr** containing OEC. Small changes in the line-intensity of
the six peaks are observed upon Ca*t/sr*™ replacement. It also
appears that the maxima of peaks 1 and 2 downshift by
approximately 10 MHz. The high frequency region clearly
resolves two peaks in the Sr—containin% OEC and peak 6 may
ufshift by ~5 MHz as compared to Ca*". A comparison of the
>>Mn-ENDOR T elongatus data reported here with earlier higher
plant spinach data®®*’ suggests that intrinsic differences
between the two species are significantly larger than the effect
of Ca®"/Sr*" replacement. The total spectral breadth of the
>>Mn-ENDOR spectrum is significantly larger in T. elongatus as
compared to spinach.®**® The high frequency edge is approxi-
mately 20 MHz up-shifted, and the low frequency edge decreases
by approximately the same degree.

4.4. Spectral Simulations of the EPR/ENDOR data. Spectral
simulations of the EPR and ENDOR spectra of the Mn,O,Ca
and Mn,O,Sr OEC poised in the S, state are described in the
Materials and Methods and Theory section. CW X-band EPR (9
GHz), pulse Q-band EPR (34 GHz), and Q-band **Mn-ENDOR
data were simultaneously fit using a least-squares routine.
Powder pattern simulations are shown in Figure 2 as red dashed
lines. The simulations reported here reproduce the total spectral
breadth of the X- and Q-band multiline EPR signals for both the
Mn,OxCa and Mn,OxSr and all the major spectral lines.

The fitted G and hyperfine tensors (4;) are given in Table 1.
Four hyperfine tensors are required to fit the EPR absorption and
first derivative lineshapes at X- and Q-band (Figure 2A, B). Near
axial symmetry was obtained for the fitted hyperfine tensors in
the Mn,O,Ca simulation. With the exception of A;, the z
component of all hyperfine tensors was the largest. The geometry
and magnitude of the four hyperfine tensors are approximately
the same as those determined in previous higher plant **Mn-
ENDOR studies.*>®” Comparison of the fitted parameters
obtained for the Mn,O,Ca and Mn,O,Sr demonstrate that only
small changes occur upon Ca**/Sr*" replacement. Importantly,
the four isotropic values (A;;,) of the fitted hyperfine tensors
(Table 1) all approximately match for both OECs (<10%
deviation) suggesting that there is no significant change in the
electronic structure/coupling scheme of the Mn,O,Ca/Sr

Table 1. Principal Values of the Effective G and **Mn HFI
Tensors for the Simulations of the S, Spectra of Mn,0,Ca and
Mn,O,Sr OEC from T. elongatus®

A; (MHz)
G A, A, A, A,
Ca*t X 1.971 350 249 202 148
y 1.948 310 227 182 162
1 1.960 330 238 192 155
z () 1.985 275 278 240 263
iso 1.968 312 251 208 191
aniso 0.025 S5 —40 —48 —108
St X 1.995 343 244 200 156
y 1.968 361 217 185 152
1 1.982 352 231 193 154
z () 1.957 293 268 223 210
iso 1.973 332 243 203 173
aniso —0.025 59 —37 —30 —56

“The G-tensor principal values for the simulation of the S, spectra from
Mn,OxCa OEC and Mn,OxCa were only allowed to vary by <0.05
compared to the values reported in ref 102. The isotropic G and 4; (i =
1-4) values are the average of the individual values: G, = (G, + G, +
G.)/3and A, = (A + Ay + A;,)/3. The equatorial and axial G and A;
values are definedas G, = (G, + G,)/3, Gi = G, and A = (A + A;)/
2, Ay = A;,. The anisotropy in the G and A; values is expressed as the
difference between the axial and equatorial component of the tensor.

Table 2. Experimental Spin Projections (p;) for the Four Mn
Centers As Estimated from the Fitted A;,, Values Listed in
Table 1

Mn; Mn, Mny Mn,
(pisul Mnm) (pisu2 MUIV) (Piso3 Mnlv) (Piso4 Mnlv)
Ca* 1.39—1.89 0.99—1.34 0.82—1.11 0.75—1.02
st 1.48—2.01 0.96—1.30 0.80—1.09 0.68—0.93

“The ranges given result from the spread of the intrinsic isotropic
hyperfine values reported in the literature for Mn"™" and Mn" ions
(Mn"™: |ag,| = 165-225 MHz; Mn': |ay,,| = 187-253 MHz; see Table S3
in the SI).

cluster. Instead, the change that occurs upon Ca2"/Sr*" sub-
stitution seems to manifest itself in a decrease in hyperfine tensor
anisotropy e.g. see A3 and A,.

The principal values of the G-tensor were allowed to vary
slightly (<= 0.05) from that reported by Teutloff et al,'** as
deduced from high field measurements (W-band) on PSII
crystals. As seen for the fitted hyperfine tensors, the isotropic
Giso value for the Mn,OxCa and Mn,OxSr OEC is approxi-
mately the same. It is azgain the anisotropy of the two clusters that
is perturbed when Ca”" is replaced by Sr**.

4.5. Experimental Spin Projections. The projection of the
total spin onto each individual Mn ion was calculated as
described in the Supporting Information S1 and S2. The
obtained spin projection coefficients can be considered as a
measure of the contribution of each Mn to the electronic
structure; a measure of the electron density on each Mn ion.
Spin projections (p;) for each Mn were calculated b assumin§:
(i) the net oxidation state of S, was Mn'"(Mn'") ;*#7/6>9293,103,104
and (ii) that the effective hyperfine tensor with the largest
isotropic component was associated with the only Mn™ in the
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Table 3. Comparison of Ca®>"/Sr”*—Mn and Mn—Mn Distances (A) for the Optimized Calcium- and Strontium-Containing
OEC Models (See Figure 1A-F), in the S, State (IV, IV, IV, m)®

model Ca/Sr—Mnj, Ca/Sr -Mng Ca/Sr -Mnc Ca/Sr -Mnp Mn,-Mng Mng-Mnc Mnc-Mnp Mnp-Mnp
A-Ca* 3.577 3.766 3.755 3.366 3.857 2.796 2.805 2.819
A-Sr 3.610 3.802 3.796 3.400 3.862 2.798 2.805 2.820
C-Ca 4.307 3.456 5.614 4.164 2.729 2.760 2.793 3.239
C-Sr 4.397 3.531 5.691 4.231 2.728 2.763 2.792 3.231
D-Ca 3.690 3.676 4.117 3.780 2.739 2.835 2.820 3.330
D-Sr 3.748 3.743 4.108 3.868 2.724 2.833 2.817 3.334
E-Ca 4.095 3.647 3.548 3.494 2.744 2.780 2.752 3.513
E-Sr 4.152 3.685 3.564 3.580 2.746 2.785 2.756 3.510
F-Ca 3.462 3.569 3.482 3.842 2.708 2.782 2.786 3.293
F-Sr 3.518 3.611 3.535 3.902 2.713 2.786 2.787 3.303

“ Mn,—Mnc distances for model A are 3.680 A and 3.683 A for Ca and Sr, respectively. * The labels of the Mn atoms follow Figure 1, i.e. Mny, Mngp etc.

complex. The spin center of highest multiplicity (most unpaired
electrons) is expected to carry the largest spin projection. This was
indirectly tested for tetranuclear Mn complexes in the recent DFT
study of Pantazis et al.”” The experimental spin projections could
then be calculated by simply taking the ratio of the isotropic
component of the effective hyperfine tensors (A; to Ay) and
literature values for the intrinsic isotropic hyperfine coupling seen
in monomeric Mn"™ and Mn" complexes®””*'% 71?7 (see eq S4 in
the Supporting Information S1 and S4). It is readily seen that the
experimental spin projections for the MnyOxCa and Mn,OxSrin T.

elongatus for all four Mn ions are very similar. Only subtle changes
are observed; the range of spin projection values of the Mn'"
(associated with the hyperfine tensor A;) upshift and one Mn"
(associated with the hyperfine A,) downshift for the Mn,OxSr
OEC relative to the Mn,OxCa.

4.6. DFT Calculations. DFT calculations were performed on
all OEC models (S, state) with published coordinates (see
Figure 1) to assess the effect of Ca/Sr substitution on the
electronic structure of the OEC. It must be stressed from the
outset that our purpose here is not to evaluate these models as
candidates for the OEC or to propose improvements based on
their computed structural or spectroscopic properties but strictly
to identify the differences —if any— between calcium- contammg
and strontium-containing systems. The respective Ca®' and
Sr*"models were fully geometry optimized, i.e. without any

constraints to the inorganic core or the movement of ligating
amino acids, and subsequently their electronic structure was
determined employing the methods described prewously 3657
Accordlngly, the differences observed between Ca”*-containing
and Sr*"-containing structures of each model should be treated
as upper-bound limits, in the sense that the protein backbone in
the actual system can only be more restricted in its ability to
adjust to ions of different size.

The structural variations observed upon substitution of Sr**
for Ca®* are uniform across all the various models considered,
with differences in the optimized parameters being of the same
nature and magnitude. Specifically, compared to the Ca®*
models, all optimized Sr—Mn distances are of the order of
0.06 A longer compared to the corresponding Ca—Mn distances,
giving the impression that the larger Sr”* ion moves marginally
“away” from the Mn,O, cluster (Table 3). These uniform
changes are readily attributed to the difference in ionic radius
between calcium (0.99 A) and strontium (1.12 A).'*® The same
observation was made in the polarized EXAFS study of Pushkar

et al.>* Most significant for the present study is that in the
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Table 4. Comparison of Exchange Coupling Constants
(ecm ™) between the Mn Sites (Mn,, Mng, Mnc, Mnp) for
Ca’>" and Sr2+-C0ntaining Models (See Figure 1A-F)

Mny,- Mny,- Mn,- Mng- Mng- Mnc-

J Mng Mnc Mnp Mnc Mnp Mnp
A-Ca 12 —13 57 20 46
A-Sr 11 —14 S3 15 40
C-Ca —90 8 —52 32 —81
C-Sr —91 8 —SS 31 —8S5
D-Ca 2 3 —4 —17 28 10
D-Sr -1 3 —4 —17 28 9
E-Ca 1 4 -1 47 11 —80
E-Sr -2 4 -1 39 12 —83
F-Ca 22 S 16 45 11 —43
E-Sr 16 6 15 37 11 —44

strontium-containing models the Mn—Mn and Mn—O distances
remain essentially identical to those of the respective calcium-
containing ones. Therefore, the present calculations confirm that
the substitution of Ca>" for Sr*" does not affect the overall
geometry of the MnyO, cluster, regardless of the particular
topology assumed.

The above observations also imply that the exchange pathways
regulating the magnetic coupling between the metal centers
should not be very sensitive to the substitution, and this is indeed
confirmed by the computed exchange coupling constants. From
the results presented in Table 4 it is readily seen that there are
practically no changes in most pairwise exchange interactions,
consistent with the EPR/ENDOR results presented above.
Regardless of the specific core topology, only minimal shifts
are to be expected in the energy levels of the spin ladder.

According to the computed exchange coupling constants (see
Table 4) two of the models (C and D) yield an S = 1/2 ground state;
an S = 5/2 ground state is obtained for model E, whereas models A
and F are predicted to have S = 7/2 ground spin states. Note however,
that very small structural perturbations to model F can confer this
model a S = 1/2 ground state, as shown for a backbone constrained
version of the model used in ref 57, model 11 in that study.
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A final note concerns the **Mn isotropic hyperfine coupling
constants (Aj,), which can be computed for the present OEC
models that display an S = 1/2 ground state after unconstrained
optimization (models C and D). In line with the minimal
perturbations on the exchange coupling interactions, the stron-
tium-containing systems exhibit SMn A,q, values that are almost
identical with those of the calcium-containing systems. Specifi-
cally, for model C the computed A;q, values for centers Mn, to
Mnp, change from —212, —286, —262, and —413 MHz for the
calcium system to —211, —284, —261, and —415 MHz for the
strontium system. Similarly, the corresponding A;s, values for
model D change from —227, —288, —191, and —449 MHz for
the calcium system to —227, —287, —190, and —451 MHz for
the strontium system, respectively. We consider these minute
differences to be at the limit or beyond the expected accuracy of
the present theoretical methodology. These results lend addi-
tional support to the hypothesis that strontium substitution does
not lead to any significant change in the electronic structure of
the OEC and to the overall spin density distribution.

5. DISCUSSION

5.1. General Considerations. Historically the ‘modified
multiline’ observed upon Ca>* substitution with Sr>* has been
thought to indicate a significant change of the electronic struc-
ture of the OEC. The data presented here requires a reappraisal
of this hypothesis. The Mn,OxSr OEC of T. elongatus, which
exhibits the same ‘modified multiline spectra’ seen in earlier
studies performed on spinach preparations, displays very similar
relaxation behavior and **Mn-ENDOR data as compared to the
native MnyOxCa OEC. This suggests a near equivalence of the
electronic structures of the OEC when either Ca>" or Sr*" is
present and thus supports the assignment of a functional instead
of a structural role for Ca®* in water splitting catalysis, such as
substrate water binding/delivery, for reviews see ref 109.

5.2. Fitted Spin Hamiltonian Parameters. The reasonably
good simulation quality observed for the fitting of the CW EPR
X-band, pulse EPR Q-band, and Q-band *SMn-ENDOR spectra
for both the Mn,OxCa and Mn,OxSr poised in the S, state
demonstrates that the effective spin Hamiltonian approach out-
lined in the Theory section is sound. This result is consistent with
the proposed energy-level scheme as determined by T relaxation
data. It supports the notion that the ground (doublet) state is
well resolved (separated) from states of higher spin multiplicity.
The inclusion of two microwave frequencies demonstrates that
the correct estimates are made for both the field dependent
(Zeeman) and field independent (Hyperfine) terms and shows
that the zero-field splitting of each of the Mn ions needs not to be
explicitly considered in order to simulate the EPR spectra.
Similarly, the approximation that collinear tensors can be
assumed for all Mn ions appears reasonable. In Mn dimer
complexes, the same approximation holds due to the enforced
symmetry of the p-oxo-bridge motif”*'*® As this is a key
structural feature of the OEC,%”* it is not surprising that the
same simplification can be applied. These general results are in
line with previous simulation studies of Peloquin et al,*” Charlot
et al.,llolé0 Kulik et al.,*® Kusunoki and co-workers,”>'!! and Zheng
et al

The changes that occur to the CW EPR and **Mn-ENDOR
spectra upon Ca”" replacement with Sr** can be rationalized by
relatively small alterations in the effective hyperfine tensors. Only
small changes are observed in the isotropic components of the
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Figure 4. Current models for the electronic structure of the OEC in the
S, state. a) The original model of Peloquin et al;*’ b) Kulik model (Mnc
is the only Mn'" ion);*® ¢) Pantazis model 1, based on EXAFS core
L% and d) Pantazis model 11,%” based on the Siegbahn structure. 11,58,59
The Peloquin, Kulik, and EXAFS I models require Mnj, to be strongly
coupled to Mng. The Kulik, EXAFS I, and Siegbahn models require Mnc
to be strongly coupled to Mnp,. The EXAFS I and Siegbahn models differ
by their connectivity of Mny to the trimer unit.

four hyperfine tensors. As, a consequence no significant change is
seen for the onsite spin projection values, suggesting the
electronic structure of the OEC (exchange pathways, distribution
of oxidation states, etc.) is unaltered by Ca2t/sr*t exchange.
The same result is seen in our DFT calculations. Instead, the
change that occurs upon Ca*" substitution with Sr”* appears to
manifest itself in the fitted hyperfine tensor anisotropy.

5.3. Current Electronic Models of the OEC. Current models
of the electronic structure of the OEC, which are developed from
EPR/ENDOR studies, are all based on the ‘3 4+ 1’ Mn tetramer
topology, first proposed as possible geometric arrangement
among other models by DeRose et al.''* and as electronic
models by Hasegawa et al."'"''* and subsequently by Peloquin
et al.”” (Figure 4a). The Peloquin model was further refined by
Charlot et al,,"'* Kulik et al.,65 Britt et al,,'"* and Carrell etal.''* A
Y-shaped core was considered the most likely arrangement of the
four Mn ions, where three of the Mn ions form a triangle unit
(trimer), with the fourth Mn ion strongly coupled to one Mn ion
of the triangle (Figure 4b). The position of the only Mn'" of the
S, within the Y shaped core is ambiguous. Two consistent
coupling schemes were developed by Kulik et al. where the Mn™
is assigned to either Mn, or Mnc. As stated in Kulik et al,® Mn,
was considered the most likely candidate for the Mn"" ion. This
preference was based on the inferred changes in the exchange
coupling scheme between the Sy and S, oxidation states®>' '€ and
S, state dependent chan%es in FTIR data.''”"""® This is in
contrast to Charlot et al.'"® who instead favored assigning the
Mn™ to one of the corners of the trimer (Mnc or Mnp). It is
noted that in all models the Mn'"" cannot be assigned to the
connecting Mng, the corner of the triangle unit that makes the
connection to the fourth outer Mn (Mn,).

In our recent DFT study”’ we used the experimental electro-
nic scheme discussed above, developed from higher plant EPR/
ENDOR data, to screen all possible models for the state S, of the
OEC (see Introduction) two coupling schemes based on the
EXAFS core I° (Figure 1C) topology and the Siegbahn
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core 8% (Figure 1 F) were identified as promising candidates
for the OEC. It is noted that the Siegbahn structure was slightly
modified (as compared to the structure reported in ref'')
to confer it a ground state of spin 1/2, see Pantazis et al.”’
The electronic coupling schemes for both models are shown
in Figure 4 (c and d). These two models were selected as
they (i) reproduce the correct ground state spin multiplicity
(S = 1/2); (ii) the correct ground to first excited state energy
difference (to within a factor of 2—3); and (iii) yield a spin
projection coeflicient of ~1 on all four Mn ions, consistent with
the EPR/ENDOR data discussed in detail above. This is in
contrast to the other models shown in Figure 1. DFT calculations
for model A, based on the London structure, never reproduce a
ground state S = 1/2, as seen for the S, multiline signal. Similarly,
EXAFS models IT and III (Figure 1 D, E), do not reproduce the
correct ground to first excited state energy difference or spin
projection coeflicients. Model B has yet to be tested as coordi-
nates for this model are not published.

The two preferred DFT developed exchange coupling schemes,
denoted EXAFS I (Figure 1C) and Siegbahn (Figure 1F), broadly
match the experimentall¥ derived coupling scheme of Kulik et al,
where Mnc is the Mn™. It is noted though that these two new
models are more sophisticated, due to the inclusion of additional
exchange pathways. As such, the three schemes: Kulik, EXAFST, and
Siegbahn (Figure 4 b, ¢, d) differ mainly in the electronic coupling of
the outer Mn, to the trimer (Mng, Mng, Mnp,) unit. The two DFT
models (EXAFS I and Siegbahn) have the same Mn—O bridging
pattern (see Scheme 1) but differ in the geometry around Mng and
the ligation by amino acids. Nevertheless, they both require Mnp, to
be the Mn"" ion, and that it has a square-pyramidal ligand field."*° In
the subsequent section we will show that the above Ca** /Sr*" data
obtained with T. elongatus core preparations provide a robust
experimental test for these two models.

5.4.Ca>"/sr?** Substitution — an Experimental Test of the
Current Electronic Models of the OEC. The large anisotropy
seen for the fitted hyperfine tensors (A,-A,; Table 1) of both the
Ca”>" and the S OEC is outside the range seen for monomeric
model Mn" complexes (see Supporting Information $4). A
similar observation was previously made for dimeric mixed
valence Mn"™"Mn"" model complexes.®”!*1°7!2! This phenom-
enon was interl:l)reted as the ‘transfer of anisotropy’ from the
Mn™ to the Mn"Y. More accurately though it represents a partial
breakdown of the simple description of the spin system in terms
of an effective spin 1/2 ground state. As outlined above (see
Theory and Supporting Information S1) this description
requires the ZFS of the whole cluster (i.e., exchange couplings
between the four Mn) to be significantly larger than any other
term of the Spin Hamiltonian. As can be seen from the coupling
schemes displayed in Figure 4 this is, despite the overall good fit
quality achieved with this approach, not strictly the case, as the
onsite ZFS of the Mn"", typically ~1—3 cm ™', is of the similar
order as some Mn—Mn exchange couplings (i.e., ~10 cm ™ "). It
is noted that in octahedral ligand environments the inherent
symmetry of the Mn""’s half filled 3T2g levels usually leads
to small zero-field splittings (|d| < 0.1 cm ).

The effect of the onsite ZFS of the Mn"" ion can be taken into
account in the calculation of the spin projections (see Supporting
Information S1). Here, the spin projections for all four Mn ions
have to be considered as tensors as opposed to scalar quantities;
their magnitude is now orientationally dependent. As the Mn™"
ion is strongly exchange coupled to the three Mn" ions, the
inclusion of the intrinsic ZFS of the Mn"™' does not only influence

the spin projection of Mn™" but of all four Mn ions. Thus the
fitted hyperfine tensor anisotropy for the three Mn'"" ions in
Table 1 is a measure of the onsite ZFS of the Mn"". Based on this
interpretation, a change in the tensor anisotropy of the hyperfine
tensors between the Ca>" and Sr?™ OECs indicates that Ca*>"/
Sr*" exchange alters the onsite ZFS of the only Mn'" of the OEC
in the S, state. That is to say, Ca’*/Sr”" exchange perturbs the
ligand environment of the Mn'" ion.

It is suggested that this provides a means to test the current
electronic models of the OEC. From the previous sections it was
shown that (i) there is virtually no change in the electronic coupling
pathways (J;;) when Ca®" is replaced by Sr**, as the isotropic spin
projections on all four Mn are very similar and (ii) there is no large
structural change that occurs when Ca®* is replaced by Sr* 7, i.e. the
coordination of the Mn™ does not change. Within this framework
we would expect that for an electronic model to be consistent it
should give (i) sensible onsite ZFS values for both the Ca*" and
Sr** OECs. Here we will define ‘sensible’ as within the range of ZFS
measured in monomeric Mn"' model complexesi.e. 1 <|d| <5 cm ™"
(see Supporting Information S4); and (i) we would expect that the
change of the onsite ZFS of the Mn™ that occurs when Ca*" is
replaced with Sr** would be small (<|1| em™"). Typically, Mn"™
complexes of the same type/coordination environment (e.g., por-
phyrins, corroles, etc.) give similar ZFS values (<1 cn Y). A
quantitative assessment of the EXAFS I and Siegbahn model is
presented in section 5.4.2.

Finally it is noted that the onsite ZFS of the Mn'" ion, in
addition to changing the effective hyperfine tensors (4;), will also
perturb the effective G tensor of the system in an analogous way.
Thus it is not surprising that in the fittings of the Mn,OxCa and
Mn,OxSr EPR/ENDOR data, the isotropic G tensor component
is approximately the same for the two systems while the
anisotropic component changes. Furthermore, the contribution
of the ZFS of the Mn"™" to the G anisotropy will depend on the
frequency at which the EPR measurement is performed. This
leads to, in our simplified S = 1/2 fit approach, an apparent
frequency dependence of the G anisotropy, which may explain
why we observe good agreement in terms of the frequency
independent isotropic component of the G tensor in our X- and
Q-band simulations as compared to the high field measurements
of Teuloff et al,,'”> but by contrast infer a different G anisotropy.

5.4.1. The Onsite Zero-Field Spitting (ZFS) of the Mn"™. The
sign of the onsite ZFS of the Mn'" provides important information
of its ligand environment. Mn™ (S=2) is a d* ion, which does not
usually exhibit Kramers degeneracy at zero-field."””***™"** The
inherent asymmetry of the valence electron configuration leads to a
large Jahn—Teller distortion, due to a coupling of the electronic
and nuclear motion. Spin—orbit coupling removes the degeneracy
of the °E, energy-levels giving rise to either an °A,, or °B, ground

122,85 . ¢ &
state. “~"* It was demonstrated in refs 125 and 126 that

i)a SAlg ground state is obtained for a trigonal bipyramidal (5-
coordinate) or a tetragonally compressed octahedral (6-coor-
dinate) ligand geometry (see Figure S). The vacant electron
orbital is the d_. orbital. Spectroscopically this manifests itself as
both a positive ZFS parameter (d) and yields a positive hyperfine
tensor anisotropy, where the anisotropy of the hyperfine tensor
is defined as the difference between the absolute values of the
axial and equatorial hyperfine components (ax = |ai| — |a.|), fora
complete discussion see Campbell et al.'>®

ii) a °By, ground state is obtained for a square-pyramidal (5-
coordinateg or tetragonally elongated (6-coordinate) ligand
geometry (see Figure 5). The vacant electron orbital is now
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Figure 5. The coordination environment of Mn™" and its correlation with
the sign of d, the ZFS parameter. Mn"" complexes that exhibit a SBlg
ground state (left side, models i, ii) display a negative d value; the vacant
d-orbital is d,o—; and the ligand environment of the Mn™ is either:
(i) S-coordinate square planar or (i) 6-coordinate tetragonally elongated.
Mn™ complexes that exhibit a 5A1g ground state (center, models iii, iv)
display a positive d value; the vacant d-orbital is d; and the ligand
environment of the Mn" is either: (iii) $-coordinate trigonal bipyramidal
or (iv) 6-coordinate tetragonally compressed. Right side (v): The ligand
environment of the Mn"™ in the Siegbahn core (Figure 1F).

the d,._, orbital. Spectroscopically this manifests itself as both a
negative ZFS parameter (d) and yields a negative hyperfine
tensor anisotropy as defined above.

This behavior was observed for monomeric Mn"" model
complexes and mixed valence Mn"Mn'" and Mn""Mn"" dimers
(see Supporting Information S4). The only exception known is
the complex trans-[Mn(cyclam)1,]1,'*” which is thought to have
unique, low-lying charge transfer states which strongly perturbs
the §round state multiplet. Thus the sign of the onsite ZFS of the
Mn'™ (d) provides another criterion that we can use to test
current OEC models. As both the EXAFS I and Siegbahn model
contain a Mn"™ that has 5 coordination, a square-pyramidal
ligand field, the Mn™ onsite ZFS (d) value has to be negative for
these models to be consistent.

5.4.2. The Onsite ZFS (d) of the Mn" for the Two Selected DFT
Models: EXAFS | and Siegbahn. Figure 6 displays a graphical
analysis of the dependence of the spin projections and conse-
quently the inferred onsite/intrinsic hyperfine tensors (4;) of the
individual Mn ions as a function of the Mn zero-field splitting of
the Mn"" ion (d). The analysis presented in Figure 6 is based on
the Siegbahn core exchange coupling scheme (Figure 1F and
Figure 4d). A similar figure for EXAFS I model is given in the
Supporting Information SS. Panel A displays the dependence of
the axial and equatorial components of the spin projection tensor
of each of the four Mn (A, B, C, D) ions as a function of the ZFS
of the Mn"". When d = 0, the two components are necessarily
equal. It can be readily observed that the correct anisotropy of
the effective hyperfine tensors of the Mn'" ions can only be
reproduced if the d value is negative. This yields a larger axial as
opposed to eg}uatorial spin projection component, as seen for the
effective Mn'* hyperfine tensors (A,-A4). It is noted that while
the spin projections are signed quantities, the sign cannot be
extracted from the effective hyperfine tensors. As such we are
only interested in the absolute magnitude of the spin projection
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Figure 6. Panel A: The dependence of the spin projection factors (o,
o) on the zero-field splitting parameter (d) of the Mn" ion assuming
the exchange coupling model for the Siegbahn core (scheme Figure 1F).
Panel B: The dependence of the on-site hyperfine tensor components
(ay, an) of the Mn,OxCa cluster for each of the four manganese ions on
the zero-field splitting parameter (d) of the Mn™ ion (see text). The
bottom panel (C) shows the difference (aa) between the parallel (aj or
az) and perpendicular (a or ax, ay) hyperfine components of the three
Mn" ions. The green shaded region represents the range of ZFS values
for the Mn™ seen in model complexes (when d < 0). The red shaded
region represents the range of acceptable ZFS values for the Mn™" which
are consistent with the electronic model, i.e. the range over which the
intrinsic hyperfine anisotropy of the Mn' ions are within the range seen
for model complexes. Their intersection is shown by the yellow shaded
region. Panels D and E are exactly the same as panels B and C, except that
here the Sr-containing OEC was examined. Table 5 lists the intrinsic
hyperfine tensor components for all four Mn ions calculated at the
midpoint of the range of consistent d values i.e. the yellow shaded region.
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Table S. Calculated Spin Projection Tensor Components (., p,) and Isotropic Hyperfine Tensor Components (a, ;) for the 4

Mn Ions of the OEC*

(i) Siegbahn core oL
Ca*" Mn, (Mn') 1.01
d (Mn™) = —1.32 to —1.26 cm ™ Mng (Mn") —0.77
Armigpe = =129 cm ™! Mnc (Mn") —0.87
Mnp, (Mn™) 1.62
e Mn, (Mn') 1.02
d(Mn™) = —131to —1.1 em™* Mng (Mn") —0.78
dmigpe = —121 cm ™" Mnc (Mn") —0.87
Mnp (Mn™") 1.63
(i) EXAFS I oL
ca?t Mn, (Mn') —0.75
d(Mn™) = —6.8to —5.6 cm ™ Mng (Mn'"") 0.93
Ainigpe = —6.2 cm ™! Mnc (Mn") —0.86
Mnp, (Mn™) 1.68
Na Mn, (Mn') —0.80
d(Mn™) = —44to —28cm™* Mng (Mn'") 0.97
Armigpe = —3.6 cm ™! Mnc (Mn") —0.91
Mnp (Mn™) 1.74

pi aj a| Aiso Aaniso
1.33 2352 209.6 226.6 —25.6 (—8.5)
—-1.16 201.7 226.7 210.0 25.0 (8.3)
—1.12 221.6 213.5 218.9 —8.0 (—2.7)
1.96 203.3 140.5 182.4 —62.8 (—20.9)
1.31 226.9 204.0 219.3 —22.9 (=7.6)
—1.14 198.5 183.6 193.5 —15.0 (—5.0)
—111 221.5 200.4 214.5 —212 (=7.1)
1.94 216.1 150.7 194.3 —65.3 (—21.8)

el a aj Aiso @aniso
—1.10 205.4 238.5 216.4 332 (11.1)
1.22 2552 227.5 246.0 —27.7 (—9.2)
—1.27 222.7 189.2 211.5 —33.4 (—11.1)
2.15 195.9 128.0 173.3 —67.9 (—22.6)
—1.00 193.0 209.3 198.4 163 (5.4)
1.14 238.5 2352 2374 —33(—L1)
—1.15 211.4 193.7 205.5 —17.8 (—5.9)
2.01 202.0 1454 183.1 —56.7 (—18.9)

“ The isotropic a; values are defined as a;;,, = (2a;; + a41)/3. The anisotropy g; ,n;s, is expressed as the difference between the axial and equatorial

component of the tensor. For direct comparison to the work of Peloquin et al.

divided by three (see value in brackets).

the anisotropy is also expressed in terms of a,,, described above,

components and not their signed magnitude. The onsite/intrin-
sic axial and equatorial hyperfine tensor components (aj, 4, ) can
be calculated from the spin projection components seen in panel
A (pi, p1), and the fitted effective hyperfine tensor components
(A1, A1) based on eq S4. Their dependence on the choice of the
ZFS of the Mn™ ion is shown in Figure 6 panels B, C
(Mn,OxCa) and panels D, E (Mn,OxSr).

(i) Siegbahn Core. The inferred ZFS of the Mn™ ion for the
Siegbahn core is ~ —1.3 cm ™, for the Ca>" containing OEC.
This value is small for a Mn"" ion, falling just inside the range of d
values seen in model complexes ie. 1 <|d| < § ecm ™~ (see
Supporting Information S4). The range of consistent ZFS values
for the Mn'" in the Sr** containing OEC is broader and shifting
to lower |d|. Intrinsic hyperfine parameters were calculated at the
midpoint of the range of consistent d values, ie. the yellow
shaded region shown in Figure 6 (see figure caption) for both the
Ca®" and SP** containing OEC (see Table S). It is readily
observed that only a small change in the d value (<0.1 cm ') of
the Mn'" results in very similar intrinsic hyperfine tensors for all
four Mn, ie. the same intrinsic hyperfine parameters can be
generated from the Ca?" and Sr?T EPR/ ENDOR parameter sets
by adjusting the ZFS of the Mn"™ by <0.1 cm . Thus the
Siegbahn core is consistent with the two criteria described at the
end of section 5.4: (i) the model gives sensible onsite ZFS values
for both the Ca®" and Sr*" OECs and (ii) the change of the
onsite ZFS of the Mn"" that occurs when Ca>" is replaced with
Sr*" must be small.

It is also noted that the d value is negative and the intrinsic
parameters for the Mn"™ are as follows: a;,, ~ 182 MHz, a, ~ 203
MHz, a; ~ 1491 MHz, a,,;, ~ 63 MHz. These values are
consistent with a Mn"™" with a square-pyramidal ligand field (see
section 5.4.1), that is to say, with the co-ordination sphere seen
for the Mn"" in the Siegbahn core (Figure 5v).

(i) EXAFS Core I. Unlike the Siegbahn model, there is no
consistent range for the ZFS for the Mn™ ion for the Ca*"

containing OEC, i.e. there is no range of ZFS values for the Mn""

where the intrinsic hyperfine tensor anisotropy for all three Mn"
hyperfine tensors are simultaneously within the range seen for
model Mn" complexes, (see Supporting Information S4 and
SS). Furthermore, if we consider the solution space just outside
the range seen for model complexes, we find that the predicted
range of ZFS for the Mn'" is very large, =6.8 cm ™ ' to —5.6cm ™ .
These values are outside the range seen for Mn"' model
complexes. We also note that the inferred change in the ZFS
of the Mn"" when Ca®" is replaced by Sr*" is also large, ~|2|
cm” ' range. These observations do not fulfill the two criteria
introduced in section 5.4 and thus suggest the EXAFS I model is
inconsistent with the EPR/ENDOR data presented here, in its
current construction.

Thus from the currently available DFT models with published
coordinates only the Siegbahn model is found in our EPR/
ENDOR analysis to be consistent with model complex data (see
Supporting Information S4 ). This consistency between pro-
posed structure and calculated and measured EPR/ENDOR
parameters further supports the oxidation state model used in
the above analysis, i.e. S, contains three Mn" and one Mn" and
that the assignment that Mny, is the only Mn'"ion in the S, state.
The above conclusions about the geometry of the Mn'"" site also
agrees with i) the original **Mn-ENDOR analysis of Peloquin
et al., which was performed on higher plant spinach data employ-
ing the simpler coupling topology shown in Figure 4a, and ii)
recent DFT calculations by Schinzel et al.'*®

5.5. The Physical Nature of the Ca/Sr Effect — The Near-
Infrared Absorption Band. The Siegbahn core assigns the
position of the only Mn"" in the S, state to within the distorted
cuboidal Mn;03Ca element; the Mn™ has a -oxo linkage to the
Ca?"/Sr* T site. Experimental evidence from EXAFS suggests the
Ca®"/Sr*" substitution leads to a small elongation of the Mn—Sr
distance of the order of ~0.1 A.*® DFT calculations on the
Siegbahn structure above, where the Ca was replaced by the Sr,
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reproduced the same result; the Mn—Ca/Sr distance lengthens
by 0.03—0.09 A when Ca®" is replaced by St>". Thus Sr substi-
tution in this model should indeed modify the co-ordination
sphere of the Mn'" ion. It is this change that could presumably
lead to a decrease in the Mn'" zero-field splitting parameter
d and, as shown above, consequently to the ‘modified multiline’
EPR signal.

Consistent with this interpretation is the known effect of Ca/
Sr substitution on the sensitivity of the OEC to near-infrared
(NIR) light. The native OEC poised in the S, state is sensitive to
NIR light under certain conditions.””'*® NIR can induce a
conformational change that converts the St = 1/2 multiline state
into a high spin species (St =5/2), with a broad EPR resonance
at g = 4.1 in spinach'® and higher g-values in cyanobacteria
preparations.” It is interesting to note that the spin state of the
natural Mn,O,Ca cluster is quite sensitive, and signals with St =
1/2, 5/2 and 7/2 have been observed depending on species,
alcohol additions, and cryoprotectant conditions.”"**~">* It is
expected that the absorption characteristics of the NIR bands of
the OEC in the S, state will be strongly dependent on the Mn""
ion; as Mn'"" model complexes can exhibit strong d-d transitions
in this wavelength region. Ca*" substitution with Sr”* enhances
the sensitivity of the OEC toward NIR light, suggesting the Mn""
NIR absorption profile has been in some way perturbed. Changes
of the ZFS of the Mn'™ of the order of ~0.1 cm™ *, as inferred
from our above EPR/ENDOR analysis could sufficiently shift the
absorption(s) or change the extinction coefficient(s) of the Mn™
ion and thus explain the enhancement of the conversion of the
multiline signal to the g = 4.1 signal in the S, state.

B CONCLUSIONS

The multifrequency EPR and ENDOR analysis presented
above demonstrates that Ca>" replacement with Sr>* does not
significantly alter the overall electronic structure of the OEC. The
spin density distribution across the tetramanganese cluster does
not change significantly as estimated from the isotropic compo-
nent of the four fitted hyperfine tensors. This result is consistent
with structural data (EXAFS) which demonstrated that only
small elongatations in Mn—Ca/Sr distances are observed in the
Mn,OxSr cluster, and with DFT calculations presented here that
show that Sr does not significantly alter Mn—Mn distances and
the exchange coupling pathways of the Mn,O, complex. The
effect of Ca/Sr substitution on the electronic structure of the
OEC is interpreted as a small modification to the ZFS of the
Mn™ ion, which is shown to have a 5-coordinate square-
bipyramidal or 6-coordinate tetragonally elongated ligand field.
The presented EPR/ENDOR data are consistent with only one
current structural model of the OEC, namely the Siegbahn core.
Within this model the only Mn™ of the S, state is structurally
coupled to the Ca/Sr ion via a yt-oxo or u-hydroxo bridge.

The Mn,O,Ca core topology of the Siegbahn model is such
that it contains, like EXAFS models I—1II (Figure 1 C-E), three
short Mn—Mn distances, and one long (3.3 A) Mn—Mn
distance. The long Mn—Mn distance is inside a distorted
cuboidal structure and forms its open site. The missing ‘corner
oxygen’ leads to a S-coordinate, square-pyramidal ligation for
the Mnp'™" ion in the S, state. Assuming that a substrate
‘water’ (H,O, OH ™) binds to this open coordination site of
Mnp during the S,—S; transition (either from bulk water or
water bound to Ca”") or that it is already very weakly bound in
the S, state (tetragonally elongated coordination site), the 3.3 A

Mn—Mn distance could provide an ideal geometry for low

energy barrier O—O bond formation during the S;—S,—S,
2 11,56,65,135,136
transition.

B ASSOCIATED CONTENT

© Supporting Information. Additional material detailing
spin Vprojection calculations, collated data on model Mn™" and
Mn"" complexes, and additional graphs that show the effect of
the ZFS of the Mn'"! for all literature models with a spin 1/2
ground state. This material is available free of charge via the
Internet at http://pubs.acs.org.
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The electronic properties of the Mn40,Ca cluster in the S, state of the oxygen-evolving complex (OEC) were
studied using X- and Q-band EPR and Q-band **Mn-ENDOR using photosystem II preparations isolated from
the thermophilic cyanobacterium T. elongatus and higher plants (spinach). The data presented here show that
there is very little difference between the two species. Specifically it is shown that: (i) only small changes are
seen in the fitted isotropic hyperfine values, suggesting that there is no significant difference in the overall
spin distribution (electronic coupling scheme) between the two species; (ii) the inferred fine-structure tensor

Keywords: A . . . N

EPR of the only Mn"! ion in the cluster is of the same magnitude and geometry for both species types, suggesting
55Mn-ENDOR that the Mn'" jon has the same coordination sphere in both sample preparations; and (iii) the data from both
Photosystem II species are consistent with only one structural model available in the literature, namely the Siegbahn

OEC structure [Siegbahn, P. E. M. Accounts Chem. Res. 2009, 42, 1871-1880, Pantazis, D. A. et al., Phys. Chem. Chem.
Mn40,Ca cluster Phys. 2009, 11, 6788-6798]. These measurements were made in the presence of methanol because it confers
Methanol favorable magnetic relaxation properties to the cluster that facilitate pulse-EPR techniques. In the absence of
l(i);lrjr?:r}ll prrgcceess: methanol the separation of the ground state and the first excited state of the spin system is smaller. For
Spin HaI:nil tonian cyanobacteria this effect is minor but in plant PS Il it leads to a break-down of the Sy =14 spin model of the S,
state. This suggests that the methanol-OEC interaction is species dependent. It is proposed that the effect of
small organic solvents on the electronic structure of the cluster is to change the coupling between the outer
Mn (Mn,) and the other three Mn ions that form the trimeric part of the cluster (Mng, Mnc, Mnp), by
perturbing the linking bis-p-oxo bridge. The flexibility of this bridging unit is discussed with regard to the

mechanism of O-O bond formation.
© 2011 Elsevier B.V. All rights reserved.

1. Introduction

In oxygenic photosynthesis, light-driven water-splitting is cata-
lyzed by the oxygen-evolving complex (OEC) of photosystem II (PS II),
a membrane-bound pigment-protein complex embedded in the
thylakoid membranes of higher plants, green algae, and cyanobac-
teria. The OEC also comprises the protein matrix surrounding this

Abbreviations: EPR, electron paramagnetic resonance; ENDOR, electron nuclear
double resonance; ESEEM, electron spin-echo envelope modulation; PS II, photosystem
II; OEC, oxygen-evolving complex; MeOH, methanol; CW, continuous wave; ZFS, zero-
field splitting
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inorganic core, and a nearby redox-active tyrosine residue (D;-Yi61,
Yz), for reviews see [1-10]. The latter mediates the proton-coupled
electron transfer from the Mn4O,Ca cluster to the photoactive reaction
centre, Pggo, a chlorophyll a species, which energetically drives water-
splitting by undergoing sequential light-induced charge separation
events. During water-oxidation, the Mn40,Ca cluster steps through a
reaction cycle comprising five distinct redox intermediates [2,3,11].
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These are known as the S, states, where the index gives the number of
stored oxidizing equivalents (n=0-4). Molecular oxygen is released
during the S3 — [S4] — S transition, with the S, state being a transient
state that could so far not be trapped [12-16]. The S; state is stable
in the dark. S, and S; are metastable intermediate states that can be
studied after one or two flashes are given to a sample pre-incubated
in the dark. Sy is the most reduced state in the O,-evolution cycle and
can be produced by subjecting dark-adapted samples to three short
flashes. In the dark, Sy is slowly oxidized to S; by the nearby redox-
active tyrosine residue Y (D>-Y161) [17,18].

Single crystals of PS Il from the thermophilic cyanobacterium
Thermosynechococcus elongatus (T. elongatus) [19-23] have been in-
tensively studied by X-ray diffraction and the geometric structure
obtained is widely considered to be a model for PS Il in all organisms.
In spite of the advances in the X-ray structure analysis [22], the
precise geometric structure of the OEC has yet to be determined,
especially in the high redox states of the enzyme [24]. The inorganic
core of the OEC consists of a Mn40,Ca cluster with 4 <x <6 indicating
the number of oxygen bridges. As such, the current structural descrip-
tion of the Mn4OxCa cluster relies on a variety of spectroscopic
techniques including: X-ray crystallographic data [21,23,25,26] and
polarized EXAFS [10,27,28]. From this body of work, six types of
computational structures have been developed as models for the OEC
based on: i) London crystal structure [21,29-31]; ii) Berlin crystal
structure [23,25,32-35]; iii) EXAFS core 1 [10,36]; iv) EXAFS core II
[10,36]; v) EXAFS core IIl [10,36]; vi) Siegbahn model [4,37,38]. An in-
depth review of these six structures is given in an earlier article [39].

It is well-established that the four Mn ions that constitute the
OEC are magnetically coupled in all S, states and that each S, state
(n=0-3) of the Mn40,Ca cluster has distinct EPR signals [6,40-50]. Of
particular interest is the S, state which has a ground spin state of total
spin St="%. This spin configuration gives rise to the well known S,
state EPR multiline signal [40]. Depending on the conditions used the
S, state of higher plant PS II also exhibits another broad EPR signal,
centered at g~4.1 that has been assigned to an S;=15/2 [51] spin state
(see [52]). The g~4.1 signal can also be induced by near-infrared
(NIR) illumination of the S, multiline state at temperatures <160 K
[53]. In plant PS II, the presence of small alcohols prevents the
formation of the g~4.1 signal. Amongst all the alcohols, methanol
(MeOH) has a specific effect; it modifies the S, multiline signal and
this signal is no longer sensitive to NIR illumination (discussed in
[53-57]). The modified S, multiline signal is narrower than that seen
for the non-treated plant PS Il preparation, resolving fewer spectral
lines. MeOH also has effects on the other S, states. In spinach the Sy
state multiline signal can only be detected in the presence of MeOH
[49,50,58]. In contrast, the parallel mode S; g~4.9 [45,46] and S3 g~8
and g~12 EPR signals [59], and the EPR “split” signals, which arise
from the weak magnetic interaction between the Mn40,Ca cluster
and the Yz [60,61], are no longer visible when the MeOH concen-
tration is increased to 3-5% (v/v). Curiously, in cyanobacterial PS II
the addition of MeOH does not modify the S, multiline signal, the
addition of MeOH does not prevent the formation of high spin S,
states under NIR illumination[62] and the Sy state multiline is ob-
servable also in the absence of MeOH [63].

Binding of small alcohols in close proximity to the Mn404Ca cluster
in PS Il isolated from spinach was first demonstrated for the S, state
by ESEEM spectroscopy by Force et al. [64,65] and later by Ahrling
et al. [66]; however, the precise mode and site of binding was not
resolved. In flash-induced oxygen evolution measurements it was
recently observed that the miss parameter of PS II increases linearly
with the MeOH concentration and that this effect is fully reversible up
to 10% (v/v) MeOH [67]. This observation is consistent with MeOH
binding at a substrate water binding site; however, other mechanisms
may also explain this result.

The precise nature of the differences between the electronic
structures of the Mn4O,Ca cluster in plant and cyanobacterial PS II is

not known to date. This is problematic, since for DFT calculations of
the OEC often the geometric structure is derived based on X-ray
diffraction measurements or (polarized) X-ray absorption measure-
ments on T. elongatus samples, while electronic parameters such
as the hyperfine couplings calculated for these structures are then
compared to experimental EPR/ENDOR data obtained with PS II
membranes from spinach [68-70]. Here we employ multi-frequency
EPR and >>Mn-ENDOR spectroscopy to gain detailed information
about the species-dependent differences in the electronic structures
of the S,-states of the Mn4O,Ca clusters of PS II isolated from higher
plants (spinach) and cyanobacteria (T. elongatus).

2. Materials and methods
2.1. Sample preparation

PS Il-enriched membranes from spinach (plant PS II) were
prepared as described in [71]. These samples were concentrated to
20-30 mg Chl/ml in 3-mm Q-band EPR tubes by 30 min centrifugation
at 4°C. PS II core complexes (~30-40ul) from T. elongatus were
prepared as previously described [72-74]. The concentration of the
EPR samples used was ~10 mg Chl/ml. The dark-adapted PS Il samples
poised in the S; state were illuminated by continuous white light
at 200 K (dry ice/ethanol bath) for 3 min for plant PS Il and 30 s for
T. elongatus PS 11

2.2. Q-band pulse-EPR measurements

As in [69,75], Q-band pulse-EPR and *°Mn Davies ENDOR mea-
surements were performed at the indicated temperatures on a Bruker
ELEXSYS E-580 Q-band pulse-EPR spectrometer equipped with a
laboratory-built ENDOR cylindrical resonator and an Oxford-900
liquid helium cryostat and ITC-503 temperature controller, and with
a SMTO02 signal generator and an ENI 5100 L RF amplifier. Electron
spin-echo (ESE)-detected field-swept spectra were measured with
the pulse sequence of m/2-7-m-1 echo, with m=280 ns and 7=440 ns.
The spin lattice relaxation time (T;) was measured with the inversion
recovery pulse sequence m-T-n/2-T-n-T echo, where m=280 ns,
7=400ns and T varies from 0.1 us to 10 ms. >>Mn Davies ENDOR
measurements were collected by using SpecMan control software that
varies the radiofrequency (RF) randomly in the desired range [75-77].
The employed pulse sequence was n-mige-T-11/2-7-11-T echo, where m,
mirr, T, and 7 were 80 ns, 3.5 ps, 1.5 ps and 420 ns, respectively. A shot
repetition time of 3 ms was used for all Q-band experiments with
the exception of the T; measurements, where a shot repetition time of
5 ms was used.

3. Results
3.1. Species comparison

3.1.1. Q-band EPR/>>Mn-ENDOR experiments

ESE-detected EPR spectra of the Mn4O,Ca cluster seen in PS II
core complexes isolated from the cyanobacterium T. elongatus and
higher plant spinach membranes, poised in the S, state are shown in
Fig. 1a (black traces). A multiline signal is observed in both species
[39,69,76], centered at approximately g ~2.0 and spread over the same
field range (1130-1320 mT). The signal from the stable tyrosyl
radical, Yp, which appears as a strong, narrow (FWHM ~3 mT) signal
centered at g~2 and obscures the central hyperfine lines of the S,
state multiline signal, was removed for clarity of presentation. The
hyperfine structure is very similar for both sample types; at least eight
low-field lines (relative to the position of the Yp radical) and 10 high
field lines are observed for both sample types.

Differences between the two species are more readily observed
using >>Mn-ENDOR. Fig. 1b shows the >*>Mn-ENDOR signals seen for
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Fig. 1. EPR/ENDOR spectra of PS II core complexes obtained from T. elongatus PS II and
PS IlI-enriched membranes from spinach, poised in the S, state with 4% MeOH added
(solid black lines). (a) Q-band pulse ESE-detected field sweep. The derivative spectra
represent the pseudo modulated (2 mT) raw data. The Yp signal, centered about g~2
was removed for clarity of presentation. The small offset between the two multiline
spectra is caused by the fact that each spectrum was recorded at a slightly different
microwave frequency. Experimental parameters: microwave frequencies: 33.69 GHz
(T. elongatus), 33.85 GHz (spinach); shot repetition rate: 5 ms; microwave pulse length
(m): 80 ns, T: 440 ns, temperature: 4.2 K. (b) Q-band pulse >>Mn-Davies ENDOR. The
T. elongatus spectrum presented was smoothed using a 5 point moving average.
Experimental parameters: microwave frequencies: 34.05 GHz (T. elongatus), 33.85 GHz
(spinach); magnetic field: Bo= 1260 mT; shot repetition rate: 5 ms; microwave pulse
length (m): 80 ns, 7: 440 ns, RF pulse (mgg): 3.5 ps. The red dashed lines superimposing
each trace represent the least squares fittings to the whole data sets of each species
using a model based on the Spin Hamiltonian formalism [39,69]. The optimized
parameter sets are given in Table 1.

the T. elongatus and spinach PS Il preparations described above, poised
in the S, state, and measured at By =1260 mT. The spinach and
T. elongatus preparations give rise to comparable but not identical
35Mn-ENDOR spectra. The total spectral breath of the >>Mn-ENDOR
spectrum is significantly larger in T. elongatus as compared to spinach
[69,75]. The high frequency edge shifts 20 MHz to higher frequency
and the low frequency edge decreases by approximately the same
degree. The lowest field peak, centered at ~52 MHz, originates from
the magnetic coupling of protons with the Mn4O,Ca cluster. Ap-
proximately six peaks are observed for the OEC of T. elongatus. This is
in contrast to spinach PS II, where only four peaks are clearly visible;
peaks 2 and 4 appear as shoulders on peak 3 and 5, respectively. It
is noted that the above described line shapes of the >Mn-ENDOR
signals of both sample types are essentially invariant over the 1190-
1260 mT magnetic field range, consistent with their assignment to
the OEC [69,76].

3.1.2. Spectral simulations

The S,-state Q-band EPR and Q-band pulse >>Mn ENDOR spectra
were simulated using the Spin Hamiltonian formalism described in
[69,76,78]. Here, the S, multiline signal is considered to arise from
an effective S=1 ground state, coupled to four >>Mn nuclei. The
hyperfine interaction was treated with second-order perturbation
theory. The quadrupole interaction was not explicitly considered; it
was assumed to contribute to the fitted line-width (for details on the
simulation procedure see [39,69]).

The fitted G and hyperfine tensors are given in Table 1. Four
hyperfine tensors are required to fit the absorption and 1st derivative
line shapes and ENDOR spectra for both sample types (Fig. 1a and b,
red dashed line). Near-axial symmetry was seen for the fitted
hyperfine tensors for both species. With the exception of A, the z
(parallel) component of all hyperfine tensors was the largest.
Comparison of the fitted parameters obtained for spectra from
spinach and T. elongatus demonstrates that there are only subtle
differences between the two species. Importantly, the four isotropic
values (A;jiso) of the fitted hyperfine tensors (Table 1) all approx-
imately match both OECs suggesting that there is no significant
change in the electronic structure/coupling scheme i.e. a difference of
less than <10% is seen between the fitted A;;s, values. The isotropic
components of three of the hyperfine tensors are close to that
observed for monomeric Mn"/Mn"' complexes, while that of the
fourth Mn is ~1.5 times larger than that reported in the current
literature [70,79-82]. This suggests that all four Mn ions equally
contribute to the EPR and ENDOR spectra.

The reason for the increase in breadth of the S, state >>Mn-ENDOR
spectrum of T. elongatus as compared to spinach is due to a small
increase in hyperfine tensor anisotropy (Aaniso). This is seen par-
ticularly for hyperfine tensors A; and A4, which define the high- and
low-field edges of the ENDOR spectrum, respectively. The ENDOR
signals associated with these two Mn ions are spread over a larger
frequency range leading to a broadening of the entire signal envelope.
Consistent with this description is the apparent decrease in signal
intensity of the edges relative to the intense central line (peak 3) of
the >>Mn-ENDOR spectrum of T. elongatus as compared to spinach.

3.2. The effect of methanol

3.2.1. T; relaxation

Over a 5-10 K temperature range, two phonon relaxation pro-
cesses usually form the dominant T; relaxation pathway for metal-
locofactors seen in enzymes, namely the Raman and Orbach processes

Table 1
The principal values of the effective G and >>Mn hyperfine tensors for the simulations of
the S, spectra of T. elongatus and spinach PS II.

G A; (MHz)
A Az Az Aq
T. elongatus X 1.971 350 249 202 148
y 1.948 310 227 182 162
1 1.960 330 238 192 155
z () 1.985 275 278 240 263
iso 1.968 312 251 208 191
aniso 0.025 55 -40 -48 -108
Spinach X 1.997 310 235 185 170
y 1.970 310 235 185 170
1 1.984 310 235 185 170
z () 1.965 275 275 245 240
iso 1.977 298 248 205 193
aniso 0.019 35 -40 -60 -70

The isotropic Giso and A;jso (i=1-4) values are the average of the individual values:
Giso = (Gx+ Gy +G,)/3 and Ajjso = (A;, x + A;, y +A;, ;)/3. The equatorial and axial G and
A values are defined as: G. = (Gx+ Gy)/2, G =G, and A1 = (A; x +Ai y)/2, Ai, | =Ai, 2.
The anisotropy in the G and A; values is expressed as the difference between the
perpendicular and parallel components of the tensor.
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Fig. 2. The temperature dependence of the T; relaxation time of the OEC poised in the S,
multiline state in PS Il samples containing 4% MeOH (M) and in the absence of MeOH
(no addition) (A). The left hand side panel data plots the inverse temperature vs. the
natural logarithm of the inverse of the T; time (Orbach process). The right hand
panel plots the natural logarithm of the inverse temperature vs. the natural logarithm of
the inverse of the T; time (Raman process). Electron spin-echo-detected T; relaxation
data were measured using a 3 pulse sequence: m-T-n/2-T-n-T echo, using m=80 ns,
T=440 ns, and T was swept over the range of 0.1-10 ms. An estimate of the T; time was
made by fitting the raw data to a bi-exponential decay collected at each temperature.
The superimposed red lines correspond to a linear fit of the data. Experiments were
performed at Bo= 1260 mT.

[83,84]. Both processes rely on the system containing spin levels that
are thermally accessible, but each has a slightly different dependence
on the measurement temperature (T):

m(%) =4 (1)
In <Tll> o In(T) ()

It is noted that the relaxation rate of an Orbach process is dependent
on the ground to first excited state energy separation (A). As such,
an estimate of the energy ladder can be made when this process is the
dominant relaxation process [83,84]. Previous studies in spinach PS II
[85] in the presence of a small percentage of MeOH, demonstrated
that the OEC cluster in the S, multiline state displays dominantly

Table 2
The energy separation A between the ground and first excited electronic states for the
S,-state in plant PS Il and T. elongatus PS Il samples assuming an Orbach relaxation
process.

A (cm™1)
No addition + MeOH
T. elongatus T, relaxation 135+1.2 22.440.6
Spinach T, relaxation 27405 24.74+1.2, 36.5 [85]
CW EPR ~6[48,54] 12 [48,54], 30 [48,54]

an Orbach relaxation over the 5-10 K temperature range. This work
reported a ground to first excited state energy difference (A) of 35 cm™ !
for the S, state [85]. We have repeated this experiment using our
plant PS I membrane samples and found that over the 4.6—7.5K
temperature range both the relationships In(1/T;) versus 1/T and In(1/
T;) vs. In(T) are approximately linear (R*=0.9903 and R*>=0.9956,
respectively; Fig. 2, upper panel). Thus, under our experimental con-
ditions, we cannot distinguish whether an Orbach or Raman relaxation
process dominates. If an Orbach process is assumed, A is estimated to
24.7+1.2cm™"! (Table 2). This value is lower than that seen in the
earlier study of Lorigan and Britt [85], but still of approximately the same
magnitude. In the absence of MeOH, the behavior of the T; time changes
dramatically. The observed spin-echo is more difficult to measure in
samples without MeOH (no addition) and as such the data quality is
poorer. Nevertheless, a semi-quantitative description of the system
can still be made. As before, the data are equally consistent with either
an Orbach or a Raman process. If we again assume an Orbach process,
the energy difference (A) has collapsed to 2.7 + 0.5 cm™ ! (Table 2). This
value is small and should be considered as a lower bound for A. A
decrease in the observed A is consistent with literature CW EPR results.
In higher plant spinach a A of ~6 cm ™ ! was measured for the non-MeOH
treated OEC S, multiline state [48] as opposed to ~25-35 cm™ ! when
MeOH is present. Similar results have been observed for OEC poised in
the S;-state. A ground to first excited state energy separation of
A=1.7 cm™ ' was reported for higher plant spinach in the absence of
solvents poised in the S; state [46]. These results were obtained by
examining the temperature dependence of the S; parallel polarization
CW EPR signal. This signal arises from a low lying excited spin state
(§=1). It was observed that the excited state signal was lost by the
addition of MeOH. That is to say, the proportion of S; in the EPR visible
excited state (S=1) decreased and that in the diamagnetic S=0
ground state increased upon MeOH addition which suggests that A
increased by at least ~7 cm™ ', see [46].

Analogous results are observed for T. elongatus (Fig. 2, lower panel)
Unlike the spinach PS II data presented above, our results for the
MeOH treated OEC poised in the S, state in T. elongatus do slightly
favor an Orbach process (R? of 0.9982 vs. 0.9904 for Raman process).
The Orbach fit gave a A of 22.4+ 0.6 cm™ ! approximately that seen in
our spinach measurements. The temperature dependence of T; was
measured at several field positions yielding values within the error
stated. In contrast to spinach samples, similar T, times are observed in
T. elongatus preparations with and without MeOH. The T. elongatus
preparation without MeOH was consistent with either Orbach (R?
of 0.9550) or Raman (R? of 0.9505) relaxation. If Orbach relaxation is
assumed, the energy difference between the ground and first excited
state A is estimated to be 13.5+ 1.2 cm™ ! (Table 2).

3.2.2. CW EPR and **Mn-ENDOR

The effect of small alcohols on the CW EPR line shape of the S,
multiline signal of higher plants has been well documented [53-57]. A
slight narrowing of the S, multiline spectrum is observed when MeOH
is added (Fig. 3a). The amplitudes of the central lines of the multiline
pattern increase to the detriment of the external lines and the super
hyperfine structure is lost. The corresponding >*>Mn-ENDOR spectrum
(Fig. 3b) also changes. In samples to which MeOH is not added the
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Fig. 3. The effect of MeOH on the EPR/ENDOR spectra of PS II core complexes obtained
from T. elongatus and spinach BBY membranes, poised in the S, state. Solid black lines:
4% MeOH; red lines: in the absence of MeOH. (a) CW X-band EPR. The Yp, centered
about g~2, was removed for clarity of presentation. Experimental parameters:
microwave frequencies: 9.4 GHz; microwave power: 20 mW; modulation amplitude:
25 G; time constant: 80 ms, temperature: 8.6 K. (b) Q-band pulse >Mn-Davies ENDOR.
The T. elongatus spectrum presented was smoothed using a 5 point moving average.
Experimental parameters: microwave frequencies: 34.05 GHz (T. elongatus), 33.85 GHz
(spinach); magnetic field: By=1260 mT; shot repetition rate: 5 ms; microwave pulse
length (m): 80 ns, 7: 440 ns, RF pulse (mgg): B.34s.

55Mn ENDOR spectrum is broader and more structured (~115 MHz
width) spanning 65—180 MHz [69,76]. The same behavior is not
observed for T. elongatus. The addition of MeOH does not alter the CW
EPR line shape of the S, multiline signal. Consistent with this earlier
result, it is observed that the >>Mn ENDOR spectrum also does not
change significantly when MeOH is added to the sample. Only subtle
changes are observed in the positions of peaks 4 and 6, both shifting to
slightly lower radio-frequencies when MeOH is added. The T.
elongatus spectra shown in Fig. 3 are similar to those reported in a
previous study of Pudollek et al. [108]; the total ENDOR signal spans
approximately the same width but there are differences in the
intensities of the individual lines.

4. Discussion
4.1. General remarks

Refined crystal structure models obtained from thermophilic
cyanobacteria form the basis for all current models of the OEC.
However much of the spectroscopic data in the literature were
obtained using PS Il from plants rather than T. elongatus. As mentioned

in the introduction, although the PS II from the two species behave
similarly, some differences are observed. The results presented here
demonstrate that the OEC of the two species are highly similar but not
identical. The small differences that are observed are interpreted
within a framework in which the spin manifold/energy ladder of the
higher plant system is intrinsically more variable than the cyano-
bacterial system, with the former being more strongly affected by the
addition of MeOH. The difference between the action of MeOH in the
two species can be explained in two alternative ways. (i) Solvent
access to the Mn cluster in the plant vs. cyanobacterial OEC may be
different such that MeOH is unable to directly interact with the OEC in
the T. elongatus. Earlier ESEEM measurements have already shown
that MeOH binds to the plant OEC [64,66]. This may reflect changes
close to the active site or properties of the more peripheral subunits
(which are known to be different between plants and cyanobacteria)
and related channels [21,25,86,87]. (ii) Alternatively, the nature of the
interaction between MeOH and OEC (e.g. its binding site, the type of
binding, or the result of its binding) must somehow differ in the two
species. We consider the latter option more reasonable. The change in
the electronic structure, as inferred from T; relaxation measurements
when MeOH is added is similar (an increase in A) and only differs by a
factor of two in magnitude for both species (~10 cm™ ! for T. elongatus
vs. 20 cm™ ! for spinach). As such, the work presented here suggests
that some degree of flexibility can be accommodated within the 1st
or 2nd coordination sphere of the Mn40,Ca cluster without impairing
water-splitting function. This is in line with a number of mutant
studies that show that several mutations in the first coordination
sphere do not impair water-splitting [88] or the shape of the S,
multiline signal [89].

4.2. OEC models consistent with higher plant spinach EPR/ENDOR data

In an earlier article [39] we examined the effect of Ca?*/Sr?*
substitution on the X- and Q-band EPR and Q-band >>Mn-ENDOR
spectra of the S, multiline signal of T. elongatus (with MeOH). These
results were then used to discriminate between current literature
models of the OEC. As stated in the introduction, there are currently
six types of DFT models for the OEC. Of those for which we had the
coordinates at the time of the study, we demonstrated that only one
coupling scheme, based on the Siegbahn core [4,37,38], is consistent
with all EPR/ENDOR data. It is noted that the Siegbahn structure in our
study was slightly modified (as compared to the structure reported
in [4]) to confer it a ground state of spin Sy=1, see Pantazis et al.
[36]. This model was selected as it: (i) reproduces the correct ground
state spin multiplicity (Sy=1%); (ii) the correct ground to first excited
state energy difference (to within a factor of 2-3); (iii) yields a spin
projection coefficient of |p|~1 for all four Mn ions, consistent with
the EPR/ENDOR data; and (iv) gave reasonable estimates for the on-
site zero-field splitting (ZFS) of the Mn" i.e. within the range seen for
model complexes and the zero-field splitting was affected by Sr>*
substitution in a way that is consistent with the changes seen in
polarized EXAFS and DFT calculations.

It does not immediately follow that the Siegbahn model is also
consistent for the higher plant spinach S, state (with MeOH); this
must be tested. It is noted that criteria (i), (ii) and (iii) apply equally
well to both the S, states of spinach and T. elongatus. Both require
the ground state to be S;=15, spin projection coefficients for all four
Mn of approximately 1 and a similar ground to first excited state
energy difference, in MeOH treated samples. The only question that
remains is whether the Siegbahn model also gives sensible estimates
for the on-site ZFS (d) of the Mn'" for the spinach OEC (criterion iv). As
d is reflected by the fitted hyperfine anisotropy, which is shown above
to change between higher plant spinach and T. elongatus (see Table 1),
its contribution to the energy levels of the system for the two species
must differ.
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Fig. 4. (a) The dependence of the spin projection factors (p1, py) on the zero-field
splitting parameter (d) of the Mn'" ion assuming the exchange coupling model for the
Siegbahn core (scheme Fig. 5A). (b) The dependence of the on-site hyperfine tensor
components (ay, a;) of the spinach Mn4O,Ca cluster in the presence of methanol for
each of the four manganese ions on the zero-field splitting parameter (d) of the Mn'"
ion. The bottom panel (c) shows the difference (a,) between the parallel (q;) and
perpendicular (a,) hyperfine components of the three Mn' ions. The green shaded
region represents the range of ZFS values for the Mn'"" seen in model complexes (when
d<0). The red shaded region represents the range of acceptable ZFS values for the Mn'""
which are consistent with the electronic coupling model, i.e. the range over which the
intrinsic hyperfine anisotropy of the Mn"V ions is within the range seen for model
complexes. The intersection of the green and red regions is shown by the yellow shaded
region. Table 3 lists the intrinsic hyperfine tensor components for all four Mn ions
calculated at the midpoint of the range of consistent d values, i.e. the midpoint of the
yellow shaded region.

Table 3

A description of how the on-site ZFS of the Mn" can be estimated
from fitted effective Spin Hamiltonian parameters (i.e. A, Ay, As, A4)
can be found in an earlier article [39]. A brief summary is given
below. The effect of the on-site ZFS of the Mn' ion can be taken into
account in the calculation of the spin projection coefficients. The spin
projection coefficients provide a means to scale the effective Spin
Hamiltonian parameters to the on-site (intrinsic) parameters of the
individual Mn ions. It is the on-site (intrinsic) parameters that can be
compared to literature values. The inclusion of the on-site ZFS of
the Mn"" requires that the spin projections for all four Mn ions must
be considered as tensors as opposed to scalar quantities; that is to
say that their magnitude is now orientationally dependent. Fig. 4a
displays the dependence of the parallel and perpendicular compo-
nents of the spin projection tensor of each of the four Mn ions (A, B, C,
D) as a function of the ZFS of the Mn" ion. When d=0, the two
components are necessarily equal. It can be readily observed that the
correct anisotropy of the effective hyperfine tensors of the Mn'" ions
can only be reproduced if the d value is negative. This yields a larger
parallel as opposed to perpendicular spin projection component, as
seen for the effective Mn" hyperfine tensors (A;-A4). The on-site/
intrinsic parallel and perpendicular hyperfine tensor components (aj,
ay;) can then be calculated from the ratio of the fitted effective
hyperfine tensor components (A;, A.) and the spin projection
components seen in panel a (py, p.). Their dependence on the choice
of d is shown in Fig. 4b. An estimate for the ZFS of the Mn'" ion can be
made using panel c. It shows the anisotropy of the three Mn'"V ions i.e.
the difference between ay;, a., shown in panel b. It is expected that the
intrinsic anisotropy of the three Mn'Y ions is small, less than 30 MHz
(for a full discussion see Cox et al. [39]). The values of d that are
consistent with this range are shown by the red shaded region.
Literature values for d as measured in monomeric Mn"' model com-
plexes provide a second constraint. This range is shown by the green
shaded region. The intersection of the red and green shaded regions,
colored yellow, then gives the allowed range of d for the Mn" of the
OEC. The on-site hyperfine parameters for all four Mn ions calculated
at the midpoint of this acceptable range are given in Table 3.

The inferred on-site ZFS of the Mn' ion for the plant OEC is
~—1.2 cm™ ! (see Fig. 4, caption). A d value of — 1.2 cm™ ' is small for
a Mn'" ion, falling just inside the range of d values seen in model
complexes i.e. 1<|d|<5cm™", see [39]. The d value is negative and
the intrinsic parameters for the Mn™ are: a;s, ~ 174 MHz, a, ~190 MHz,
@)~ 141 MHz, d,niso—49 MHz. These values are consistent with a Mn™
ion with a 5 coordinate square-pyramidal or 6 coordinate tetragonally
elongated ligand field. These are approximately the same values as
determined for the T. elongatus (see Table 3 and [39]). Importantly,
the inferred geometry of the Mn'! is consistent with the Siegbahn
model; the Mn" in the Siegbahn structure has a square-pyramidal
ligand field. Thus, this model is consistent with the EPR/ENDOR data
for the S, states of both T. elongatus and spinach. We note that the
small difference inferred between the d values for the T. elongatus and
spinach PS II may be real or an indirect consequence of the above

Calculated spin projection tensor components (p, p;) and hyperfine tensor components (ay, a;) for the 4 Mn ions of PS Il in the S, state.

PL Pl aL q Qiso Ganiso

T. elongatus Mn, (Mn'") 1.01 133 235.2 209.6 226.6 —256 (—8.5)
d(Mn")=—1.32to —1.26cm™~" Mng (Mn'") —0.77 —1.16 201.7 226.7 210.0 250  (83)
Amidpr=—1.29 cm™ ! Mnc (Mn'") —0.87 —1.12 2216 2135 2189 —80 (—27)
Mnp, (Mn'") 1.62 1.96 203.3 140.5 182.4 —62.8 (—20.9)

Spinach Mn, (Mn'Y) 1.02 1.32 231.0 209.1 223.7 —-219 (—73)
d(Mn")=—-134to —1.1cm™! Mng (Mn'") —0.77 —1.15 219.0 209.4 216.1 —10.0 (—33)
Amigpe=—1.22cm™! Mnc (Mn') —0.87 —1.11 2125 219.9 224.9 74  (24)
Mnp (Mn"") 1.62 1.95 190.4 1413 174.0 —49.0 (—16.3)

The isotropic a; values are defined as: a;jso = (2a;.. + a;;)/3. The anisotropy a; aniso is €xpressed as the difference between the parallel and perpendicular component of the tensor. For
direct comparison to the work of Peloquin et al. [70] the anisotropy is also expressed as the difference divided by three (see value in brackets).
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described, small changes in the electronic structure of the Mn4O,Ca
cluster i.e. as the A is slightly different for plant and T. elongatus
samples with MeOH, their electronic structure (exchange coupling
topology) must be slightly different. The important result is that the d
value is similar for the two species and consistent with literature
benchmarks (see [39], supporting information Table S3). The
Siegbahn model as presented here is in agreement with the
experimental results of Teutloff et al. [109]. These authors performed
an EPR/ENDOR study on PS II single crystals. The comparison of these
results to the crystal structure of Guskov et al. [22], allowed a tentative
assignment of the position of the Mn'". Its preferred location was
within bonding distance to the Asp342 residue. Here it was assumed
that the Mn-Asp342 bond defines the Jahn-Teller axis of the Mn" ion.

4.3. Decoupling of the OEC

A uniquely determined experimental solution for the ladder of
spin states of the Mn40,Ca cluster can not be obtained. If only pairwise
interactions are considered between the four Mn ions, six exchange
couplings are required to describe the energy ladder of the system.
Experimentally though, only one observable is measured, the ground
to the first excited state energy-level difference (A). As a consequence,
a simpler model is often invoked for interpreting EPR data, in which
the energy levels of the system are described in terms of an effective
coupling constant, Jer (A = 3/2Jcs, for the S, multiline). Here, the four-
spin system is described in terms of a two-spin system as shown in
Fig. 5b and c, respectively. The electronic coupling component of the
Spin Hamiltonian for this simplified system takes the form:

H= —JxS1- S, (3)

a) Siegbahn

—J>=]20cm™|
______ J< 20 ol lh D

b) OEC (Y-coupling scheme)
C

ot

J
o "B JCD
A B J
BD
D
c¢) Simplified OEC

S=3f2 J S=1 2
eff = or
A e
B,C,D

‘monomer’
‘trimer’

Fig. 5. Current models for the electronic structure of the OEC. (a) The ] coupling scheme
for the Siegbahn structure [4,36]; (b) Y-coupling scheme developed from EPR/ENDOR
[69]; (c) a simplified OEC coupling scheme in which the Y-scheme is approximated by
two spins.

where S; and S, describe the two fragments of the tetramer: a
monomeric Mn"V (S=3/2) and a coupled trimer (Mn'V),Mn'! of total
spin S=1 or 2, and Je, the coupling between them [40]. The spin
state ladder for this system is Es=Jer/2S(S+ 1). Within this simple
model, solvent-induced effects are easily rationalized. MeOH some-
how modulates the electronic coupling of the monomeric Mn to
the trimer (i.e.J). MeOH binding causes J to increase by approximately
4- to 10-fold in spinach and ~2 fold for T. elongatus in the S, state.

It is useful to consider how the simple model described above
maps onto the Siegbahn model (Fig. 5a). The Siegbahn model broadly
fits with the Y-coupling scheme topology [36,39] (Fig. 5b), which was
developed on the basis of (3 4 1) coupling schemes first proposed by
Peloquin et al. [70] . Mng, Mnc and Mnp couple together to form
the trimer fragment with a total ground state spin of S=1. To this
fragment the Mn, monomer fragment is coupled. The effective
coupling Jeg in the simple model above includes contributions from
the Jag, Jac, Jap €xchange pathways. In the work of Pantazis et al. [36]
it was noted that the ground to first excited state energy difference
in this model was dependent on the magnitude of the coupling be-
tween Mny and the trimer unit and that the net sign of this interaction
also defined the spin multiplicity of the ground state. Thus, even
within this more complicated electronic coupling scheme, a mecha-
nism seems reasonable in which solvents such as MeOH modulate
the electronic coupling of the monomeric Mn to the trimer.

This simple description of the action of small organic solvent
molecules on the electronic structure of the OEC also provides a
rationale for the changes observed in the width and line shape of
both the EPR and ENDOR data. The line shape of the EPR and ENDOR
spectra changes because the contribution of the on-site ZFS of the
Mn'" changes. This is because the relative contribution of the on-site
ZFS of the Mn"" ion to the energy levels of the cluster is dependent on
A. For large A, the on-site ZFS can be considered a small perturbation
of the electronic structure. Within this regime, variation in A should
not significantly change the spin projection coefficients; the perpen-
dicular and parallel components (p,, py;) of the spin projection tensor
are approximately equal. If however A is of the same size as the on-
site ZFS of the Mn"!, relatively small changes in A can lead to large
changes in the spin projection coefficients and thus large changes in
the effective hyperfine tensors. For the OEC, A is small, being at most
an order of magnitude larger than the on-site ZFS of the Mn"" and thus
the second regime holds (Fig. 6).

It was shown above that in plant PS II, there is a large change of
A induced by MeOH. This should then lead to a large change in the
spin projection coefficients of the OEC and as a consequence, a large
change in the effective hyperfine tensors. Compared to the MeOH
treated system (the system that was simulated), it is expected that in
the absence of MeOH the perpendicular and parallel components (A,
A))) of the effective hyperfine tensors should diverge, leading to an
increase in the width of both the EPR and >>Mn-ENDOR spectrum. This
is exactly what is observed experimentally. Similarly, as the MeOH-
induced change in A is much smaller in the cyanobacteria, no large
change in the spin projection coefficients is expected and thus no
change should be seen in the EPR and ENDOR spectra.

It can be shown that the Siegbahn model is at least semi-
quantitatively consistent with the mechanism described above. This
is shown in Fig. 7. Here the coupling between Mny, and the trimer
is varied to demonstrate how the energy gap and spin projections
change as a function of this coupling. The coupling is varied in a simple
way; the three exchange couplings that connect Mn, to the trimer
(s, Jac: Jap) are simply multiplied by a factor c. As such, the factor
c represents an average increase/decrease in the connectivity of the
two OEC fragments, the S=3/2 (Mn,) and the S=1 (Mng, Mnc, Mnp).
The on-site ZFS of the Mn'" was fixed to the value determined in
section 4.2, ie. d=—12cm~'. As expected, over the range of
energy gap values determined for T. elongatus (A=22.4-13.5cm™!)
only small changes should occur for the spin projection coefficients
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perpendicular and parallel components of spin projection tensor (p., pyj) are approximately equal. In the limit where A is of the same magnitude as the on-site ZFS of the Mn'", alarge
difference (anisotropy) in the perpendicular and parallel components of the spin projection tensor (p., py) is expected.
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(<10%). As such, no change in the EPR/ENDOR spectra is expected, as
observed. The range of energy gap values observed for spinach is
much larger (A=25-35cm™ " to 2-6 cm™ '), and as a consequence a
more significant change in the spin projection coefficients is expected.
Importantly, the spinach PS II sample in the absence of MeOH has
an energy gap of only 2-6 cm™ . In this regime large deviations are
observed for the spin projection coefficients as the spin %2 model for
the ground state breaks down. Note that: c=1 gives the original
coupling scheme of the Siegbahn model. This gives an energy gap of
~10 cm™ !, approximately that seen for T. elongatus without MeOH.

The above arguments bring into question the simulations of
Charlot et al. [68] performed on the broad S, multiline signal of plant
PS Il in the absence of MeOH. The broad multiline signal in this earlier
study refers to the component of the multiline signal that is sensitive
to NIR light (see introduction). In this earlier study the multiline
signal was assumed to arise from a well isolated spin ¥2 ground state.
The above results demonstrate that this is not the case. In the absence
of MeOH, the energy spacing (A) in spinach PS Il is of the order of the
on-site zero-field splitting/fine structure of the Mn'.. As such, it is
unclear whether a spin %2 model for this system is appropriate as it
does not explicitly include the Spin Hamiltonian terms that describe
the on-site zero-field splitting of the Mn'"". In this circumstance it
is expected that a more complicated two- or four-spin model should
be used that does include these terms.

Table 4
Theoretical interspin distances between the methyl deuterons of the CD;0H and Mn,/
Mnp, using the point dipole model.

Fig. 7. Top: The dependence of the ground to first excited state energy difference on the
coupling of Mnj, to the trimer unit. The extent of coupling between Mn, and the trimer
is given in terms of the factor c. The factor c is applied to all three exchange couplings
that connect Mnj, to the trimer (Jap, Jac, Jap), and thus represents an average increase/
decrease in the coupling of the two OEC fragments. Bottom: The dependence of the spin
projection factors (py, p) on the factor ¢, described above. The zero-field splitting
parameter (d) of the Mn'" jon was fixed to the value determined in section 4.3 i.e.d =
—1.2cm™ . c=1 gives the original Siegbahn coupling scheme.

2H Theoretical distance (A)
(MHz) >
A Mny-Asp170  Mna-OH Mnp-Glu189 Mnp-open
(p=1) (p=133) (p=101) (p=162) (p=196)
a CD; 0448 3.00 3.30 3.01 3.51 3.76
0.209 391 429 3.92 4.59 4.89
0177 4.10 4.51 411 4.81 5.13
b CDs; 0.64 2.67 293 2.68 3.13 334
0.38 3.15 3.46 3.16 3.70 3.94
0.38 3.15 3.46 3.16 3.70 3.94

3Exp. data of Force et al. [64]. "Exp. data of Ahrling et al. [66].
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4.4. Methanol-OEC interaction in plant and cyanobacterial PS II

2H-ESEEM measurements performed on the S, state of plant PS II
demonstrated that one MeOH molecule interacts with the OEC, i.e.
it coordinates one of the Mn ions [64,66]. Similar data has yet to be
reported for T. elongatus PS I1. In the studies reported in the literature,
2H couplings were reported in the range of 0.2-0.6 MHz. In both
studies, best fits where obtained using two inequivalent nuclei for
the deuterons of the methyl group, i.e. one more strongly coupled
deuteron and two approximately identical more weakly coupled
deuterons. Curiously, the two reports give contradictory results; 2H
couplings were approximately 1.5- to 2-fold larger in the second
study. We offer no assessment of which experimental data set and
subsequent analysis is correct. We note though that in the second
study this discrepancy was accounted for by invoking sample hetero-
geneity [66]. Here it was stated that in the original study of Force
et al. the S, state was generated by low temperature illumination
leading to a mixture of S, (multiline) states that represent both the
MeOH bound and non-bound OEC. In contrast, the study of Ahrling et
al. used room temperature laser flash advancement, yielding a more
homogeneous S, state i.e. uniformly MeOH bound. As multiline
heterogeneity in spinach PS II has been well documented in the
literature, this explanation seems reasonable [55,90,91].

Within the Siegbahn model, there are four good Mn-ligand/residue
candidates for MeOH displacement: the two Mns-OH ligands, the
Mna-Asp170 ligand and the Mnp-Glu189. Using the anisotropic spin
projection values determined in the discussion section 4.2, theoretical
estimates can be made for the expected MeOH bound Mn-2H interspin
distances (See Table 4). Here we employ the point dipole model for
the Mn-2H interspin distance. This should give reasonably good
estimates for the Mn-2H interspin distance for ligands bound to Mnp
(the ‘external’ Mn), and poorer estimates for the Mn of the trimer unit
(Mng, Mn¢, Mnp). This simple approach was used due to the
uncertainty of the binding mode of the MeOH at each of the four
sites identified. This forms ongoing work in our laboratory.

Each ESEEM data set, Force [64] or Ahrling [66], is consistent with
one binding position using the Siegbahn model [4]. The results of
Force et al. [64] favor displacement of one of the OH ligands on Mna,.
The theoretical Mn-2H distances for this site match those seen for
Mn"Mn" model complexes where MeOH is bound to the Mn"" [92].
In contrast, the results of Ahrling et al. [66] give very short Mn-*H
distances for Mny either displacing the OH or Asp170, outside the
range seen for model complexes and as such binding at Mn, can be
excluded assuming this data set is correct. This data set instead favors
binding at Mnp displacing the Glu189. It is again reiterated though
that a more complete multipole treatment of the dipolar coupling
interaction is required to precisely assign the position of MeOH
binding.

It is noted that MeOH could also potentially bind at the open
coordination site on Mnp. This would give reasonable values for Mn-
2H distances using the coupling values of Ahrling et al. [66] However,
if MeOH does bind at this open site, a significant rearrangement of the
core geometry is required as a MeOH molecule can otherwise not fit
into this site. Indeed the site itself is too small to bind even a water
molecule, as has been previously discussed in the literature [4]
(Fig. 8). A structural change of the OEC of this magnitude should lead
to a large change of the electronic structure that would seem
inconsistent with the data presented in this manuscript and as such,
this binding mode is not favored.

As stated in section 4.3, we consider that the mechanism for MeOH
action is to somehow modulate the electronic coupling between Mnp
and the trimer unit (Mng, Mnc, Mnp). This action could potentially be
rationalized for the two binding models, ‘Force’ and ‘Ahrling’,
discussed above. In the Force model, the replacement of either of
the negatively charged OH ligands around Mn, with MeOH would
affect the distribution of electron density in the OEC core, directly

Ala344

(C-terminus)

H,O0

Asp342

Glu333

Fig. 8. Potential sites for MeOH binding for the Siegbahn model [4]. Ligands that can be
substituted for MeOH and that are consistent with the ESEEM studies of either Force
etal. [64] or Ahrling et al. [66] are labelled in blue italic. The Arg357 as well as backbone
H-atoms are not included in the figure for clarity. The orientation of the spin projection
coefficients is defined by the axis system of the Mn'"" ion shown in the inset.

changing the nature of the Mns-Mng interaction. This might lead to a
larger Mna-Mng anti-ferromagnetic coupling and as such, a modifi-
cation of the spin ladder of the system consistent with the data
presented. The species-dependent effect of MeOH could describe a
change in ligand mobility. While the same ligand is likely to be
substituted in either the plant or cyanobacterial OEC, the 2nd
coordination sphere interaction between the MeOH and the sur-
rounding protein pocket could differ, thus changing the binding mode
of the MeOH molecule, its H-bonding interactions and thus its effect
on the electronic coupling within the OEC. In an analogous way, direct
substitution of the Glu189 ligand to Mnp, (Ahrling model) could also
explain the change in the electronic coupling between the Mn, and
the trimer unit (Mng, Mnc, Mnp). Direct substitution of Glu189 with
MeOH would have an effect similar to that of ligand substitution on
Mnj,, but within the Mng, Mnc, Mnp subunit, again possibly giving rise
to a stronger Mna-trimer exchange interaction through a propagation
of the localized electron and spin density rearrangement of the trimer
subunit. Here, as with direct substitution of Asp170 on Mnga
the species-dependent effect of MeOH could be rationalized in the
context of the facility of protein ligand displacement being dependent
on differences between the proteins from spinach and T. elongatus
further away from the OEC core itself. Indeed differences in rigidity —
or lack of rigidity - of the Glu189 amino acid within the two species
could play an important role in its possible direct substitution by
MeOH.

4.5. Structural flexibility of the Mn40Ca cluster

S, state dependent structural changes were proposed both from
biochemical and spectroscopic studies of the OEC. A structural
rearrangement during the S,—S3 transition was demonstrated by
Boussac et al. [93,94] and Messinger et al. [95]. Here it was shown
that: (i) the protein has a lower affinity for Ca in Ss; (ii) that the S3
state has a much slower reactivity towards NH,OH and NH,NH;
and (iii) a slower rate of NH3 binding in Ss. Similarly, temperature
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dependent measurements of the reduction kinetics of Y2* provided
evidence for a high reorganization energy for the S,—Ss transition
[96,97]. Subsequently, EXAFS measurements [98-103] provided
strong spectroscopic evidence for structural changes during the
S,—S3, and also the Sy-S; transitions, and also FTIR experiments
[104,105] suggest significant alterations in carboxylic acid vibrations
during the S,—S3 transition. It can therefore be proposed that the
structural flexibility of the Mn40,Ca cluster is a key feature for its high
water-oxidation rates [2,3,103,106]. This hypothesis is supported by
the recent work of Siegbahn on modeling the reaction pathway for
water-splitting [4] (for similar proposals see also [2,69,107]). The
facility for structural rearrangement has been identified as a key
feature in this theoretical water-splitting pathway. Without this
flexibility the OEC would not be able to oxidize water. Similarly,
structural flexibility within a given oxidation state (S, state) of the
Mn40,Ca cluster has been proposed based on mechanistic considera-
tions, EPR simulations and DFT calculations [32,34,106]. It should be
noted that the effect of these rearrangements, in the context of this
work, would be to alter the coupling between the Mn centers,
changing the effective spin ladder. Upon the addition of MeOH, one
conformation, or possibly a subset of conformations, is stabilized over
the remaining conformations, giving rise to the homogeneous
multiline signal observed.

Conclusion

The electronic properties of the Mn40,Ca cluster in the S, state of
the OEC of the thermophilic cyanobacterium T. elongatus and higher
plants (spinach) were shown to be very similar. The data presented
here show that both OEC types can be explained using the same
electronic coupling scheme, namely a coupling scheme based on the
structural model of Siegbahn [4,36]. The small spectral changes ob-
served between the two species are interpreted within a model in
which the contribution of the on-site ZFS of the only Mn™ of the S, to
the total ZFS of the cluster changes. An analogous argument is invoked
to explain the spectral differences seen in the presence and absence
of MeOH. Potential sites for MeOH binding are discussed within the
context of the Siegbahn model, which are consistent with the earlier
ESEEM studies of Force et al. [64] and Ahrling et al. [66].
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ABSTRACT: An analysis of the electronic structure of the
[Mn"Mn""(u-OH)-(u-piv),(Mestacn),](ClO,), (PivOH) 0
complex is reported. It displays features that include: (i) a ./\L

— Data

<™

EPR

ground 1/2 spin state; (ii) a small exchange (J) coupling S S z 00

between the two Mn ions; (iii) 2 mono-u-hydroxo bridge, bis- \ ' A £ w0

u-carboxylato motif; and (iv) a strongly coupled, terminally . e 50

bound N ligand to the Mn™™L All of these features are observed I jJ\I\J\ B ~20 P _100

in structural models of the oxygen evolving complex (OEC). o . N S
Multifrequency electron paramagnetic resonance (EPR) and Mot C

v,y (MH2)

electron nuclear double resonance (ENDOR) measurements
were performed on this complex, and the resultant spectra simulated using the Spin Hamiltonian formalism. The strong field
dependence of the >>Mn-ENDOR constrains the *>Mn hyperfine tensors such that a unique solution for the electronic structure can
be deduced. Large hyperfine anisotropy is required to reproduce the EPR/ENDOR spectra for both the Mn" and Mn'" ions. The
large effective hyperfine tensor anisotropy of the Mn", a d* ion which usually exhibits small anisotropy, is inter?reted within a
formalism in which the fine structure tensor of the Mn'" ion strongly perturbs the zero-field energy levels of the Mn"Mn"" complex.
An estimate of the fine structure parameter (d) for the Mn"™" of —4 cm ™" was made, by assuming the intrinsic anisotropy of the Mn""
ion is small. The magnitude of the fine structure and intrinsic (onsite) hyperfine tensor of the Mn" is consistent with the known
coordination environment of the Mn"" ion as seen from its crystal structure. Broken symmetry density functional theory (DFT)
calculations were performed on the crystal structure geometry. DFT values for both the isotropic and the anisotropic components of
the onsite (intrinsic) hyperfine tensors match those inferred from the EPR/ENDOR simulations described above, to within 5%.
This study demonstrates that DFT calculations provide reliable estimates for spectroscopic observables of mixed valence Mn

complexes, even in the limit where the description of a well isolated S = 1/2 ground state begins to break down.

1. INTRODUCTION

Several u-oxo/hydroxo bridged Mn cofactors have been found
in biological enzymes. Important examples include (a) the
dimanganese catalase,"”” which catalyzes the dismutation of
H,0, to H,0 and O,; (b) the recently identified Mn containing
class Ib ribonuclotide reductase;>* and (c) the tetra-manganese
oxygen evolving complex (OEC) of reference PSII which per-
forms the multistep oxidation of H,O to O,. To understand
the chemistry these complexes perform it is important to
resolve, in detail, their geometric and electronic structures.
Synthetic complexes play a crucial part in this exercise, allowing
specific features to be examined separately. In multielectron-
reactions such as water-splitting the catalysts must cycle through
several different oxidation states, many of which are paramagnetic.
As such, electron paramagnetic resonance (EPR) spectroscopy is

W ACS Pub“cations © 2011 American Chemical Society

an invaluable tool for the elucidation of the properties of these
comIpl)lexes. Mixed valence complexes such as Mn"Mn"" and
Mn""Mn", typically exhibit antiferromagnetic coupling leading
to the ground state configuration of total electron spin (St) of
1/2. The St = 1/2 state manifests itself in CW-EPR as a charac-
teristic multiline signal centered at g ~ 2. The large number of
spectral lines observed arises from the coupling of the two >*Mn
nuclei to the total unpaired electronic spin. In principle, the
electronic structures can be derived from these measurements.
However, the analysis of EPR spectra of exchange-coupled
systems is often complicated by the presence of multiple terms
of similar energetic importance in the spin Hamiltonian. In
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general it is impossible to obtain unique parameters for the
Hamiltonian from a single EPR spectrum. One solution to this
problem is to measure the EPR spectrum at multiple frequencies
(X-, Q-, and W-band). As the different components of the Spin
Hamiltonian have different magnetic field dependence, this
allows the relative contributions to be resolved.>® An important
complementary approach is electron nuclear double resonance
(ENDOR) spectroscopy.”® *Mn-ENDOR spectra are usually
much simpler to analyze because of the lower number of over-
lapping transitions and its insensitivity to the exact geometry of
the hyperfine tensors relative to each other. As a consequence,
reliable information on the hyperfine couplings, and, to a lesser
extent, nuclear quadrupole couplings of the **Mn (I=>/,) nuclei
can be readily obtained using such measurements. In studies on
mixed valence Mn""Mn"" complexes the combination of both
multifrequency-EPR and **Mn-ENDOR has allowed not only a
determination of the effective G and hyperfine tensors (A;, A,)
but also their relative orientations. While there are mul-
tiple EPR/**Mn-ENDOR studies on synthetic and biological
Mn™Mn"" complexess’é’g_14 all efforts, including our own, to
obtain such measurements for Mn"Mn"" complexes have failed
thus far. The reason for this is the very fast T relaxation in such
complexes.'> As such only CW-EPR studies have yet been
reported for Mn"Mn"™ model complexes.>'®"'® Here we de-
monstrate for the first time that pulsed >>Mn ENDOR measure-
ments at Q-band frequency can be successfully employed
for deriving the electronic structure of an exchange coupled
Mn"Mn"™ complex. The complex used is the well characterized
[Mn"Mn" (u-OH)- (u-piv),(Mestacn),](ClO,), (PivOH)
complex previously reported by Bossek et al.*® This complex
contains a y-hydroxo (#-OH) and two u-carboxylato (u-piv)
bridges between the two Mn ions (see Figure S). The oxidation
states of the two Mn ions could be identified from the crystal
structure because of the elongation of the Mn(2)—N(S) and
Mn(2)—O(3) bonds. This elongation represents the Jahn—
Teller axis of the Mn'".

Static magnetization measurements have estimated the ex-
change coupling between the two Mn ions as antiferromagnetic
J=—85cm " with an unusually larﬁe on-site zero-field splitting
for the Mn™ ion, |[d"| = 8 cm™ " (see ref 21). Subsequent
pulse EPR measurements on frozen solution samples agree with
this result; | was found to lie within —9.3 to —8.2 cm™ ), see ref
1S. Thus this complex represents a system where the ] coupling
alone does not describe well the energy-levels of the system. A
demonstration of how additional terms in the Spin Hamiltonian
contribute to the total zero-field splitting of the complex and the
experimental manifestation of these effects are discussed.

2. MATERIALS AND METHODS

2.1. Magnetic Susceptibility Measurements. Measurements
were performed on powder samples of solid material in the temperature
range 2—300 K by using a SQUID susceptometer with a field of 1.0 T
(MPMS-7, Quantum Design, calibrated with standard a palladium
reference sample, error <2%). Multiple-field variable-temperature mag-
netization measurements were done at 1 T, 4 T, and 7 T also in the range
2—300K with the magnetization equidistantly sampled on a 1/T
temperature scale. The experimental data were corrected for underlying
diamagnetism by use of tabulated Pascal’s constants,”>** as well as for
temperature-independent paramagnetism. The susceptibility and mag-
netization data were simulated with the program julX for exchange
coupled systems.** Simulations presented are based on the Spin

Hamilton formalism (see Theory section 3). The magnetic moments
were obtained from the eigenfunctions ; of the appropriate Spin
Hamiltonian (H) by using the Hellman—Feyman theorem u (B ) =
—(1/),-|dI:I /dB |y where B denotes the applied magnetic field. Powder
summations were done by using a 16-point Lebedev grid.zs’26 Inter-
molecular interactions were considered by using a Weiss temperature,
Oyy, as perturbation of the temperature scale, kT’ = k(T — ©y) for the
calculation.

2.2. EPR Measurements. Q-band CW-EPR measurements were
performed using a Bruker ESR 200D spectrometer equipped with an
Oxford Instruments ESR 935 cryostat and ITC4 temperature controller.
For data acquisition and spectrometer control a computer was used
running a lab-written control program. The microwave frequency
and magnetic field strength were monitored using a Hewlett-Packard
5352B frequency counter and a Bruker ERO35M NMR gaussmeter,
respectively.

Q-band pulse EPR and **Mn-Davies ENDOR measurements were
performed at 4.2 K using a Bruker ELEXSYS ES80 Q-band pulse EPR
spectrometer equipped with an Oxford-CF935 liquid helium cryostat
and an ITC-503 temperature controller. Electron spin echo-detected
(ESE) field-swept spectra were measured using the pulse sequence:
71/2—T—m—T—echo, where ;T = 80 ns and 7 = 440 ns. SSMn-Davies
ENDOR spectra were collected using the pulse sequence:
T—ngp—T—m/2—T—m—T—echo, where 7 = 80 ns, T = 440 ns , 7Trg
(RF pulse, radio frequency) = 3.5 us and a delay of T = 600 ns. To
measure hyperfine couplings larger than 150 MHz, an external home-
built computer console (SpecMan4EPR control software'>*”*®) was
used with the ELEXSYS E580 Q-band pulse EPR spectrometer, coupled
to a external RF generator (SMTO2 signal generator) and RF amplifier
(ENI 5100 L). A shot repetition rate of ~300 Hz was used for all mea-
surements. Mn-ENDOR experiments were performed using the random
(stochastic) acquisition technique as described in Epel et al.*® Usual
sequential acquisition in this ENDOR experiment with the PivOH com-
plex resulted in a severe distortion of the Mn-ENDOR spectrum caused
by “heating artifacts”. This is described in more details in Kulik et al.®

2.3. CW-EPR/**Mn-ENDOR Simulations. CW-EPR/**Mn-EN-
DOR spectra were simultaneously fit assuming an effective spin S = 1/2
ground state (see Theory section 3.2). The same Spin Hamiltonian was
used for both CW-EPR and **Mn-ENDOR spectra. The electron
Zeeman term was treated exactly. The nuclear Zeeman, hyperfine, and
quadrupole terms were treated using second order perturbation theory.
Spectral simulations were performed numerically using Scilab-4.4.1, an
open source vector-based linear algebra package (www.scilab.org) and
the EasySpin package®® in MATLAB. Linewidths (fwhm) used for the
simulations presented in Figures 1 and 2 are CW-EPR 6.5 MHz; Pulse-
EPR 2.7 MHz; Pusle-ENDOR 5.0 MHz. An anisotropic line broadening
was included in simulations with principal values [320 163 112] MHz. A
Gaussian profile was used to describe the excitation line width, with a
fwhm of 20 MHz.

2.4. Computational Details. 2.4.1. Geometry Optimizations.
Geometry optimizations used the BP86 density functional®"*> along
with the 2010 DFT dispersion corrections from Grimme et al.*® and the
zero-order regular approximation (ZORA) to account for relativistic
effects.>* ™3 The segmented all-electron relativistically contracted
(SARC) def2-SVP basis sets were used for the hydrogen and carbon
atoms while the SARC def2-TZVP(-f) basis sets were used for all
other atoms.>” Optimizations took advantage of the RI approximation
with the decontracted auxiliary def2-TZVP/J Coulomb fitting basis
sets®® as implemented in ORCA.*® Increased integration grids (Grid4 in
ORCA convention) and tight SCF convergence criteria were used
throughout.

2.4.2. EPR Parameter Calculations. The exchange coupling constant (7),
hyperfine tensors, and nuclear quadrupole tensors were calculated for
the manganese ions and nitrogen atoms in each model of PivOH using
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the broken-symmetry density functional theory (DFT) methodology
(BS-DFT).**~* The hybrid meta-GGA TPSSh functional* was used
with the chain-of-spheres (RIJCOSX) approximation to exact exchange.*’
Scalar relativistic effects were included with ZORA paired with the SARC
def2-TZVP(-f) basis sets and the decontracted def2-TZVP/J Coulomb
fitting basis sets for all atoms. Increased integration grids (Grid4 and
GridX4 in ORCA convention) and tight SCF convergence criteria were
used in the calculation of all EPR parameters. For the calculation of the
manganese hyperfine and quadrupole tensors specially constructed basis
sets, based on SARC def2-TZVP, were used for the Mn, N, and O atoms.
These basis sets contain fully decontracted s-shells with three additional
steep primitives added to the core (details are presented in the Supporting
Information S7). This construction is similar to that used previously in the
Core Properties (CP) basis set,* with the benefit of being consistent with
the ZORA method used. The integration grids were increased to an
integration accuracy of 11 and 9 (ORCA convention) for Mn and N/O,
respectively. Picture change effects were applied for the calculation of the
*Mn hyperfine and quadrupole tensors. The application of the BS-DFT
approach and the performance of the TPSSh functional for the calculation
of exchange coupling constants and hyperfine coupling constants in
manganese systems has been extensively discussed, benchmarked and
calibrated in previous studies of manganese dimers,*’~* trimers,** and
tetramers.> ">

3. THEORY

3.1. The Spin Hamiltonian Formalism. Here we consider
an antiferromagnetically exchange coupled Mn"Mn"™ dimer.
A basis set that describes the Mn-dimer spin manifold can be
built from the product of the eigenstates of the two interacting
spins:

[S1 S M ML Lmymy) (1)

Here §; refers to the electronic spin state of Mn;, M, refers to
the electronic magnetic sublevel of Mn;, I; refers to the nuclear
spin state of Mn;, and m; refers to the nuclear maﬁnetlc sublevel
of Mn;. S; takes the value °/, for Mn" and 2 for Mn' ; M, takes the
values: S; Si-1, .....,, 1-S;, -S;; I; takes the value 5/, for *Mn (100%
natural abundance) and; m, takes the values —I;, 1-I, ....., I-1, I.
The Spin Hamiltonian that describes the spin manifold of the Mn
dimer is

H =Y BBogSi— ¥ BBl + ¥ Sival

+2Tzf7zi + Zgi'di'gi_zgl'j'gz (2)
1 1

It contains (i) an electronic Zeeman term for each Mn ion ; (ii)
anuclear Zeeman term for each **Mn nucleus; (iii) an electron—
nuclear hyperfine term for each **Mn nucleus; (iv) a nuclear
quadrupole term for each **Mn nucleus; (v) a fine structure term
for each Mn ion; and (vi) a electron spin coupling term for the
Mn—Mn interaction.

3.2. Effective Spin 1/2 Ground State. The electronic cou-
pling between the two Mn ions in mixed valence Mn dimers is
usually dominated by the through bond exchange interaction and
sufficiently large that the spin manifold can be treated within the
strong exchange limit. In this instance the exchange interaction
between the two Mn ions is significantly larger than any other
term of the Spin Hamiltonian. The resultant electronic spin
states of the manifold are then adequately described by a single
quantum number, the total spin (St). The “multiline” EPR signal
observed for the PivOH complex is derived from only one total
spin state, the ground state of the spin manifold with total spin

St =1/2. The basis set that describes this subspace takes the form
1
| 3 Mo omom > (3)

Where M takes all half-integer values —1/2 < M < 1/2; and m;
(where i = 1—2) takes all half integer values — 5 <m <5/,
The effective Spin Hamiltonian that describes the ground state of
the spin manifold (St = 1/2) is

H :ﬁe§0'6°§
+ Y (@BBo T + S-ArT + T-b,-T) @

1

It contains (i) the electronic Zeeman term for the total elec-
tronic spin; (i) nuclear Zeeman terms for each >>Mn nucleus;
(iii) electron—nuclear hyperfine terms for each **Mn nucleus,
and (iv) nuclear quadrupole terms for each **Mn nucleus.

3.3. Isotropic Spin Projections. A mapping of the spin
subspace in section 3.2 onto the original basis set as described
in section 3.1 can be made. This was first described by Sage
et al.> in relation to the dimeric iron cofactor of purple acid
phosphatase and extended to mixed valence manganese com-
plexes by Zheng et al.'® and Peloquin et al.'* This allows the
intrinsic g and hyperfine tensors of the four Mn ions (g, a; see
eq 2) to be calculated from the effective G and hy]i)erﬁne tensors
(A, see eq 4). For an exchanged coupled Mn"Mn'" complex the
effective g-factor G, hyperfine tensors A; and quadrupole tensors
P, are related to the parameters of the complete spin Hamiltonian
of the exchange-coupled system®>>* by the spin-projection
coefficients, where the isotropic spin projection coefficients
(p1, p2) are defined as:

oSS+ 1) = 8(S 4+ 1) + S(S + 1)
Pl(Mn ) = ZS(S n 1)

m  SaS + 1) =8i(S + 1) + S(S+ 1)
p,(Mn'") = 285 + 1)

(5)

and effective G and hyperfine values (4,), assuming all g; and a;
are isotropic:

G = pigi + P> + 22 (g — ) [(3p, + 1)di—(3p, + 1))

5]
A= pay — a2 [(3P1 + Ddi — (3p, + 1)dy]
_ P1P2
Ay = pray + @ Bi (Bpy + 1)di = (3p, + 1)dy]
Pr=p
P, =p (6)

For an Mn"Mn"™" dimer, S; (MnIl) = %/5;and SZ(MnIII) 2 which
gives isotropic spin projection values of p; ='/5 and p, = —*/,
respectively. In the limit where exchange cou};hng Jis large, the
above relations are appr0x1mate1 G = — */g At
7/l Al = 4 g1 P il - i 133

3.4. Anisotropic Spin Projections. It is noted that the
expressions above derived from first order perturbation theory
break down in systems where ] is not large. In systems that have a
pseudo-well isolated ground state it is often more convenient to
describe the spin projections p; as a tensor as opposed to a scalar
quantity, that is, the correction to the projected g/hyperfine tensor
(second/third terms of eq 6) is subsumed into the spin projection
coefficient itself. This formalism can also be readily generalized to
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the large spin systems. Here the Mn ion fine structure terms are
included in the Spin Hamiltonian that describes the spin manifold
(total zero-field splitting) of the complex.

H = —2]§1'§2 + §1'(i1‘§1 + §2'(§2'§2 (7)

The fine structure tensors are traceless and as such be
expressed in terms of two parameters d; , and e ,:

1
*g (d, - 36,’) 0 0
A 1
2
0 0 =d;
3

The projection of the total spin onto the individual Mn centers
is defined as the ratio of the on-site spin expectation value (S) of
the i-th Mn to the “total spin” St or equally (Sz):>'

(s (s,
= or .=
For the S; = 1/2 electronic spin-manifold the expectation

value of the spin operator (Sz) is 1/2 and thus eq 6 can re-
expressed as

©)

P = 2'<Siz> (10)
The effective G and hyperfine tensors (4,) are a weighted,

linear sum of the intrinsic g and hyperfine tensors (a;) of the
individual Mn ions.

G=pg + pg

Ay = pa

Ay = Py (11)
Py =p

P, =p,

3.5. Calculation of Mn—Mn Exchange Couplings Using
Broken Symmetry (BS) DFT. The calculation of the exchange
coupling (J) was performed assuming the “isotropic” Heisenberg
Hamiltonian shown below, that is, the same as eq 7 but excluding
the fine structure terms.

H= —2J5-5, (12)

Within the formalism of BS-DFT the exchange coupling constant
(J) can be calculated in a number of ways. Here the method of
Yamaguchi was used (eq 13), which has been shown to correctly
estimate exchange couplings over the entire range of coslé}gling

regimes, that is, from the weak to strong coupling limit.>>

_ Ens — Egs
(s — (S¥ns

The calculation of the exchange coupling constants can be
performed using either an adiabatic or a single geometry
approach. For the adiabatic approximation of J, the energies
and (S®) values from both the optimized high-spin and broken-
symmetry geometries are entered into eq 13. The more common
approach is to simply use the high-spin and broken-symmetry
energies and (S”) values for a single geometry, usually optimized
in the high-spin state. The adiabatic approximation is the better

] = (13)

representation of the measured exchange coupling as the experi-
ments are inherently adiabatic.

3.6. Hyperfine Couplings from Broken-Symmetry DFT. A
technique which allows for the extraction of hyperfine couplin§
constants from BS-DFT calculations was developed recently.’
The approach was shown to give calculated *°Mn hyperfine
couplings that can be meaninégfullgf compared with experimental
values of manganese dimers, * trimers,*® and tetramers.>>>
The main concepts of the method will be highlighted here, for
more detailed descriptions of the method see refs 51,52.

For a system composed of metal-centered subsystems, in this
case subsystems centered on the Mn" and Mn"" ions, the general
equation linking the isotropic BS calculated hyperfine coupling
constants to experiment is given below for a nucleus j within
subsystem i.

A0 — a6 S

iso iso,site S
T

(14)

where S is the effective total spin (1/2), (S%Yis the on-site spin
expectation value, and A,(S'OJ Zite is the site isotropic coupling
constant defined as follows:

NS,
= Ai(i()),BS< S>_BS (15)

Ai<sl:>],)site

Here S; is the site-spin of subsystem i and is positive or negative
depending on whether the subsystem carries majority or minor-
ity spin. (S,)ps is the total Mg of the BS wave function and
Aigo,BS is the “raw” hyperfine coupling constant calculated
directly from the BS calculation. The final projection of the site
isotropic coupling constant into the correct effective hyperfine
coupling constant is possible through the use of the isotropic spin
projection coeflicients, 7/ 3 and —* 5 for Mn" and Mnm, or
alternatively, the anisotropic spin-projection coeflicients as de-
scribed in the previous section. It has been previously established
that calculations of hyperfine components of Mn are under-
estimated with the BS-DFT method and require an empirically
determined scaling factor.*”**°"*> As the methodology used
here differs from previous reports we redetermined the scaling
factor to be 1.50 for the basis set and density functional used here.
See the Supporting Information S8 for more information on the
determination of the scaling factor.

4. RESULTS

4.1. Magnetic Susceptibility. Pure samples of the Mn"Mn™"
PIVOH complex used in this study were synthesized as described
in ref 20. In the Supporting Information S1 the temperature
dependence of the magnetic susceptibility of a powder sample of
the PivOH complex recorded at an applied field of Bo = 1 T
(plotted as y T vs T) is shown. A small offset on the y-axis (xT) is
inferred and is assigned to a paramagnetic impurity. This
impurity presumably represents the fraction of complexes which
have decomposed to a monomeric Mn>" species (see section
4.2.1). The data could be readily modeled using the Spin
Hamiltonian given in the Theory section 3.1 (eq 2). In these
simulations only the electronic terms are considered. The nuclear
terms (hyperfine, quadrupole) are sufficiently small, of the order
of MHz, that they form no significant contribution to the total
zero-field splitting of the complex, which is of the order of cm ™.
The simulation strongly depends on the signed magnitude of
the exchange coupling J, estimated to be —8.6 cm ™" In contrast,
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Figure 1. CW and pulsed Q-band EPR spectra of the Mn"Mn"" PivOH
complex. (A) CW-Q-band. Experimental parameters: microwave fre-
quency: 33.92 GHz; microwave power: 8 mW; modulation amplitude:
0.2 mT, 1.5 kHz; temperature: 10 K. (B) Q-band pulse EPR, ESE-
detected field sweep. Experimental parameters: microwave frequencies:
33.69 GHz; shot repetition rate: S us; microwave pulse length (77):
80 ns, 7: 240 ns, 320 ns, 420 and 1420 ns, temperature: 4.2 K. (C)
Corresponding pseudomodulated ‘CW like’ EPR lineshapes for the
absorption spectra presented in panel B. These spectra were generated
by convoluting the original absorption spectra with a Bessel function of
the Ist kind. The peak-to-peak field modulation used was 3 mT. Solid
lines represent the experimental data. The red dashed lines super-
imposing each data trace represent a least-squares fitting to the whole
data set (see Figures 1 and 2) using a model based on the Spin
Hamiltonian formalism (see Theory eq 4). It is noted that the CW-Q-
band EPR spectrum contains a small contribution of free Mn®*. In
solution Mn*" usually appears as a narrow EPR signal centered at g ~ 2,
with 6 sharp peaks with peak-to-peak separation of 8—10 mT. The
contribution of the Mn>" signal is shown by the green dashed traces and
is included in the simulation profile shown by the red dashed traces. All
fitting parameters are given in Table 1.

the fine structure parameters of both Mn ions (d;, d,) are not
well-defined. This is plausible because the ground state is a
doublet, without zero-field splitting and the splitting in the
excited manifolds should barely affect the values of }T. An error
correlation diagram for the exchange coupling constant J and the
fine structure parameter d, of Mn(III) as shown in the Support-
ing Information S1 which shows this feature of the static
magnetic measurements.

4.2.EPR Spectroscopy. 4.2.1. CW EPR. The CW-Q-band EPR
frozen solution spectrum of the Mn"Mn"" PivOH complex is
shown in Figure 1A. The samples were dissolved in a mixture of
purified dry CH3;CN and CH,Cl, (1:3 v/v) at a concentration of
~1 mM. This solvent combination was previously seen to impart
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Figure 2. Pulsed Q-band EPR and ENDOR spectra of the Mn"Mn™
PivOH complex. (A) Q-band pulse EPR, ESE-detected field sweep
(as shown in Figure 1B). (B) A decomposition of the EPR simulation
along the three principal axes, «, y, and z. (C, D, and E) *Mn-ENDOR
spectra collected at three field positions within the EPR absorption
profile: 1117 mT, 1220 mT, and 1320 mT, respectively. The black, solid
line represents the experimental data. The red dashed lines super-
imposing each data trace represent a least-squares fitting to the whole
data set (see Figures 1 and 2) using a model based on the Spin
Hamiltonian formalism (see Theory eq 4). The optimized parameter
sets are given in Table 1. The contribution of the Mn" and Mn"" ions to
the **Mn-ENDOR spectra is shown by the black bars.

good relaxation properties (T, T,). The spectrum is centered at
g ~ 1.97, and it contains at least 23 spectral lines spread over a
field range of 220 mT. The hyperfine line spacing is of the order
of 10—12 mT, as estimated from the spectral lines at the low and
high field edges of the spectrum. The center of the hyperfine
pattern has a slightly different hyperfine spacing suggesting a
small contamlnatlon from a monomeric an species. Mono-
meric Mn*" typically manifests itself as a “six line” EPR signal,
centered at g ~ 2.0, with hyperﬁne line spacing of ~9 mT. The
estimated contribution of the Mn*" species is shown by the green
dashed line (Figure 1A).

The spectral pattern observed for the Mn""Mn"" PivOH com-
plex is typical of antlferroma%netlcally coupled, mixed valence
manganese dimers (Mn"'Mn"/Mn""Mn""). The coupled Mn
dimer can be treated as an effective spin 1/2 state, where the
inhomogenous line width of the spectrum (the total spectral
breadth) is defined by the **Mn hyperfine couplings of the
two Mn nuclei to the fictitious electron spin Sy = 1/2. The
G-tensor anisotropy of such systems is typically small and not
resolved at low microwave frequencies (X, Q-band); that is to say
the G-anisotropy is smaller than the line-broadening/line-split-
ting due to the hyperfine interaction. Regardless, an estimate can
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be made of the G-anisotropy by comparing the total spectral
breadth of the spectrum measured at both X and Q-band
frequencies. The CW-X-band EPR spectrum of the Mn"Mn'"
PivOH complex was previously reported in refs 5,57 with total
spectral breadth of ~180 mT. This is approximately 40 mT
narrower than that measured at Q-band. As the G-tensor is the
only term of the effective Spin Hamiltonian (eq 4) that is
dependent on the magnetic field, the increase in the total spectral
breadth of the signal measured at the Q-band is a direct measure
of the G-anisotropy. Thus a AG of ~0.1 is inferred, where AG
represents the difference between the largest and smallest
component of the G-tensor, as seen for previous Mn"Mn™
model complex studies.>'**’

Pulse-Q-band EPR spectra of the Mn"Mn"" PivOH complex
are shown in Figure 1B. These spectra were detected using a
Hahn-echo detection sequence (77/2-7-77-7-echo) with varying
pulse spacing of T = 240 ns, 320 ns, 420 and 1420 ns. At each of
these pulse spacings (7) a different absorption line shape is
observed. This is due to the large "*N hyperfine couplings of the
Mn ligands (see Figure S), which modulate the detected Hahn-
echo as the magnetic field is swept (see ref S8 and references
therein). This effect can be partially suppressed by using longer 7
values. Importantly, the total spectral breadth for all pulse spectra
is the same and approximately that seen using CW-EPR. It is
noted that the exact frequency of the CW-Q-band spectrum was
calibrated such that the edges of the spectral envelope matched in
the CW and pulse experiments. The corresponding pseudomo-
dulated “CW-like” spectra are shown in Figure 1C. These spectra
were generated by convoluting the original pulse (absorption)
spectra with a Bessel function of the first kind. The hyperfine
pattern observed is similar, but not identical to the CW spectrum.
This appears to be mainly due to a difference in the line width.
Spectral simulations are described in section 4.2.3.

The absorption lineshapes for pulse Q-band spectra regardless
of the values of 7 (Figure 1B) are not Gaussian, but instead are
skewed such that the spectra are elongated on their low field
edge. This observation is consistent with a pseudo axial G-tensor
of large anisotropy, as described above, and suggests the unique
axis (z-component) of the G-tensor (Gz) is larger than that the
other two components (Gx and Gy). This result is expected for
Mn"Mn™ complexes and has been previously inferred from
spectral simulations of CW-EPR data (see section 4.2.4). It is
pointed out that this feature of the PivOH complex can be
demonstrated simply by using a higher frequency pulse-EPR
experiment without the need to perform any spectral simulation. It
should be noted that the inverse is seen for Mn™"Mn" complexes;
the unique axis, Gy, is always smallest in these systems.>**~'*

4.2.2. **Mn-ENDOR. Pulsed-Q-band Davies **Mn-ENDOR
spectra of the Mn""Mn"" PivOH complex are shown in Figure 2.
Spectra were recorded at the center of the absorption envelope
(powder position) and at the low and high field edges of the
absorption envelope (single crystal orientations). ENDOR sig-
nals assigned to the two *Mn nuclei are observed over the
100—380 MHz range. Additional signals are seen in the region of
40—70 MHz. These are assigned to ' H nuclei associated with the
Mn"Mn" PivOH complex, for example the u-hydroxo proton,
see Fi%ure S.

Mn", Mn"", and Mn" complexes typically resolve ENDOR
signals across a large radio frequency range. At all obtainable
microwave frequencies available (X, Q, W-band etc), the hyper-
fine coupling of the **Mn nuclei is significantly larger than that of
the *Mn Larmor frequency. As such, >*Mn-ENDOR spectral

lines appear at about half the hy?erﬁne coupling (a/2) split by
the nuclear Zeeman interaction.”” The magnitude of the **Mn
quadrupole couplings is 2 orders of magnitude smaller than the
hzrperﬁne coupling and as such has only a small effect on the
>*Mn-ENDOR spectrum. Onsite >*Mn hyperfine couplings (a)
for Mn", Mn™ and Mn" monomeric, dimeric, and tetramer
complexes in the current literature all fall within the range
140—260 MHz, and as such >>Mn-ENDOR signals are expected
for the Mn"Mn"" PivOH complex between 70 and 130 MHz,
that is, a/2. It can be clearly observed in Figure 2 that this is
not the case; experimentally >>Mn-ENDOR signals extend to
380 MHz. The reason for this is that the effective hyperfine
parameters of the coupled cluster measured in the EPR experi-
ment represent scaled versions of the onsite (or intrinsic)
hyperfine parameters of the two Mn ions. These scaling factors
or spin projections (see Theory section 3.3-3.4) result in a
spreading of the **Mn-ENDOR spectrum across a larger fre-
quency range. It is noted that the isotropic spin projections for
the Mn" and Mn"" ions (7/5 and —*/5, respectively) are suffi-
ciently different such that the **Mn-ENDOR signals arising from
the Mn" and Mn"" nuclei are spectrally resolved. This is shown
by the black bars in Figure 2D. This same basic I‘?henomenology
has been observed for mixed valence Mn"'Mn"" complexes, see
refs 5,6,9—14. Spectrum D represents the powder position. Here
all orientations contribute approximately equally to the **Mn-
ENDOR signal. The spectral breadth of the Mn™ ENDOR signal
is approximately 3 times smaller than that of the Mn" ENDOR
signal. An increase in the spectral breadth of the Mn'" ion is
expected as it carries the larger spin projection, and this increase
can be estimated by taking the ratio of the two isotropic spin
projections, that is, //3:*/5 = 1%/,. This is approximately 2 times
smaller than that seen experimentally suggesting the effective
hyperfine tensor associated with the Mn" ion is intrinsically more
anisotropic than that of the Mn". This surprising result is
discussed further in section 4.1.4.

The magnitude of the effective hyperfine tensor components
along the three principal axes (x, y, z) for the Mn" and Mn"" ions
can be deduced from the *Mn-ENDOR spectra (C and E)
collected at the low and high field edge of the absorption
envelope respectively. The low field edge, which here is defined
by G., displays the largest hyperfine tensor component (A;) for
the effective hyperfine tensor associated with Mn" and is
estimated as ~670 MHz; twice the midpoint of the doublet that
appears between 320 and 360 MHz. Similarly, the Mn™ A,
component is estimated to be 270 MHz. In contrast, the high
field edge which is here defined by G,, that appears to define the
middle component of the Mn" hyperfine tensor, is estimated to
be ~540 MHz. The corresponding Mn'" hyperfine component
is ~260 MHz. The Mn" hyperfine tensor component along Gx
can thus be deduced from the powder pattern spectrum. It must
be of the order of ~450 MHz to explain the low-frequency edge
of the Mn"-ENDOR signal, not seen at either of the single crystal
orientations. The corresponding Mn™" hyperfine component is
~260 MHz.

Radio-frequency nutation curves for three positions within the
>*Mn-ENDOR spectrum are shown in Figure 3. It is readily
observed across the 100—400 MHz radio frequency range, that
the optimal 77,¢ pulse length for the **Mn-ENDOR experiment
varies. From these results the effective B, (rf) field was estimated
throughout the >>Mn-ENDOR signal envelope. As expected the
B, field falls off at high frequencies, leading to a partial suppres-
sion of **Mn signals above 250 MHz. More unexpectedly, the B,
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Figure 3. >*Mn-ENDOR intensity profile of the Mn"Mn™ PivOH
complex. (A) Q-band pulse **Mn-ENDOR spectrum collected at the
central field position 1220 mT of the EPR absorption profile. The
superimposed red squares show the effective B, (rf) field. (B) The
Davies ENDOR microwave and radiowave pulse sequence. (C) Radio-
frequency nutation curves for the three **Mn-ENDOR positions marked
with the colored arrows. The contribution of the Mn" and Mn™ ions to
the 3*Mn-ENDOR spectra is shown by the black bars.

field also drops at low frequency, a consequence of the decrease
in the hyperfine enhancement factor. The net consequence of
this is that the relative line-intensities of >>Mn-ENDOR signals
reported are only an approximation of the real line-intensities as
they in part reflect the response of the instrument. It is noted
though that although the ENDOR signals are dampened at either
end of the radiofrequency range probed, none of the signal
envelope is completely suppressed.

4.2.3. Spectral Simulations. Spectral simulations of the entire
data set were performed using the Spin Hamiltonian formalism
described in the Theory section. Simulations of the data are
shown in Figures 1 and 2, see red-dashed lines. All simulation
parameters are given in Table 1. More emphasis was placed
on reproducing the pseudomodulated derivative spectrum
than the corresponding CW-line shape as the pulse spectra
resolved more hyperfine structure and was free from Mn**
artifacts. The isotropic line width used for the pulse and CW
simulations differed by a factor of 2. An anisotropic line width
broadening was included in the simulation that presumably
accounts for unresolved hyperfine couplings ("*N etc), see
Materials Methods 2.2.

The semiquantitative estimates of the Spin Hamiltonian
parameters given in sections 4.2.1-4.2.2 all approximately agree
with the fitted values. Single crystal orientation EPR simulations,
solved for By, aligned along the three principal axes (x, y, z) are
shown in Figure 2B. As expected, the single crystal orientation for
which B, coincides with the molecular z-axis, is the broadest,
spanning 1116—1285 mT and defines the low-field of the
spectral envelope. Similarly, the single crystal orientation where
By coincides with the molecular y-axis, is narrower, spanning
1171—1322 mT and defines the high-field edge of the spectrum.
The single crystal orientation where By coincides with the
molecular x-axis, is narrower still and is located in the center of
the spectral envelope, 1170—1300 mT. This requires G, > G, >
|Gy Tnd the Mn" hyperfine tensor components to be |A,| > |4,] >
Al

Table 1. Principal Values of the Effective G and >*Mn
Hyperfine Tensors for the Simulations of the Mn""Mn""
PivOH Complex”

spin hamiltonian parameters

hyperfine (MHz)

projected (4;) intrinsic (¢;)  quadrupole (P, MHz)

¢ Ma" Ma™ Mn® Ma™ Mn" Mn™
X 1.964 —453 255 =240 -—-287 —3.24 1.50
y 1.947 —S544 279 =239 218 2.80 3.00

2.022 —696 260 —240 -—137 0.44 —4.00
iso (P) 1978 —3564 264 —240 —214 —162 ~2.00
aniso (77) 0.066 —207  —7 -1 116 0.73 0.38

“The isotropic Gi, and A; i, (i = 1—2) values are the average of the
individual values: G;so = (G, + G, + G.)/3andA; ;o= (A + Ay + A;L)/3.
The perpendicular and parallel G and A; values are defined as G, = (G, +
G,)/2,Gi =G, and A, | = (A, +A,,)/2, Ay = A, . The anisotropy in the G
and A; values is expressed as the difference between the parallel and
perpendicular component of the tensor. The nuclear quadrupole coupling
constant P is defined as: P = (£qQ)/(4hI(2I — 1)) = (P3/2) and 57 =
(P, — P,)/(P3). Py, P,, and P; are defined such that |P; | < |P,| < |P3l. Asa
consequence, the axis system for the quadrupole tensors of the Mn"™ and
Mn" jons are different. Their principal axes are rotated 90° relative to each
other. The intrinsic hyperfine tensor components (a;) are equal to the
projected hyperfine tensor compoents (4;) divided by the spin projection
coeflicients p; as defined in the Theory section. The spin projection
coefficients [p, p, p.] for the Mn" and Mn™ ion are Mn'" = [1.90 2.28
2.89] and Mn"™ = [—0.90 —1.28 —1.89].

The simultaneous fitting of both the EPR and ENDOR data
did not require an axis rotation of the Mn'/Mn™ hyperfine
tensors relative to the G-tensor. The simulations shown in the
text assume the G tensor, hyperfine tensors A; and A, and
quadrupole tensors Q; and Q, are collinear. It can be seen in
Figure S that there is no structural requirement for this to be the
case, the ligand sphere of the two metal ions is such that all
components of the onsite axis system of the Mn"™ do not
coincide with the Mn" ion. A three Euler angle rotation (o =
53°,3=81°,y = 48°) is required to map the onsite axis system of
the Mn"™ to the Mn"". This is a unique feature of the PivOH
complex. All current EPR/ENDOR studies of mixed valence Mn
dimers have been performed on complexes which contain a
bridging network that enforces a common onsite axis system,
such as the bis-u-oxo bridge template.**'"*”%° Simulations that
included an axis rotation are shown in the Supporting Informa-
tion S3. In contrast to the hyperfine tensors, it was found that to
reproduce the high frec%uency (250—400 MHz) **Mn ENDOR,
a rotation of the Mn" quadrupole tensor was required. This
rotation consisted of a permutation of the principal values of the
tensor, that is, corresponded to a 90° rotation of the quadrupole
tensor. The same rotation was not required for the Mn"" ion.
Both of these observations can be readily explained and stem
from the effective Spin Hamiltonian description used to model
the system.

4.2.4. Calculation of the Onsite (Intrinsic) Spin Hamiltonian
Parameters. A mapping of the effective (fitted) Spin Hamiltonian
parameters described in section 4.2.3 to the onsite (intrinsic)
Spin Hamiltonian parameter can be made for the Mn"Mn""
PivOH complex as described in the Theory section 3.3-3.4.
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Figure 4. (A) Surface of the anisotropy of the onsite Mn" hyperfine
tensor (Aduniso) as a function of both the Mn"™—Mn™ exchange
interaction (J) and the onsite fine structure parameter of the Mn'"
ion d(Mn™). (B) The projection of the surface shown in panel A, where
the Adznio(Mn") is approximately zero. The trend is linear over the
range —2 to —10 cm” ', consistent with the eq 6. The onsite fine
structure tensor for the Mn'"" ion was assumed to be 0 cm™" for all
calculations.

The procedure described here is similar to that reported
earlier." "% This mapping requires knowledge of all con-
tributions to the zero-field splitting of the coupled dimer, namely,
an estimate of the exchange coupling between the two Mn ions
and an estimate of the fine structure tensors for both Mn ions.
As stated in the Introduction, good estimates exist for the
exchange coupling between the two Mn ions. Static magnetiza-
tion measurements reported earlier in Bossek et al.* and
repeated here (see Section 4.1) yield a value of —8.6 cm '
consistent with that previously reported by Kulik et al,'® as
estimated from the temperature dependence of the T relaxation
time using pulse-EPR experiments.'® Similar reliable estimates
do not exist for the fine structure tensors of the two Mn ions and
as such, a unique mapping of the effective parameter space to the
intrinsic parameter space can not be made without further
restrictions. Here we use two key assumptions that pertain to
the nature of Mn" which is a d°, °S ion (S = °/,). As all of the
d-orbitals on Mn" are half filled it can be expected that the
valence electron shell is approximately spherically symmetric.
This electronic configuration typically enégenders small fine
structure and hyperfine tensor anisotropy.®’ Literature values
for the anisotropy of the fine structure and hyperfine tensors of
Mn" complexes are of the order of 1000 MHz. Of particular
relevance are the dimeric equivalent Mn"Mn"" complexes which
contain a similar bridging template as seen for the PivOH
complex. For these model systems small values have been
reported for the effective zero-field splitting tensors of the
St =1 and St =2 spin manifolds, consistent with the dipolar
interaction between the two Mn" ions dominantly defining the
zero-field splitting within these manifolds,®* that is, the

contribution of the onsite Mn" fine structures to the zero field
splitting is small. Thus it is e)%)ected that the contribution of the
fine structure tensor of the Mn™ ion to the zero-field splitting of the
PivOH complex is negligibleéyé5 and that the anisotropy of its
onsite hyperfine tensor should be small. It is these two properties
that can be used as constraints to solve the remaining Spin
Hamiltonian parameters, namely, the onsite fine structure and
hyperfine tensors for the Mn™" ion.

The calculation of the onsite (intrinsic) Spin Hamiltonian
parameters amounts to determining the spin projection coefhi-
cients for the two Mn ions. The spin projection coefficients are
described in detail in the theory section. They can be thought of
simply as scaling factors which take into account the effect of the
exchange coupling (J) and the fine structure tensors (d; and d,)
in the coupled basis. Spin projection coefficients were calculated
numerically (see Theory eqs 7—11). The anisotropy of the
exchange interaction was considered to be small and was thus
not included in the calculations. The dipole—dipole coupling
between the two manganese centers is of the order of 1200 MHz
(0.04 cm™").

The solution space for the onsite anisotropy (Ad,giso = @l — a,)
of the Mn" ion as function of both the exchange coupling and the
onsite fine structure parameter (d) of the Mn"" ion is shown in
Figure 4A. Each point on the surface represents a different estimate
for the spin projections of the two Mn ions and thus a different
estimate for the onsite Mn"/Mn™" hyperfine tensor. This figure was
generated by assuming the fine structure parameter d for the Mn""
ion was zero and by approximating the effective (fitted) hyperfine
tensor of the Mn' as axial. This approximation is simply used to
conveniently display the onsite anisotropy surface. An estimate of
the rhombicity of the fine structure tensor was also made.

It is observed that there is no unique solution as no global
minimum can be identified (Figure 4A). Instead, a trough is
observed, such that for every choice of ] there is a value for d(Mn"™)
that is consistent with a virtually isotropic onsite Mn" hyperfine
tensor. The 2D projection of this solution is shown in Figure 4B.
There is a clear linear dependence of d(Mn™) on the value of J over
the range —10 to —2 cm™ ' range. This behavior is the same as
predicted by the analytical expressions (eq 6) given in the theory
section that has been derived from first order perturbation theory
(see Supporting Information S2). The first order solution is also
shown in Figure 4B (green dashed line). It is slightly offset from the
numerical solution (red line), overestimating the magnitude of
d(Mn™). This offset presumably describes the contribution of
higher order terms to the total zero-field splitting of the complex.
As J for the PivOH complex has already been determined,” an
estimate of d(Mn"") can be made. The EPR experimental range of
J(—82to —9.3 cm™ ') is shown in Figure 4B by the cyan shaded
area and corresponds to d(Mn™) of —3.49 to —3.95 cm™ .

Table 1 also lists the calculated onsite hyperfine parameters for
Mn' and Mn™ at the midpoint of the allowed ranﬁe of J, that is,
J=—878cm ', d(Mn"™) = —3.72cm™ ', ¢/d(Mn"") = 0.315. By
design, this point yields an isotropic Mn'" hyperfine tensor with
isotropic component (a;,,(Mn")) of —239 MHz, typical of Mn"
comHIexes. Similarly, the isotropic component of the onsite
Mn"" hyperfine tensor (a;,,(Mn™)) is —213 MHz and is within
the range seen for model complexes (—165 to —225 MHz).
Unlike the Mn" onsite hyperfine tensor, the Mn"" hyperfine
tensor is highly anisotropic, as expected. Furthermore, the
anisotropy as defined by the difference between the parallel
and the perpendicular components of the hyperfine tensor is
positive, consistent with the sign of the inferred fine structure
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tensor, that is, d(Mn""). Thus the anisotropy of the two Mn ions
in the coupled representation (section 4.2.3) is reversed when
mapped to the original basis. A similar “transfer of anisotropy”
has been previously observed in **Mn-ENDOR studies of
Mn""Mn"" complexes'"® albeit somewhat smaller and was
inferred from simulations in the cw-EPR study of Mn"Mn"/
Mn""Mn" complexes by Zheng et al."’

The sign of the fine structure tensor parameter d(Mn
accurately describes the coordination sphere of the Mn'"" ion.
Mn'™ (S =2) is a d* ion, which does not usually exhibit Kramers
degeneracy at zero-field.'”®"**®” The inherent asymmetry of the
valence electron configuration leads to a large Jahn—Teller
distortion. Spin—orbit coupling removes the de%eneracy of the
5Eg energy-levels, which gives rise to either a "A;; or a SBlg

round state.**®® It was demonstrated in refs 68 and 69 that (i) a
Ay, ground state is obtained for a trigonal bipyramidal (5
coordinate) or a tetragonally compressed octahedral (6 coor-
dinate) ligand geometry with a vacant electron d,. orbital.
Spectroscopically this manifests itself as both a positive fine
structure parameter (d(Mn'")) and yields a negative hyperfine
tensor anisotropy (Aaaniso =a — aj, see above); (ii) a SBlg
ground state is obtained for a square-pyramidal (5 coordinate) or
tetragonally elongated (6 coordinate) ligand geometry. In this
case the vacant electron orbital is now the d,. _ ,. orbital
Spectroscopically this manifests itself as both a negative fine
structure parameter (d(Mn™)) and yields a positive hyperfine
tensor anisotropy. This behavior was observed for monomeric
Mn"™ model complexes and mixed valence Mn"Mn" and
Mn""Mn"" dimers. The only exception known is the complex
trans-[Mn(cyclam)L,]1,”° which is thought to have unique, low-
lying charge transfer states which strongly perturb the ground
state multiplet. As the Mn'" ion of the PivOH complex displays a
negative fine structure parameter (d(Mn™)) and the anisotropy
of its hyperfine tensor is positive, its ground state is expected to
be SBlg. This is consistent with the X-ray crystal structure of the
PivOH complex which demonstrates the Mn"" ion has a tetra-
gonally elongated (6 coordinate) ligand field. Thus all onsite
parameters calculated using the method described above are
consistent with literature benchmarks.

The large anisotropy of the effective G-tensor noted in section
4.2.1 can be explained using the calculated anisotropic spin
projections described above. It is again expected that the onsite
g-anisotropy of the Mn' ion is small and thus the fitted
anisotropy is a consequence of the onsite g- anisotropy of the
Mn" jon. This anisotropy is enhanced in the coupled basis as the
parallel and perpendicular spin projections are significantly
different; that is to say the G-anisotropy is large because the
exchange coupling between the two Mn ions is small. Again it is
the onsite fine structure tensor of the Mn'" ion that maps into the
effective G-tensor as described above for the Mn'/Mn™ hyper-
fine tensors. The onsite g-anisotropy of the Mn"" ion must be
such that the parallel component of the g-tensor (g) is smaller
than the equatorial components of the g-tensor (gx, gy). This
is consistent within the set of mixed valence Mn dimers
(Mn"™Mn" and Mn"Mn™). Note that the same g-anisotropy
for the Mn"" ion in Mn""Mn"" complexes results in the opposite
G-anisotropy as seen in Mn"Mn™ complexes since in the
former the Mn"" carries the larger (positive) spin projection as
opposed to the latter where it carries the smaller (negative) spin
projection.

4.3. DFT. Calculations of EPR parameters using DFT were
performed to further refine and support the analysis of the

III)

1 1

Figure 5. Geometries for models 1 and 1’ based on XRD crystal
structure coordinates. All but the bridging hydroxo hydrogen atoms
are omitted for clarity. Mn, C, N, O, H, Cl are colored purple, gray, blue,
red, white, and green, respectively.

experimental EPR data. The calculated values, including the
tensor orientations, are consistent with the presented interpreta-
tion of the experimentally recorded EPR spectra. The implications
of the calculated results on future computational studies of more
complex but related systems, such as the OEC, are discussed.

4.3.1. Model Complex Geometries. Six models were consid-
ered in the calculations. Models 1, 1, 2,2/, 3,and 3’ were generated
from the X-ray crystal structure published previously.”’ Model 1
was constrained to the previously determined X-ray crystal struc-
ture coordinates”® while optimizing the positions of the hydrogen
atoms. Model 2 represents the high-spin geometry optimization
(S = ?/,) while model 3 represents the optimized geometry
obtained using the broken-symmetry formalism with an effective
spin of Sy = 1/2. Additional models (1, 2/, and 3'), which include
the ClO4 counterion located near the bridging 1-OH seen in the
X-ray crystal structure were also examined and optimized in exactly
the same way. Figure S shows the geometries for models 1 and 1’
and the oxidation states for each Mn.

In the Supporting Information S4 selected geometric para-
meters for each model of the PivOH complex are given. The
crystal structure (models 1 and 1’) contains two well separated
Mn transition metal centers with a largely uniform octahedral
ligand environment around the Mn" ion and a Mn" ion in a
tetragonally elongated octahedral ligand field, with the Jahn—
Teller axis located along the Mn™--N(5) bond (see Figure S).
The optimized geometries of the PivOH complex (models 3
and 3') using the broken-symmetry approach lead to similar
geometric features with shorter Mn--Mn distances and longer, on
average, Mn--N bond lengths. Significantly, the broken-symme-
try optimized geometry without the counterion, 3, shows an out
of plane bend of the hydrogen on the #-OH bridge with respect
to the plane formed by the two Mn ions and the oxygen atom of
the bridge, see the Supporting Information S4. This is incon-
sistent with the other models where the proton of the u-OH
bridge is coplanar with the Mn ions and the oxygen atom of the
bridge, as depicted in Figure S. It should be noted that the
geometries optimized in the high-spin state, the current preferred
methodology for Mn dimers*”** have symmetric Mn centers,
indicating a delocalization of the unpaired electrons between the
two transition metal centers. This interpretation is further
supported by an analysis of the calculated Mulliken spin popula-
tions, presented in Supporting Information SS. In the high-spin
state, S=°/,, model geometries 1, 1/, 3, and 3’ show well-defined
spin populations near 5.0 and 4.0 for the Mn" and Mn',
respectively. For the models 2 and 2/, optimized in the high-spin
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Table 2. Calculated Intrinsic >*Mn Hyperfine Coupling Constants (MHz)*

onsite **Mn hyperfine tensors (MHz)

11

11

Mn Mn

Ax ay a Aiso Aaniso Ax ay a Aiso Aaniso rmsd
1 —226.8 —225.7 —234.1 —228.9 —7.8 —273.9 —234.3 —1272 —211.8 126.9 12.2
1 —227.5 —226.7 —234.2 —229.5 —7.1 —280.1 —227.0 —129.3 —212.1 1242 9.2
2 —219.2 —216.0 —228.9 —2214 —11.2 —262.7 —254.3 —121.0 —212.7 137.5 23.1
2/ —212.8 —211.1 —2274 —217.1 —15.4 —284.7 —218.1 —117.5 —206.8 133.9 18.4
—228.7 —2282 —234.2 —230.4 5.7 —261.9 —221.0 —119.0 —200.6 122.4 14.1
3 —2272 —225.8 —232.9 —228.7 —6.4 —260.8 —208.4 —110.1 —193.1 124.5 17.5

exp. —239.7 —238.8 —240.0 —239.5 —0.7 —286.6 —218.1 —136.6 —213.8 115.8

“ Calculated values scaled by a factor of 1.50, see the Supporting Information S8. The a values are the average of the individual value: a;, =
(a, + a, + a.)/3. The perpendicular and parallel a values are defined as: a; = (a, + uy)/ 2, a) = a,. The anisotropy of a; is expressed as the difference
between the parallel and perpendicular component of the tensor. Calculated tensor components were re-oriented to the experimental.

state, each Mn center shows a spin population of approximately
4.5 indicating a delocalization of electron spin between the two
metal centers. Application of the broken symmetry approach
leads to a localization of spin of approximately 5.0 and —4.0 for
the Mn" and Mn"", respectively.

4.3.2. Heisenberg Exchange Coupling Constants. The ex-
change coupling constant for the PivOH complex has been
determined experimentally to be antiferromagnetic and small, on
the order of —10 cm ™. In our previous BS-DFT study of Mn
dimers, exchange coupling constants calculated using the single
geometry approach described in Theory section 3.5 gave a
variation between experiment and theory of 27.1 cm™ ' (rmsd),
see Orio et al,*® three times greater than the experimental
exchange coupling for PivOH. Given the relatively large error
found in this previous study the extent to which the single
geometry approach can produce reliable estimates for exchange
constant (J) for the PivOH complex is marginal at best.

Calculated “single geometry” exchange coupling constants for
each model complex are given in the Supporting Information S6.
Models 1, 1/, 2, and 2’ indicate ferromagnetic behavior for the
PivOH complex, contrary to experiment. Models 2 and 2/ have
strongly ferromagnetic calculated values near 140 cm ™', indica-
tive of spin delocalization as discussed above. Only models 3 and
3’ show the correct antiferromagnetic behavior. For these
models, 3 and 3/, the calculated couplings deviate from the
experimental value determined from EPR measurements by
9.65 cm ™' and 4.47 cm ™! respectively, both of which can be
considered well within the expected error seen in the previous
study.*® The better estimation for the exchange coupling in
model 3 over 3 can be attributed to the presence of the ClO,
counterion. As stated above, model 3, without the counterion,
shows an out of plane bend of the 4-OH bridge proton with
respect to the plane formed by the two Mn ions and the bridging
oxygen atom (see the Supporting Information S4). The effect of
this subtle change in geometry, which presumably describes
some change in the superexchange pathway between the two
Mn ions, leads to an increase in the energy gap between the
calculated high-spin and the broken-symmetry states giving a
larger calculated antiferromagnetic coupling for model 3 than for
model 3.

The methodology for the calculation of exchange coupling
constants as described by Orio et al.** can be improved by using
the adiabatic energy difference as seen for calculations on a

Mn"'Mn" DTNE model complex and models of dimaganese
catalase.*””" The calculated adiabatic exchange coupling con-
stant, using eq 13 (see Theory section 3.5), includes respective
terms from the high-spin and broken-symmetry geometries.
From a theoretical perspective this treatment for calculating
the exchange coupling constants is preferred, as the experiments
are adiabatic in nature. For a more complete discussion of the
adiabatic approach see ref 40. For the models presented here,
extremely good agreement, with an error of 4.9 cm™ ! is achieved
between theory and experiment using the adiabatic energy
difference for models 2’ and 3'. A further improvement in the
calculated exchange coupling constant can be made through the
application of a van der Waals (VDW) correction,>® accounting
for weak interactions within each model structure which are
different for the high-spin and broken symmetry geometries. For
exchange coupling constants using a “single geometry” approach
the VDW DFT dispersion correction does not contribute
because of cancelation, see eq 13. This is because the VDW
correction gives an energy correction related to the geometry and
density functional used, but is not related to the spin state of the
system being studied. As such both the high-spin and broken
symmetry states for a single geometry have the same correction
applied. Using both the adiabatic approximation and the VDW
correction, the adiabatic energy difference for models 2’ and 3’
gives an error of only 2.6 cm . However, similar agreement is
lacking for the calculated exchange using models 2 and 3. Again,
this is due to the aforementioned out of plane bend of the u-OH
bridge proton which leads to a significant stabilization of the
broken—szfmmetry geometry over that of the high-spin geometry.

4.3.3. ”°Mn Hyperfine Tensors. The calculated intrinsic site
>*Mn hyperfine values are shown in Table 2 as compared to the
experimental determination discussed above. Comparison of
intrinsic site values was chosen over the more conventional spin
projected comparison, because of the largely anisotropic spin
projection tensors determined from the analysis of the on-site
fine structure parameter of the Mn'", Within the framework of
BS-DFT it is currently not possible to account for the on-site fine
structure parameters of individual ions in complexes of effective
ground state spins of St = 1/2, such as PivOH. However, as is
shown in Table 2 the intrinsic site hyperfine couplings for
transition metal ions within such systems can be calculated to a
high degree of accuracy. Excellent agreement (within $%) is
seen between the experimental values reported in section 4.2.4
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Table 3. Calculated **Mn Nuclear Quadrupole Coupling
Constants”

nuclear quadrupole couplings (p;)

Mn! Mn!™
p n p l
1 —1.83 0.661 2.49 0.838
v —0.74 0.783 —3.52 0.262
2 —1.84 0.446 2.18 0.787
2/ —0.76 0.749 —2.72 0.614
3 —1.86 0.614 2.14 0.908
3 —-0.72 0.460 —2.23 0.439
exp. —1.62 0.73 —2.00 0.38

“The nuclear quadrupole coupling constant p is defined as: p =

(€?qQ)/(4hI(2I — 1)) = (p3/2) and 7 = (pr — p2)/(p3). py, p2 and
ps are defined such that |p,| = |p,| < |ps]-

(Table 1) and the calculations presented here. It is noted that a
comparison of experimental (the fitted or effective Spin Hamil-
tonian parameters) and the projected DFT values, using the
standard method of scalar, isotropic spin-projections still yields a
reasonably good agreement (within 10%) of the experimentally
determined Ajq, values; however, the agreement of the calculated
anisotropy is, as expected, much poorer.

As has been discussed earlier, the anisotropy of the Mn
transition metal centers in the coupled basis is inverted from
the anticipated solution, that is, that of a largely isotropic Mn'
and an anisotropic Mn"". In section 4.2.4, this was explained by
the inclusion of the fine structure tensor of the Mn'" ion. It was
shown that if this term is included, the intrinsic hyperfine
parameters for both Mn ions match expectations derived from
monomer studies. The DFT calculations presented here support
this analysis (Table 2 and Supporting Information S9). The
calculated intrinsic site values reproduce the tensor anisotropies
seen for the experiment, namely, an isotropic Mn" (a,i0<
10 MHz) and a highly anisotropic Mn"ion (@aniso™ 100 MHz)
and thus support the notion that the projected anisotropies of the
Mn centers cannot be explained without the use of tensor spin-
projections. The best agreement with experiment is given by
model 1’ with models 1, 3, and 3’ giving slightly larger errors. The
models optimized in the high spin state, 2 and 2/, show larger
anisotropies for the Mn", symptomatic of the symmetric geo-
metry observed in these models. It should be noted that the high
spin models, 2 and 2/, still show remarkable agreement with
experiment with maximal errors of 17% and 14% in the tensor
components with respect to the experimentally determined
values, respectively. Indeed errors for the isotropic component
of the intrinsic site hyperfine tensors is less than 10% and as low
as 0.5% for the high spin models, although this level of agreement
is achieved through a convenient cancelation of errors. For more
complete agreement between the calculated and experimentally
determined values the models based on either the crystal
structure geometry or the broken-symmetry optimized geome-
tries are needed.

4.34. **Mn Nuclear Quadrupole Tensors. The calculated
nuclear quadrupole couplings for each **Mn nucleus are shown
in Table 3. The best agreement with experiment is found in
models without the CIO, ™~ counterion, although the electric field
gradient of the Mn™" for all models is calculated as much too

Figure 6. Relative orientation of calculated electric field gradient
components in model 1 following the standard convention: |p,| <
|p2| < |ps| Red, green, and blue arrows represent the orientation for p;,
P2 and p; on Mn", respectively. Yellow, magenta, and cyan arrows
represent the orientation for py, p,, and p; on Mn". All other models
without the ClO4~ counterion show similar electric field gradient
component orientations, see Supporting Information S10.

rhombic. In the presence of the counterion, model 1’ gives good
values with the exception of the magnitude of the Mn"" nuclear
quadrupole coupling p(Mn"), which is calculated as approxi-
mately 1 MHz too small. The significant differences seen
between models 1 (2, 3), and 1’ (2, 3') indicate the sensitivity
of the calculated electric field gradient to the presence of the
counterion even though it is more than S A away from either Mn.
A similar situation has previously been encountered for Fe
complexes.”” Tt is possible that the inclusion of additional
counterions, seen in the crystal structure,”® would improve the
calculated results of the electric field gradient at the Mn.

The orientation of the quadrupole components were analyzed
previously in the context of fitting the experimental spectrum.
Figure 6 shows a representative depiction of the calculated
relative orientations of the electric field gradient components
for Mn" and Mn™. The calculated orientations for all three
models broadly agree with the experimentally determined or-
ientations, that is, through fitting of the experimental spectra,
namely, that the components are roughly collinear but trans-
posed (see also Supporting Information S10).

B DISCUSSION

5.1. Comparison of EPR/ENDOR Data with BS-DFT Calcu-
lations. The BS-DFT calculations presented above for the
PivOH complex demonstrate the increasing utility of DFT
theory with regard to spectral analysis of complicated exchange
coupled systems. Here it is shown that even for a complex with a
small exchange coupling, that is to say only a small energetic
separation between the effective ground spin 1/2 state and the
first excited state, robust estimates for all EPR observables can be
made. In these systems though, care must be taken when
comparing spectroscopic observables to onsite properties. Spec-
troscopic observables (**Mn/"H/"*N-hyperfine couplings) as
deduced from the simulation of EPR/ENDOR data solved in the
coupled basis represent effective values that must be correctly
mapped to the uncoupled basis to yield the onsite values of the
individual Mn ion. It is only then that these measurements
provide meaningful results; they provide a window into the
coordination sphere of Mn ions and their individual electronic
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structure. The mapping requires a complete understanding of the
zero-field splitting of the complex including the onsite contribu-
tion of each Mn. For this complex, which contains an isotropic
spin center (Mn"), this can be achieved.

As demonstrated above, the appropriately mapped experi-
mental EPR/ENDOR data and the onsite properties as estimated
from DFT essentially match. All **Mn hyperfine tensor compo-
nents agree to within 10%. Thus, the EPR/ENDOR analysis,
DFT calculations, and crystallographic data all arrive at the same
result. All three correctly assign the nature of the Mn'" ion, its
ground electronic state, and its coordination sphere and in doing
so have the potential to accurately predict the chemistry the
complex can perform.

5.2. Implications for Further BS-DFT Studies on Mn Sys-
tems. Current techniques for the calculation of **Mn EPR
parameters using BS-DFT focus largely on the calculation of
the high-spin %eometry. Importantly, it has been shown that for
Mn"™ and Mn"" ions and related dimeric complexes, the calcu-
lated high-spin geometry yields a good representation of the real
geometry of the complex as assessed by comparison to crystal-
lographic data. The same is not seen here for the PivOH
complex, a weakly coupled Mn-dimer which contains a Mn"
ion. The calculated high-spin geometry is significantly different
from that of the crystal structure. The high spin geometry
contains a unique electron delocalization and a bias toward
ferromagnetic coupling, in contrast to all existing data seen in
mixed valence Mn complexes studied so far. As such, particular
care should be taken when applying BS-DFT methods to weakly
coupled systems and those that contain low Mn oxidation states
for the calculation of EPR parameters.

The inclusion of the ClO, counterion had a non-negligible
impact on the calculated EPR parameters presented in this work.
Specifically the calculated electric field gradient of both Mn ions
was remarkably sensitive to this distant counterion (~5 A). This
observation is of importance for studies on metallocofactors in
proteins. DFT models of these metal sites must be constructed in
such a way that the influence of remote ions is considered,
including counterions such as calcium or chloride and charged
amino acid residues such as arginine or lysine. Without the
inclusion of these charged groups, DFT estimates of charge
sensitive properties, such as the nuclear quadrupole coupling
constants, are limited.

5.3. Implications for Current Studies of the OEC. The
combined experimental (EPR/ENDOR) and theoretical analysis
(DFT) presented above validates a recent study R}erformed in our
laboratory on the tetramanganese (Mn™Mn";) cluster that
comprises the OEC. In our earlier work we investigated the
effect of the replacement of the Ca®" ion with Sr**.”* Ca®" is an
essential cofactor of the OEC that is structurally coupled to the
Mn ions via #-oxo or y-hydroxo bridges. It was shown that this
replacement does not significantly alter the overall electronic
structure of the OEC. The changes that were observed were
interpreted as evidence of a small modification of the fine
structure tensor of the only Mn"" ion and was deduced using
the same procedure as described here. It was further sug%ested
that the sign of the fine structure parameters d of the Mn'" ion
(d(Mn™)) must be negative to reproduce the fitted Spin
Hamiltonian parameters, which requires the Mn™" ion to have
a § coordinate square-bipyramidal or 6 coordinate tetragonally
elongated ligand field. This result is of importance as it poten-
tially identifies one of the sites of substrate water binding. The
only DFT structural model of the OEC in the current literature

consistent with the Ca®" replacement study described above is
the Siegbahn model.”* As in models proposed by EXAFS
spectroscopy’” it contains three short Mn—Mn distances, and
one long (3.3 A) Mn—Mn distance. The long Mn—Mn distance
is inside a distorted cuboidal structure and forms its open site.
The missing “corner oxygen” leads to a S coordinate square-
pyramidal ligation for the Mnp™ ion in the S, state. It is to this
open coordination site that one of the substrate “waters” (H,O,
OH ") could bind during the $,—S; transition (either from bulk
water, or water bound to Ca®"). The 3.3 A Mn—Mn distance
within the distorted cuboid could then provide an ideal geometry
for low energy barrier O—O bond formation during the
S3—>S,—So transition.”*7¢~78

The results and analyses presented here are equally applicable
to the lower oxidation states of the OEC including the Spand S_,
states. So, the lowest oxidation state obtained by the OEC during
the catalytic cycle, most probably contains three Mn"" jons and
one Mn'” (see refs 13,79). The S_, state is instead a reduced
form of the OEC. It is generated by the addition of exogenous
chemical reductants such as NH,OH, NH,NH,, or NO.*~#3 1t
is thought that this state may regresent an assembly intermediate
with net oxidation state (Mn'");Mn™.5**% These states both
represent weakly antiferromagnetically coupled systems where
an intrinsically isotropic spin (Mn"", octahedral Mn'") is coupled
to an intrinsically anisotropic spin (Mn™), the same situation
seen for the PivOH complex.

6. CONCLUSIONS

The Mn"Mn" PivOH and related dimeric complexes repre-
sent robust structural mimics of several metallocofactors of
biological enzymes. The relevance of the PivOH complex for
the OEC of Photosystem II was discussed above, but a compar-
ison can be equally made for (i) the dimanganese catalase,"”
which catalyzes the dismutation of H,0, to H,O and O; or (ii)
the recently identified Mn containing class Ib/Ic ribonuclotide
reductases,” % to name but two examples. The experimental
and theoretical methodologies developed for the PivOH com-
plex described above should be directly applicable to these
biological systems. Similarly, this model provides important
empirical benchmarks for all spectroscopic observables.

The EPR/ENDOR measurements and DFT calculations
presented here serve as a demonstration that these methods,
when used in tandem can provide a complete picture of the
electronic structure of highly complicated metal systems. In the
circumstance where X-ray crystallography is unattainable or at
very least compromised, the combined EPR/ENDOR and DFT
approach described here is the obvious recourse as it essentially
provides complementary information. This is of particular re-
levance to metallocofactors in proteins, which cannot often be
measured using crystallographic techniques, especially when
poised in catalytically relevant higher oxidation states.

Future studies on manganese containing enzymes such as
these systems require a shift in scope. From the results presented
here, BS-DFT can provide reliable estimates for nearly all
magnetic spectroscopic parameters when appropriately opti-
mized for the system of interest. This includes the hyperfine
tensor anisotropy, which is often disregarded in the discussion of
BS-DFT results. It is this feature that will provide important
information with regard to the ligand geometry of metal ions of
multicenter active sites and the subsequent elucidation of their
reaction mechanisms.
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© Supporting Information. Additional material detailing
(1) ma$netic susceptibility data and error plots; (2) derivation
of Mn™ fine structure constant from Ist-order perturbation
theory; (3) fitting of EPR/ENDOR spectra using noncollinear
tensors; (4) geometric parameters for model complexes; (5)
manganese Mulliken spin populations; (6) BS-DFT calculated
exchange coupling constants; (7) basis sets used for EPR
parameter calculations; (8) determination of the >*Mn hyperfine
scaling factor for use with broken-symmetry DFT; (9) calculated
5Mn hyperfine orientations; (10) calculated **Mn quadrupole/
yP j q p
electric field gradient orientations; (11) sample input files for
DFT calculations. This material is available free of charge via the
Internet at http://pubs.acs.org.
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ABSTRACT. Water binding to the MnsOsCa cluster of the Oxygen Evolving Complex (OEC) of
Photosystem II (PSIT) was studied via H,'’O and *H,O labelling and high-field EPR spectroscopy.
Hyperfine couplings of coordinating 0 (I = 5/2) nuclei were detected using W-band (94 GHz) ELDOR
(electron-electron double resonance) detected NMR and Davies/Mims ENDOR (electron-nuclear double
resonance) techniques. Universal "N (I = 1/2) labeling was employed to clearly discriminate the 'O
hyperfine couplings which overlap with '*N (/ = 1) signals from the D1-His332 ligand of the OEC
[Stich, T. et al. Biochemistry 2011 50 (34), 7390-7404]. Three classes of 'O nuclei were identified: i)
one p-oxo bridge; ii) a terminal Mn-OH/OHj; ligand; and iii) Mn/Ca-H,O ligand(s). These assignments
are based on 'O model complex data, on comparison to the recent 1.9 A resolution PS II crystal
structure [Umena, Y. et al 2011, Nature, 473:55-60], on NHj; perturbation of the 'O signal envelope and
density functional theory calculations. The relative orientation of the putative 'O p-oxo bridge
hyperfine tensor to the 'N('°N) hyperfine tensor of the DI1-His332 ligand, suggests that the
exchangeable p-oxo bridge links the outer Mn to the Mn3;O3;Ca open-cuboidal unit (O4 and OS5 in the
Umena et al. structure). Comparison to literature data favors the Ca-linked OS5 oxygen over the
alternative assignment to O4. All 7O signals were seen even after very short (< 15 second) incubations
in H,'’O suggesting that all exchange sites identified could represent bound substrate in the S; state
including the p-oxo bridge. "H/*H (I = 1/2, 1) ENDOR data performed at Q- (34 GHz) and W-bands
complement the above findings. The relatively small "H/*H couplings observed requires that all the p-
oxo bridges of the MnyOsCa cluster are deprotonated in the S, state. Together, these results further limit
the possible substrate water binding sites and modes within the OEC. This information restricts the
number of possible reaction pathways for O-O bond formation, supporting an oxo/oxyl coupling

mechanism in S4.
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INTRODUCTION

In oxygenic photosynthesis light-driven water-splitting is catalyzed by the oxygen-evolving complex
(OEC) of Photosystem II (PSII). The OEC consists of an inorganic MnsOsCa cluster and its surrounding
protein matrix.'™ The functionally important protein matrix includes the redox-active tyrosine residue
Yz (D1-Yi61). Yz couples electron transfer from the MnsOsCa cluster to Peso” " and is involved in proton
transfer reactions.’ Peso/Psso and Pheo/Pheo® form the primary component of the photoactive reaction
centre of PSII, which energetically drives water-splitting by four sequential light-induced charge
separations, for reviews see refs.”*!'®!! During water-splitting, the Mn4OsCa cluster steps through a
reaction cycle comprising five distinct redox intermediates. These are known as the S, states, where the
subscript indicates the number of stored oxidizing equivalents (n = 0-4).'* Once formed the S;Y;" state
rapidly decays to the Sy state with the concomitant release of molecular triplet oxygen and the rebinding
of at least one substrate water molecule.'® A Sy state, different from the S;Y;" state, has not yet been
spectroscopically identified.

The structure of PSII, including the OEC was recently determined at a resolution of 1.9 A by Umena

et al.' The position of all four Mn ions of the OEC and the network of five bridging p-oxo ligands
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connecting the metal ions were resolved. The proposed structure bears similarities to earlier literature
models,” including those derived from (polarized) EXAFS measurements™'” and to the computational
models of Kusunoki,'" Siegbahn® and Dau.”'> The Umena model has a distorted chair-like structure
where the base is formed by a p-oxo-bridged cuboidal Mn3;O4Ca unit (Figure 1A). The fourth ‘outer’
manganese, Mna4 (this nomenclature combines the numbering based on polarised EXAFS* models with
that of Umena et al."), is attached to this core structure via a p-oxo-bridged ligation (04) and by one
hydroxo bridge (O5) to the central manganese, Mngs;. Compared to the experimental EXAFS data the
Mn-Mn, Mn-Ca and Mn-O/N distances determined from the crystal structure are all elongated,
suggesting that the cluster underwent some degree of radiation-induced reduction during data collection
and thus may represent a ‘super-reduced’ S-state (S.;, S., S.3)'® which can also be generated via
chemical reduction (NH,OH, NH,NH,) of the cluster.'” Nevertheless, the general pattern of three short
and one long Mn-Mn distances and four Mn-Ca distances as observed in EXAFS measurements is

4,13,18
preserved.” ™
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Figure 1. The topography of the MnsOsCa cluster of the OEC. A) The crystal structure model of
Umena et al.' B) A recent representative computational model of Ames et al.' The right-hand side
structures show the five Mn-Mn distances of the cluster. Atom numbering combines the polarized
EXAFS* nomenclature (Mna, Mng etc) with that of Umena et al.' (Mn;, Mn, etc). Atom coloring is as
follows: Mn - purple; Ca — yellow; O — red; N — blue; H — white. W1-W4 stand for water
molecules/hydroxo groups identified in the crystal structure.' The three Mn-(nO),-Mn planes of the p-

oxo bridge subunits of the OEC are colored orange, green and turquoise.

In the Umena structure the central O5 has unusually long bonds to three Mn ions and to the Ca ion. It
was suggested that it represents a hydroxo group or a water molecule and is potentially one of the
substrate ‘waters’ (the term substrate water does not distinguish between the three possible protonation
states, water/hydroxo/oxo). In contrast, in polarized EXAFS models and in most computational models,
05 is a p-oxo bridge between Mnuy and Mng; in the S; and S, states, rendering this unit bis-p-oxo
bridged, and Mnp, as five coordinate.”'**° One such computational model, proposed in the recent
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density functional theory study performed by our laboratory' is shown in Figure 1B. A p-oxo bridged
linkage between Mnas and Mngs was found to be energetically favourable and engendered Mn-Mn
distances and magnetic properties consistent with EXAFS and EPR/ENDOR data.

To elucidate the mechanism of water-oxidation to molecular oxygen it is crucial to identify which of
the water-derived ligands represent the two substrate molecules. Time-resolved H,'®0/H,'*0 exchange
membrane-inlet mass spectrometry experiments have shown that at least one substrate water (the slowly
exchanging, W) is bound in all S-states and that its exchange kinetics are significantly affected by
replacement of the Ca ion with Sr.*"*** The second, faster exchanging substrate water (Wy) has been
shown to bind in the S; state and possibly already in the S, state.”*** FTIR measurements provide
independent information about the binding site and mode of water molecules in the various S, states.”>
These data indicate that one water molecule, possibly Wy, binds during the S,—S; transition. The
binding of Wr in this transition is a key feature in the oxo/oxyl coupling mechanism of water oxidation
proposed by Siegbahn based on DFT calculations.®*’

EPR spectroscopy is a powerful tool for determining the identity (H,0/ OH/O”) and location of water-
derived species bound in the vicinity of the Mn4OsCa cluster. In the paramagnetic S, and Sy states
water-exchangeable protons can be identified via the disappearance of signals originating from the
hyperfine couplings of 'H nuclei (I =) to the net electronic spin (S7= "2) of the Mn4sOsCa cluster after
'H,0/*H,0 exchange. Kawamori et al.?® were the first to report 'H couplings to the OEC obtained from
spinach, poised in the S, state using X-band (continuous wave) cw-ENDOR. The measured 'H envelope
extended out from the 'H-nuclear Larmor frequency by +2 MHz and disappeared after resuspension of
the PSII in buffer made in “H,O. These results were interpreted as evidence for water molecule(s)
directly coordinating to one or more Mn ions (‘H at a distance of 2-3 A from a Mn). The first attempt at
a quantitative fitting of the 'H envelope was performed in the pulse 'H-ENDOR and *H ESEEM
(electron spin echo envelope modulation) studies of Britt et al.**° Here a four shell model (inclusive of
ambient water) was developed with electron-nuclear dipolar hyperfine couplings (Ag;p) similar to those

28,31

seen in earlier studies. As before, these results were interpreted as evidence for a direct Mn-water
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interaction, fixing the number of protonated coordinating water molecules to two. Similar hyperfine
couplings were estimated for the S state and approximately the same number of Mn-proton interactions
were inferred.’® A subsequent X-band “H-ESEEM study by Ahrling et al.** reached a similar conclusion
albeit with an increase of the Ag;, of the largest hyperfine tensor which was also seen in the recent X-
band HYSCORE studies of Martinez et al.”

A more direct probe for water derived ligands is via the direct detection of oxygen using '’O labeling.
One particular advantage is that the fully deprotonated substrate state e.g. the incorporation of a water
into a Mn-p-oxo bridge, can be identified. Only a small number of publications describing '’O couplings
of metallocofactors and related model complexes have been published to date (see refs**>* for examples
and the supporting information S2). This is due to a combination of factors, including the low natural

abundance (0.038%) of '’O and as a consequence the high costs for enrichment, the large nuclear spin (/
17 L : e 2QCI
= 5/2) and small nuclear g-factor (-0.7575) of 'O, and significant quadrupole coupling value (T~6

MHz).* The first 'O labeling X-band cw-EPR study reported in PSII attempted to resolve line-
broadening of the individual lines of the S, multiline spectrum due to the coupling of the Mn ions to an
0 nucleus.*® This was followed by the X-band ESEEM study of Nugent/Evans laboratory.*'** The
authors clearly identified only a matrix 'O signal, but also speculated that a second species may be
observed which gives rise to a larger hyperfine coupling of about 5 MHz. However, owing to the large
number of overlapping background '*N signals (see below), this latter assignment was considered
tentative. The next 'O study used X-band HYSCORE to characterize substrate binding.*> Two sharp
peaks were observed centered about the Larmor frequency of '’O and were assigned to the coupling of a
0 nucleus to the Mn complex. It has been recently demonstrated that this assignment is incorrect** and
that these signals should be attributed to couplings of "N to the cytochrome b559.*° Finally, a broad Q-
band ""O-ENDOR signal at about 15 MHz has very recently been observed in higher plant PSIL*® This
signal was assigned to a p-oxo bridge based on its similarity to a broad, structureless signal seen for the

labeled Mn"-(nO),-Mn" BIPY complex.’” The p-oxo bridge species observed was considered to
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exchange on a timescale of the order of 10%-10° s and as a consequence represents a slowly exchanging
structural site as opposed to a substrate of the catalyst.*®

In this work we present an EPR investigation of water binding to the Mn4OsCa cluster via
measurement of 'O hyperfine couplings. In order to obtain complete '"O-hyperfine patterns and
discriminate these from those of "N nuclei, the EPR experiments were performed at W-band using the
ELDOR-detected NMR technique (EDNMR).* While this technique was reported over 20 years ago, it
has been little utilized for the study of low y nuclei,”®”" such as '70.* As a consequence, model systems
were examined first to better gauge the advantages and limitations of this technique. The enhanced
nuclear frequency resolution at high magnetic fields of about 3.4 T (W-band) in conjunction with the
superior sensitivity of EDNMR as compared to ENDOR, allows clear assignments of water derived
ligands of the Mn4OsCa cluster, which were resolved in the recent 1.9 A structure of PSIL! In addition,
time-resolved water-exchange experiments also provide direct comparison to kinetics of substrate

binding as determined earlier by time-resolved membrane inlet mass spectrometry experiments.*

2. MATERIALS AND METHODS

2.1 PSII sample preparation. PSII core complex preparations from WT* T. elongatus’ were
isolated as described earlier.’*>® Universal '°N-labelling of the PSII preparation was achieved by
growing the cyanobacteria in modified BG11 media that contained 'NH4Cl as the sole nitrogen
source.”’ Samples were stored at -80° C until use. Dark-adapted samples were placed in Q-band (1.6
mm [.D.) and W-band (0.6 mm [.D.) quartz tubes. The sample concentration was 3.0-4.0 mg(Chl)/mL
for both Q- and W-band samples. The S,-state was generated by short, white light illumination (5 s)
with a tungsten lamp at 200 K using a dry-ice/ethanol bath.

Resuspension of the PSII samples in labelled H>''O (90%) and *H,O (99%) buffer was achieved as
follows. The H,'’O and °*H,O buffers were composed of: 20 mM MES (2-(N-
morpholino)ethanesulfonic acid); 10 mM MgCly; 10 mM NacCl; 0.03% DDM (dodecyl maltoside) and
50 mM mannitol. For the H,'’O buffer, the buffer ingredients were first dissolved at 10 fold higher
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concentrations in unlabelled water. This stock solution was then added to clean H>''O (1:10 v/v) to
make the labelled buffer. As a final step the buffers were poised at a pH of 6.5 (MES/NaOH) and pD
6.5 (MES/NaOD). The PSII sample was diluted by 50% in the isotopically labeled buffer and
reconcentrated to the initial concentration using Millipore microcentrifuge filters (Amicon Ultra - 0.5
mL, 100 kDa). This isotope enrichment procedure was repeated 3 times. The final enrichment of 'O
was estimated to be greater than 70%.

“Rapid dilution” experiments were also performed for PSII W-band samples. In these experiments,
the PSII sample was not resuspended into the labelled H,'’O buffer but instead simply diluted by the
H,'’0 (90%). In this way, the total exchange time could be reduced to the seconds timescale. In these
experiments H,'’O water (1-1.5 uL) was placed at the bottom of the W-band sample tube. The unlabeled
PSII sample (1-1.5 pL) was then added to the tube 5-10 mm above the level of the water. Capillary
action prevented the mixing of the two components. The W-band tube was then placed in a bench top
centrifuge (Fischer Scientific, model 3722L) and spun for approximately 2 seconds. The sample was
then rapidly frozen in liquid nitrogen. The entire procedure took less than 15 seconds from the start of
the spin cycle to the freezing of the sample. High isotope enriched H,'’O (90%) was used to maximize

sample labelling, which theoretically cannot exceed 45% in these samples.

2.2 Q-band EPR measurements. Q-band pulse EPR and 'H and *H ENDOR measurements were
performed at 4.8 K using a Bruker ELEXSYS E580 Q-band pulse EPR spectrometer equipped with
home-build TEg;; microwave cavity,”® Oxford-CF935 liquid helium cryostat. Electron spin echo-
detected (ESE) field-swept spectra were measured using the pulse sequence: t,—z—2t,—z—echo. The
length of the /2 microwave pulse was generally set to t, = 12 ns. The interpulse distance was varied in
the range 7 = 200-500 ns. 'H ENDOR spectra were acquired using the Davies-type pulse sequence:
tiny — trr—T—t, —7— 2t, —7—echo using an inversion microwave pulse of length t;,, =128 ns, and a radio

frequency  pulse of length tgp= 20 us. The length of the /2 microwave pulse in the detection sequence

118



was generally set to t, = 64 ns and the interpulse delays to 7= 1.5 ps and 7 = 468 ns. The RF frequency
was swept 20 MHz around the 'H-Larmor frequency of about 53 MHz (1.2 T) in 50 kHz steps. “H
ENDOR spectra were collected using the Mims-type pulse sequence: t,—z—t,~trr —T—t,—7—echo, with
t, = 16 ns, trp=40 ps, 7 = 300-500 ns and T = 2 ps. The RF frequency was swept 2 MHz around the

*H-Larmor frequency of about 8 MHz (1.2 T) in 6.67 kHz steps.

2.3 W-band EPR measurements. High-field EPR experiments were performed at 4.8 K using a W-
band EPR spectrometer (Bruker ELEXSYS E680) operating at about 94 GHz. All experiments were
carried out using a homebuilt ENDOR microwave cavity, which contained a solenoid of Teflon coated
silver wire integrated in to commercial W-band ENDOR probehead (Bruker). The RF coil contains 20
turns for optimized RF performance at low RF frequencies (< 100 MHz, optimum performance at
20 MHz). To ensure the broadband microwave excitation and minimize the distortions caused by high-
power RF excitation, the loaded quality factor, Q;, was lowered to 700 to obtain a microwave frequency
bandwidth of 130 MHz.

Electron spin echo-detected (ESE) field-swept spectra were measured using the pulse sequence:
t,—7—2t,—7—echo with t, =24 ns and 7 = 200-500 ns. '"O-Davies ENDOR spectra were collected using
the pulse sequence: ti,, —tgr—T—t, —7— 2t, —7—echo with t;,, =128 ns, t, =24 ns, tgp=15pus, T=1 ps
and 7= 348 ns. '"O-Mims ENDOR spectra were collected using the pulse sequence:
t,—7—ty—trr —T—t,—7—echo, with t, = 24 ns, tgg= 15 ps, 7 = 300-500 ns and T = 1 ps. In both ENDOR
experiments the RF frequency was swept 6.4 MHz around the '"O-Larmor frequency of about 19.7 MHz
(3.4 T) in 43 kHz steps.

ELDOR-detected NMR (EDNMR) measurements were done using the pulse sequence: typa —T—

t, —7— 2t, —r—echo. The high turning angle (HTA) microwave pulse was applied at microwave frequency

Vmw. The detection Hahn echo pulse sequence t, - T - 2t,- T - echo at microwave frequency v matched

mw %

to the cavity resonance, was set 6 us after the HTA pulse to ensure near-complete decay of the electron
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spin coherencies. The pulse length used for detection n/2 was t, =100 ns and an interpulse pulse
separation of T =500 ns was generally used. The echo was integrated 600 ns around its maximum. The
spectra were acquired via continuously sweeping the HTA frequency vnw at fixed By in steps of
68.4 kHz. A low-power HTA microwave pulse of tyra = 8-14 ps length and amplitude of @, = 4-6 x 10°
rad.s” was used to minimize the width of the central blind spot (see section 2.5) to allow resolution of
the low frequency "*N('°N) spectral lines. The microwave settings of the EDNMR experiment do not
represent the optimal conditions for the resolution of '"O hyperfine couplings but instead are a
compromise that allows simultaneous detection of both '“N and '’O responses from both single and

double quantum transitions, minimally perturbed by the central blind spot (see section 2.5).

2.4 Spectral simulations. Spectra were simultaneously fit assuming an effective spin S = %2 ground
state (for details see supporting information S3 and S4). The basis set that describes the '"O/"*N-Mn-

tetramer spin manifold can be built from the product of the eigenstates of the interacting spins:

H M I m> (Eq. T)

Here M; refers to the electronic magnetic sub-level, £'%; I takes the value 5/2 for 17O, 1 for "N and %
for 15N; m; takes the values —/;, 1-1;, ....., Ii-1, I;.

The Spin Hamiltonian that describes the single nucleus-electron spin manifold is:

H=pBB,-G-S+g,f,B-I+S-4-1 (Eq. 2)

It contains: i) the Zeeman term for the total electronic spin; ii) the Zeeman term for the '"O/'*N/"°N
nucleus; iii) the hyperfine term for the '"O/"*N/"°N nucleus. This Hamiltonian was used to simulate all
spectra. The electron Zeeman term was treated exactly. The nuclear Zeeman and hyperfine terms were

treated using second order perturbation theory. The nuclear quadrupole coupling was not explicitly
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considered. Spectral simulations were performed numerically using Scilab-4.4.1, an open source vector-

based linear algebra package (www.scilab.org) and the EasySpin package™ in MATLAB.

2.5 EPR techniques for measuring nuclear transition frequencies. There are several pulsed EPR
techniques which are capable of probing nuclear transition frequencies of paramagnetic compounds:
ESEEM-based techniques, ENDOR and ELDOR-detected NMR.®® ESEEM is a so-called coherence-
transfer technique in which the nuclear frequencies are obtained from the analysis of time-dependent
electron spin-echo modulation caused by the oscillation between allowed and forbidden electron
coherences or by the evolution of nuclear coherencies. ESEEM is particularly sensitive for the detection
of nuclear frequencies in the low-frequency range (below 20 MHz), relatively narrow NMR lines and
moderate spin relaxation rates. In the case of broad NMR lines the ESEEM techniques suffers from the
long dead times of the EPR spectrometer and the finite bandwidth of microwave excitation. In a
polarization-transfer pulsed EPR experiment, such as ENDOR and EDNMR, the nuclear frequencies
are detected by manipulating the polarizations of electron and nuclear levels. The principal difference
between ENDOR and EDNMR is the way in which the population of the nuclear levels is changed. In

pulse ENDOR the nuclear polarization is inverted by driving the allowed NMR transition (Amg=0,

Am==1, Figure 2A) with a radio-frequency (RF) m-pulse. In contrast, in EDNMR, the nuclear
transitions of the spin manifold are probed indirectly by using a second high-turning-angle (HTA)
microwave pulse, which drives forbidden electron transitions, i.e., the transitions where both the
electron and nuclear spin change their projection direction (Figure 2A). The pump pulse is swept

(0)

around the resonance frequency, v, of the detection Hahn-echo pulse sequence. At microwave

frequencies, where the HTA pulse coincides with the forbidden electron transitions (Ams=+1, Am=+1)
of the spin manifold (v!), v, Figure 2A), the observed primary echo signal decreases due to

population transfer via forbidden transitions. These v, dependent signal changes are detected as

spectral lines, which correspond to the nuclear transitions of the spin manifold. In addition, the HTA
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pulse excites the allowed transitions of the spin manifold (vﬁfw), ). This results in a decrease of the

observed primary echo across the entire swept region. For a rectangular pump pulse the response profile

(central blind spot) is Lorentzian centered at v\*) with Avi,=w™ /7, where o™ is the amplitude of

the HTA microwave pulse. For an inhomogeneously broadened EPR line, where the EPR linewidth is

larger than that of the nuclear coupling of interest, the nuclear spectral lines appear symmetrically about

the central frequency, v°)

At high magnetic field (W-band EPR), the nuclear Larmor frequency of many low-y nuclei (*H, *N,
170, etc...) is sufficiently large so that the signals from these nuclei can be resolved from the central
blind spot, especially for the case in which the hyperfine coupling of the nuclei to the electronic spin is
weak, i.e., less than twice the Larmor frequency. The W-band EDNMR spectrum of a complex
containing both N and '"O ligands in the weak-coupling limit is shown as a diagram in Figure 2B.
The lines associated with a particular nucleus are centered around the Larmor frequency of the nucleus
of interest, split by the hyperfine (and quadrupole) coupling (see supporting information S7).
Importantly, at high magnetic fields the Larmor frequency of 'O [vn('’0)=19.6 MHz at 3.4T] is
significantly different from that of "*N [vy ("*N)=10.4 MHz at 3.4 T], thus allowing both components
to be readily resolved. For nuclei which have a nuclear spin greater than '2, multiple quantum
transitions (Amg==%1, Am==2, ...) can be observed. These are centered around multiples of the Larmor
frequency split by the same multiple i.e. in the case of double quantum transitions (Ams=+1, Am==*2),
these are now centered about twice the Larmor frequency split by twice the hyperfine coupling (see

supporting information S7).
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Figure 2. Simulated W-band EDNMR spectra of a mixed-valence Mn-dimer complex (S = '2)
containing weakly anisotropically coupled low-y nuclei (*’O, '*N). A) The energy-levels of an S = %, I

= 1 spin manifold showing the allowed (EPR, o red) and forbidden (ELDOR, y oy grey)

transitions of the manifold. @~ B) The EDNMR spectrum measured at the center of the multiline
spectrum. S.Q. and D.Q. refer to single and double quantum transition, respectively. C) The EPR
multiline spectrum of the complex in field sweep mode. D) The 2D EDNMR surface representation of
B. E) The baseline corrected EDNMR spectrum at three selected field positions within C: the center
field and the low and high field edge. Only half the EDNMR spectrum is shown and inverted for clarity
of presentation. Simulation parameters used for the EPR lineshape are approximately those fitted for the

mixed valence Mn"'Mn" BIPY complex®’, see Table 1.

In the 2D experiment, an EDNMR spectrum is taken at a series of magnetic field positions across the
EPR spectrum (Figure 2C). A 2D EDNMR surface is shown in Figure 2D. As the nuclear Larmor

frequency is linearly field dependent, the mean peak positions of the nuclear lines linearly increases with

respect to the central frequency (v,(fvz) as the magnetic field increases. As a consequence, not only the
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position but also the rate of change of the peak shift is characteristic of a particular nucleus and as such
can be used as a marker for the identity of the nucleus. It is noted that double-quantum transitions must
have a field dependence twice that of the corresponding single-quantum transitions.

Compared to ENDOR, high-field EDNMR presents several advantages for the investigation of low-y
nuclei coupled to the electron spin of metalloproteins. EDNMR is more robust against fast electron spin-
lattice relaxation, 7; and spectral diffusion than ENDOR. This robustness is because no preparation of
the electron spin system prior to the HTA pulse is required, and short HTA pulses can be realized with
the available microwave power. This results in high sensitivity and allows one to record 2D-EDNMR
spectra with a sufficient signal-to-noise ratio rapidly. Moreover, the recorded EDNMR spectrum is not
distorted either by blind spots around the nuclear Larmor frequencies or by a possible frequency
dependence of the RF excitation amplitude. These advantages are demonstrated using a simple model
system, Mn"(H,'’0)s (Figure 3). The study of Baute and Goldfarb® showed that the '’O signals arising
from the hyperfine splitting of the '’O nucleus within the my=+1/2 and m, £3/2 sublevels of the Mn"
electron spin manifold could be readily detected at W-band using Davies ENDOR. The corresponding
EDNMR of the Mn"(H,'’O)s complex is also shown in Figure 3 (red traces). At the three field
positions selected, both the Davies ENDOR and EDNMR spectra yield virtually the same lineshape for
the single quantum transitions; the only difference is that EDNMR also resolves a sharp signal centered
at the Larmor frequency of ''O, corresponding to weakly coupled (second shell) water molecules

associated with the Mn" ion (see asterisks).

124



A(1TO)
i S
A |
it : 2
= Y —— EDNMR | O
B | — BNDOR | [
- 1 ”‘ . Z
= 11 A0 |5
mo JMU E o
o : L 6
@ H
B o | | d | Q
c i 17,
S | | A("0)
= i | e
{1 i -
I8 1 1} ”,,E”" i -
@ T T T T n' T T T T T T T T
9398 94.02 94.06 15 25 35 45
H.DORfrequency /GHz Av /IMHz

Figure 3 Comparison of W-band '’O Davies ENDOR and EDNMR of Mn"(H,'’O)s. A) the EDNMR
spectrum measured at the center field; B) The EPR multiline spectrum of the complex. C) 2D EDNMR
surface. D, E, F) a comparison of the EDNMR signal to the Davies ENDOR signal seen at three field

positions, the low field edge 3.320 T (D), the third central line 3.355 T (E) and the high field edge 3.400

T (F). For (C) the EDNMR traces were measured with HTA pulses that varied amplitude (o) I) o™

=1.8x 10°% vs. IT) 0™ =0.8 x 10° rad.s™.

This weakly coupled water signal is suppressed in the Davies ENDOR experiment due to blind spotting,
but can be readily observed in the corresponding Mims ENDOR experiment. All traces shown in panels
D, E and F were collected for the same time period, with approximately the same frequency step,
yielding a sensitivity of EDNMR for this system 20 fold higher than for Davies ENDOR. As the 'O
signals for metalloproteins such as the OEC are expected to be much weaker than in model compounds,

recourse to the EDNMR technique for these systems may be necessary, especially for orientation
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selectivity measurements. These measurements require data collection on the edges of the signal profile
(i.e., S, multiline signal), where signal intensities are often vanishingly small. As a final note, it is seen
that the intensity of the 'O matrix and double quantum lines in the EDNMR experiment can be
enhanced by varying the amplitude (©;) of the HTA pulse, see Figure 3E, I: @; = 1.8 x 10%, vs. I : ©; =

0.8 x10° rad.s™".

4 RESULTS

4.1 O EDNMR of p-oxo bridges in a model system. Mixed valence Mn dimer complexes have been
historically used to calibrate measurements performed on the OEC of PSII. These complexes are
considered ‘good’ spectroscopic models as they typically display the same electronic ground state (S =
") and thus their multiline EPR spectrum is comparable to that seen for the half—integer paramagnetic
states of the OEC, i.e. So and S,.°""° In this way, a magnetic fingerprint of different Mn ligand motifs
can be developed. The approach of using Mn dimer complexes as electronic structure mimics has been
previously employed for benchmarking *>Mn-ENDOR,®"° "*"N-ESEEM’'"* and >C ENDOR"* studies
on the OEC. One particular binding motif, the p-oxo bridge, has been little studied.*” The section below
briefly demonstrates the capabilities of O-EDNMR as applied to the model complex [MnHIMnW(u-
0),BIPY4]C104>77, BIPY = bipyridine, which was previously studied by Usov et al.*’ using '"O-
ENDOR. It is shown that this technique allows a complete characterization of the p-oxo bridge motif
and the structural factors that influence it.

The EDNMR surface of the '’O labeled mixed valent planar Mn"™-(uO),-Mn"" BIPY complex’>”” is
shown in Figure 4. The '’O label was incorporated via isotope exchange with '’O labelled water. The
final complex contained approximately 75% '’O bridges, i.e. in the majority of complexes both p-oxo
bridges were exchanged. The control '®0 BIPY complex data are shown black in Figure 4 panels D, E
and F, resolving signals attributable to a '*N ligand. Both single and double quantum transitions are
observed. The single quantum transitions are centered about the Larmor frequency of '*N [vn('*N) =
10.4 MHz], split by the hyperfine coupling and (full arrow in panels D, E, F), while double quantum '*N
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transitions are centered at twice the Larmor frequency of '*N [vn(**N) = 20.8 MHz] and split by twice
the hyperfine coupling (dashed arrows in panels D, E, F). The "*N peaks are narrow with peak widths of
FWHM 3 MHz. This signal represents the strongly coupled "*N axial ligand of the Mn™ ion which sits
along its Jahn-Teller axis.®’ The remaining equatorial '*N ligands of the Mn™ and all "*N ligands of the
Mn'" are only weakly coupled and appear as a ‘matrix’ line centered at the '*N Larmor frequency. A
further splitting of the high frequency 1.2 MHz "N line is observed which is best resolved on the high

field edge. This splitting is tentatively assigned to a quadrupole coupling of 2 MHz.
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Figure 4. W-band EDNMR spectra of 'O labeled Mn"-(nO),-Mn"" BIPY complex. A) The EPR
spectrum of the complex; B) The EDNMR signal; C) 2D EDNMR surface; D, E, F) the EDNMR
signals seen for the '"O labeled complex at three field positions (red lines) compared to those of
unlabeled complex (black lines) collected at: D) the high field edge 3.44 T; E) the central field 3.37 T;

F) the low field edge 3.30 T.
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The corresponding '’O labeled BIPY complex data are shown red in Figure 4 panels D, E and F. The
single quantum '’O transitions appear as a broad doublet centered about the Larmor frequency of '’O
[vn(**0) = 19.5 MHz]. The two peak of this broad envelope are best resolved when the EDNMR
spectrum is measured on the low field edge (Figure 4F). When measured on the high field edge
(Figure 4D), the two 'O peaks strongly overlap. The center field EDNMR spectrum represents an
average of the two edge spectra (Figure 4E). The '*N and '’O signals were simulated using the Spin
Hamiltonian formalism, see supporting information S7. The large difference seen between the low, high
and center field spectra of the '’O signal suggests that the hyperfine tensor is not axial but rather has a
high degree of rhombicity. The fitted parameters show that the hyperfine anisotropy is of the same order
as the isotropic hyperfine coupling (Ajso~ 8 MHz, A4, ~5 MHz). These parameters serve as a
preliminary magnetic fingerprint for a Mn p-oxo bridge: namely that the '’O hyperfine tensor of the
bridge should display: i) a large isotropic coupling ~8 MHz and; ii) a hyperfine anisotropy that is large

and highly rhombic.

4.2 VO-EDNMR based detection of water-exchangeable ligands of the MnsO5Ca cluster. EDNMR
presents the same advantages seen in model complexes for detection of 'O coupling to the OEC. As
seen for the BIPY model complex, the OEC is expected to exhibit at least one nitrogen signal from a
coordinating Histidine residue (D1-His332), seen in the X-ray crystal structure. As such, it is important
to carefully characterize this '*N species prior to performing the '’O labeling experiment. It will be
shown later that this nitrogen signal also serves as a basis for assigning 70 signals, as its geometric
position within the OEC is known. As a final note, it is important to perform the 'O labeling
experiments on approximately the same timescale as observed for substrate exchange. Long incubations
in labeled water can lead to exchange of structural oxygens; oxygen ligands of the manganese cluster

that are not substrate sites. This last point is detailed in section 4.4.
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4.2.1 The EDNMR nitrogen signal of the D1-His332 ligand of the Mn4OsCa cluster. W-band
EDNMR spectra of '*N-PSII and universally labeled '’N-PSII, resuspended in unlabelled water and
poised in the S, state are shown in Figure 5. The EDNMR spectrum of '*N-PSII (Figure 5A, black
trace) resolves a doublet centered about the Larmor frequency of '*N [vn('*N) = 10.46 MHz, 3.4 T] with
peak spacing of 7.0 MHz and peak width FWHM 2.5 MHz. A corresponding doublet is seen of '*N-
PSII (Figure 5C, black trace), but shifted to higher frequency, now centered about the Larmor
frequency of N [vn('°N) = 14.68 MHz, 3.4 T] with peak-to-peak spacing of 9.7 MHz and peak width
FWHM 2.5 MHz. These signals were absent in spectra in the S; state recorded using the same
conditions. In contrast to the BIPY data (Figure 4), no quadrupole splitting was observed in the '*N-
PSII spectra. Double quantum transitions for the "*N-PSII sample were also observed. These were best
visualized by increasing the length of the HTA pulse by an order of magnitude. This also enhances the
matrix line, centered at the '*N Larmor frequency (Figure 5A, lower black trace, II). A nitrogen
species of approximately the same coupling (~7 MHz) was previously observed using Q-band ESEEM,
in samples prepared from higher plant and cyanobacterial (Synechocystis) PSII by the Britt
laboratory.”"*"® It was assigned to the D1-His332, the only nitrogen ligand that directly coordinates a

Mn of the OEC (Mnp,), see Figure 1.

4.2.2 Exchangeable water-derived ligands of the MnsOsCa cluster. W-band EDNMR spectra of
“N-PSII and universally labeled '’N-PSII, resuspended in H,'’O and poised in the S, state are also

shown in Figure 5A and 5C (red traces). In these samples an additional signal is observed centered at

the Larmor frequency of 'O [vn('’0) = 19.63 MHz, 3.4 T].
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Figure 5. W-band EDNMR spectra of '*N("’N)-PSII poised in the S, state measured at the center of
the multiline spectrum (By = 3.40 T). A) "*N-PSII resuspended in unlabelled water (black) /H,'’O
(red). B) "*N-PSII rapidly diluted (15 s) in H,'’O; C) '"N-PSII resuspended in unlabelled water (black)
/H,'"0 (red). For (A), the EDNMR traces (black) were measured with using HTA pulses optimal for I)
single quantum '*N; and II) double quantum '*N signals. For further sample information and all

instrumentation parameters see Section 2 Materials and Methods.

The new signal observed upon '’O enrichment, consists of three peaks, a central line centered at
vn('70) and two satellite lines appearing symmetrically about this position. The central line represents
weakly coupled (matrix) exchangeable '"O species associated with the OEC whereas the two satellite
lines represent one or more exchangeable Mn-O ligands. The peak positions of the signal do not change

between the '*N and '°N labeled samples but the line intensities do vary. This is due to the different
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contributions of '*N('°N) signal described above. Subtraction of the '*N('°N) signal results
approximately in the same lineshape for the two sample types. The corresponding '’O-Davies ENDOR
spectrum was also recorded and is shown in the supporting information S8. Double quantum transitions
are also observed for the 'O signal envelope, centered about twice the Larmor frequency of 'O (see
Figure 7A). The structure of the double quantum envelope suggests there is at least two exchangeable
oxygen nuclei coupled to the OEC. This second oxygen, which has an intermediate hyperfine coupling,
is not resolved in the single quantum envelope due to spectral congestion. Further experiments (NHj3
addition, magnetic field dependence) shown below (section 4.2.4) demonstrate this is indeed the case.
The '"O signal profile seen in PSII is of approximately the same width as the '’O signal profile observed
for the BIPY model complex described above (see Figure 4E).

Corresponding S, state field-sweep W-band EPR spectra of the OEC of ""N-PSII and universally
labeled 15N—PSH, resuspended in buffer solutions made with either unlabelled water or H217O are shown
in the supporting information S5. They displayed the typical unstructured S, multiline signal centered at

2~1.976, of width (FWHM) 90 mT.”

4.2.3 Protonation state of oxo-bridges of the MnsOsCa cluster. The protonation state of the
exchangeable water ligands identified above can be probed using 'H/”H-ENDOR spectroscopy. Figure
6 shows the 'H Davies and corresponding “H-Mims ENDOR spectra of the OEC of 7. elongatus poised
in both the S, and S, states. The spectra were symmetrised about the Larmor frequency of the "H/*H
nucleus [vw('H) = 51.94 MHz, vw(*H) = 7.97 MHz at By = 1.22 T]. All raw data is given in the
supporting information $6. The width of the "H/*H envelope is essentially the same as reported in
earlier studies of higher plants. The magnitude of the hyperfine couplings observed are consistent with
coordinating terminal water/hydroxyl ligands but are too small to represent a hydroxo bridge species.
This is demonstrated in the supporting information using the Umena et al." crystal structure coordinates
and the current electronic model for the OEC.?** Electron-nuclear dipolar hyperfine coupling estimates

(dipolar) for the 'H nuclei for all ‘water’ molecules identified in within 5 A of the OEC are listed in
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supporting information S9 and S10, along with a simulation of the 'H/*H envelope using these

calculated values, see S11.

ENDOR Amplitude

8 6 4 2 0 2 4 6 8
Av=v, -v, IMHz
Figure 6. Proton/Deuteron ENDOR spectra of '*N-PSII of 7. elongatus poised in the S, state measured
at the center of the multiline spectrum (1.2 T). A) Q-band 'H Davies-ENDOR, S, (red), S; (black); B)
Q-band H Mims-ENDOR, S; (red), S; (black); C) W-band “H Mims-ENDOR, S, (red). All signals are

centered at the appropriate "H/*H Larmor frequency. The frequency axis of the “H data sets ere scaled to

the "H frequency axis for easy comparison.

4.2.4 Experimental verification of three classes of exchangeable water-Mn couplings. Beck et
al.®! demonstrated that NH; modifies the electronic structure of the Mn cluster poised in the S, state.
Britt et al.”' subsequently showed using ESEEM that NH; binds to the OEC, in samples prepared from
higher plants, poised in the S, state (Aiso = 2.29 MHz). Curiously, NH; does not bind to the OEC in the
S, state. Similar results have been observed in thermophilic cyanobacteria,* the PSII material used in
this study. While it remains unclear what the exact action of NHj is, and how many binding sites it has
at/near the Mn4OsCa cluster, one role proposed for this water-analog is that it displaces or modifies a

manganese bound water substrate.
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Figure 7. W-band EDNMR spectra of PSII poised in the S, state measured at the center of the
corresponding EPR spectrum. A) "*N-PSII resuspended in unlabelled water (black) and H,'’O (red); B)
“N-PSII + NHj3, resuspended in H,'’O (red). Experimental/instrument parameters are listed in the

Materials and Methods section.

Here we have tested this proposal by addition of ammonia to dark adapted, i.e. S;, H,'’O exchanged
PSII samples. Upon illumination at temperatures below 190 K,* the typical S, state EPR multiline
signal was seen in control samples using Q-band EPR. In addition, W-band EDNMR measurements
resolve the same 'O signal profile, demonstrating NH; does not bind to or modify the S, state. As
shown previously by Boussac et al.*’, subsequent annealing of the sample to 250 K allows NHj to
interact with the S, state of the OEC (Figure 7B). In the EDNMR experiments reported here, annealing
led to a narrowing of the '’O signal envelope (single quantum), with the two satellite lines seen at 14.2
and 23.8 MHz shifting toward the 0 Larmor frequency. The remaining single quantum envelope was
only ~6 MHz broad. The change observed for the double quantum envelope is more complicated.
Consistent with the narrowing seen for the 'O single quantum envelope, the broad edges do contract by

~6 MHz (i.e. twice the contraction seen for the single quantum satellites). In contrast however, the
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structural peaks observed at about twice the '’O Larmor frequency are retained, and only slightly narrow
(~1-2 MHz). This differential behavior demonstrates that the observed 'O signal envelope must be
comprised of at least three components. It contains: i) a strongly coupled species, with '’O hyperfine
coupling of ~10 MHz, representing a Mn-bound '’O species; ii) an intermediately coupled species, with
70 hyperfine coupling of ~5 MHz, representing a second Mn-bound 'O species, which is hidden in the
single quantum envelope due to spectral congestion; and iii) more weakly coupled matrix water
molecules of unresolved hyperfine coupling, which manifest as the central line observed at the Larmor
frequency.

The magnetic field dependence of the EDNMR signals can provide further information about the
identity of exchangeable water ligands, as seen for the model complex in section 4.1. The 0 signal
profile seen for the OEC also exhibits a small, but observable magnetic field dependence (2-3 MHz,
Figure 8 and 9). The exact peak separation of the single quantum satellite peaks (14.2 and 23.8 MHz)
increases as the magnetic field increases. This is best resolved at the high frequency edge as this feature
does not overlap with the '*N signal. As before, the behavior of the double quantum signal is more
complicated. The edges of the double quantum envelope are not well resolved across the whole
EDNMR surface but do appear to follow the trend seen for the single quantum envelope. This is in
contrast to the narrow component. The splitting of its peaks (37.0 and 43.5 MHz) instead decreases
measured across the multiline spectrum. This is further evidence that the '’O EDNMR signal envelope
contains two 'O couplings (>4 MHz), consistent with the NH; experiment described above. It is noted
that the "“N('°N) signal also displayed a weak magnetic field dependence (~1.5 MHz), with the
hyperfine splitting smallest for the EDNMR spectrum measured on the low field edge of the EPR signal.

The same field dependence is observed for the '*N double quantum signal at 26-28 MHz (see Figure 9).
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Figure 8. W-band 2D-EDNMR surface of '*N-PSII poised in the S, state, resuspended in H,'’O in the
S; state. A) EDNMR spectra measured at the high field (I: 3.47 T, red), center (II: 3.40 T, black) and
low field (III: 3.43 T, blue) edge of the multiline spectrum. B) The EPR multiline spectrum. C) The 2D
EDNMR representation of A. The black dashed lines show the magnetic field dependence of the single
quantum and double quantum '’O Larmor frequency. Lines locating the average peak separation of the
narrow component of the double quantum envelope are also shown (red dashed line).

Experimental/instrument parameters are listed in the Materials and Methods section.

4.3 Assignment of '’O EDNMR signals - Spin Hamiltonian Simulations. Spectral simulations of the
70 signal envelope inclusive of both single and double quantum transitions were performed using the
Spin Hamiltonian formalism, for details see section 2.5 and the supporting information S7. Spectral
simulations of the '"O EDNMR signal envelope measured for the '*N-PSII are shown in Figure 9.
Simulation of the EDNMR surface ensured that correct estimates were made for both the isotropic and
anisotropic components of the '’O hyperfine tensors.

A simulation of the '*N using similar Spin Hamiltonian parameters as reported by Stich et al.”” is
shown in Figure 9. A small decrease in the A, of 10% and consequently an increase in Agip, was

required to reproduce the field dependence, see Table 1. The simulation places the principal axis of the
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"N hyperfine tensor approximately along gx, i.e. it coincides with powder pattern orientations that
define the low field edge of the EPR (multiline) spectrum. The best fit to the data included a 30°

rotation of the hyperfine tensor in the gx/gz frame, see supporting information S12.
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Figure 9. Spin Hamiltonian simulations of the N and '"O signals seen for the OEC. A: A
representative S, multiline spectrum. B/C: simulation of the single (left) and double quantum (right)
"N/"0-EDNMR signal envelopes at three field positions: I) the high field edge (3.46-3.47 T); 1I) the
center (3.40 T); and III) the low field edge (3.33-3.34 T). Spin Hamiltonian parameters are listed in

Table 1. Dashed lines show the field dependence of the respective EDNMR peaks.

As described in the previous section, the fitted '’O signal envelope requires three oxygen species, one
strongly coupled oxygen species, one intermediately coupled oxygen species and weakly coupled
‘matrix’ oxygen species. All Spin Hamiltonian parameters are given in Table 1. Assignments for the
three '’O oxygens are as follows:

1) A Mn p-oxo bridge. The fitted hyperfine tensor of the 1% species has an isotropic hyperfine

coupling of Ajs, = 9.7 MHz and anisotropic coupling of Agip= 2.2 MHz of large rhombicity n~0.6.
These parameters broadly match those seen for the p-oxo bridges of the Mn™-(uO),-Mn" model
complex shown in the Results section 4.1 and thus this oxygen is assigned to a p-oxo bridge. A

rationale for the apparent decrease in hyperfine anisotropy is given in the discussion and in part
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serves to identify the p-oxo bridge (see discussion). This component of the "0 signal envelope

1,46

is broadly consistent with the signal seen in the study of McConnel et al.™, which was also

assigned to a p-oxo bridge.

2) A terminal Mn-water/hydroxo ligand. The fitted hyperfine tensor of the 2™ species has an

3)

isotropic hyperfine coupling of Ajs, = 4.5 MHz and an anisotropic coupling of Agi,= 0.6 MHz
with rhombicity n~0.1. These parameters do not match well with those determined for the p-oxo
bridges of the Mn"-(nO),-Mn"" model complex, shown in Results section 4.1; both the isotropic
and anisotropic hyperfine components are significantly smaller. However, these parameters do
match '*N hyperfine couplings seen for terminal nitrogen Mn" and equatorial Mn™ ligands in

7184 (see the BIPY complex above). As such, the 2™ species is

mixed valance model complexes,
assigned to one or both of the terminal water/hydroxo ligands of Mna4. The more axial nature of
the hyperfine tensor associated with this oxygen is consistent with this assignment.

Matrix water. The ‘3™ oxygen’, or rather collection of oxygen species, which defines the central
line describes weakly coupled ‘matrix” water. The fitted isotropic hyperfine coupling is Ajs, ~1-2
MHz which suggests one component of the matrix line describes a ligand to a manganese i.e.
Mn-OH,. Very weak couplings within this envelope can be extracted using an alternative
technique, W-band Mims-ENDOR (supporting information S8). The Mims-ENDOR signal has a
near Lorentzian lineshape with a splitting of 0.5 MHz. Similar lineshapes albeit of enhanced
resolution have been identified previously in '’O model systems e.g. weakly coupled 'H,'’O

coordinating Gd®>" complexes.* The Mims ENDOR envelope is assigned to the Ca bound waters

W3 and W4, (see supporting information S8).
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Table 1. "*N and '"O hyperfine spin Hamiltonian parameters, comparison to calculated parameters for

the 1d2' model of Ames et al. (Figure 1B).

Spin Hamiltonian Parameters (MHz) DFT (MHz)
Ay A, A, Ao Agp A Ao Site
BIPY N@JT) 108 113 125 115 0.5 050 - -
1o 180 -08 68 80 5.0 075 - -
DI-His332 "N 38 717 62 59 0.9 071 =52 His332
0 strong 107 5.2 131 9.7 22 055 - -
Envelope
interm. 5.0 5.1 33 45 0.6 0.08  -4.7 '
matrix. 2.1 0.2 20 14 0.6 0.06  -1.5 LA

Ajso 1s defined as the average of the principal components of the hyperfine tensor: 4, = (4x + 4y +

A,)/3. Agjp 1s defined in terms of T, T, and Tz as: 4

dip

T +T,
2

T.
— —?3 and the rhombicity is as defined

T, -T
by: = % T), T, and Ts represent the three principal components of the hyperfine tensor minus

3

A5, and labeled such that |T1| < |T2| < |T3|

DFT calculations were performed to validate the above assignment of the '’O EDNMR envelope (see

supporting information S13).

Currently, Broken symmetry (BS)-DFT estimates for the isotropic

hyperfine coupling of the five p-oxo bridges of the MnsOsCa cluster cannot be made. Thus only

estimates for the terminal Mn-OH/OH, ligands and more distant Ca-OH, ligands are reported. The

structural model used was the previously published 1d2’ model of Ames et al. (see Figure 1B). DFT

calculated hyperfine values for W1-W4 are all less than 5 MHz (Table 1), significantly smaller than the

largest measured hyperfine coupling (10 MHz), suggesting this large coupling does indeed arise for

another Mn-O ligand motif i.e. a p-oxo bridge of the MnsOs core complex. In addition, the DFT

hyperfine values for W2 and W1 appear to correlate with the experimental intermediate and weak
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coupling components of the fitted EDNMR signal envelope: W2, a terminal hydroxide ligand
coordinated to Mna4 in the 1d2" model, has a calculated hyperfine coupling of 4.7 MHz and W1, a
terminal water ligand coordinated to Mnay in the 1d2’, has a calculated hyperfine coupling of 1.5 MHz.
The remaining waters W3/W4, water ligands to the Ca, are all predicted to display small hyperfine
couplings (~0.1 MHz). This is consistent with the Mims-ENDOR signal envelope observed (see

supporting information S8).

4.4 Water exchange rates. To test whether the 'O signal(s) described in the previous section are
potential candidates for the substrate bound in the S,/S, state, further experiments were performed in
which the PSII core complexes poised in the S; state were rapidly diluted into 'H,'’O buffer (see
Materials and Methods). The PSII sample was diluted by 50% with H,'’O water and frozen to 77 K.
and then illuminated with white light for 5 s at 200 K to generate the S, state. The time resolution of the
experiment i.e. the minimum mixing and incubation time of the PSII sample in 'H,'’O buffer prior to
freezing, was less than 15 seconds. The exchange rate of the slowly exchanging substrate molecule has
been measured by membrane-inlet mass spectrometry to be in the order of 0.066 s (ti2 =15 s) at 20 °C,
thus this period of time should be sufficient to significantly exchange substrate water molecules in the S,

2224 Figure 5B (red trace) shows the '"O-EDNMR signal seen in the samples prepared using this

state.
protocol. It is readily seen that approximately the same '’O signal envelope is observed as in Figure
5A. As expected the intensity of the entire signal, relative to the '*N (D1-His332) signal, is lower than
in the resuspended sample as the final '’O enrichment is lower, max. 45% vs. >70%. Thus all detected
0 signal(s) exchange within 15 s, i.e. on the same time scale as substrate water. A more robust

exchange procedure with enhanced time-resolution is currently being developed in our laboratory to

provide a quantitative estimate of the exchange rate(s) of the three exchangeable oxygen species.

5. DISCUSSION
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5.1 General remarks. In this study, an attempt has been made to develop a new experimental
approach to solve one of the most important remaining question regarding the function of the OEC,
substrate water binding. The two-step program described above, where both model complexes and the
OEC were studied, places new important constraints on the structure and function of the OEC. Multiple
70 signals are resolved, demonstrating the complex interplay of the OEC with the solvent background,
which uniquely also forms the substrate for the catalyst. Furthermore, all spectroscopic parameters
measured for the "H/'*N nuclei associated with the OEC are consistent with current literature models for

the electronic structure of the OEC,**%

a tetramer, where all four Mn are coupled and contribute
approximately equally to the ground electronic state. In the following discussion, preliminary

assignments are proposed for the '’O signals observed.

5.2 p-oxo-'"0 model complex data. Only one study exists in the current literature which describes a

1 "Mn") model complex, namely the BIPY complex, the same

0 nucleus coupled to a high valent (Mn
as studied here.*” In this earlier work a broad, structureless 'O signal was seen using Q-band ENDOR
centered at ~12 MHz. An estimate of the isotropic coupling was made from the center of the peak of the
signal (+ branch) of ~13 MHz, which was shown to be consistent with the observed line-broadening
seen in the cw-EPR experiments. No estimate was reported for either the hyperfine anisotropy or
quadrupole splitting. An isotropic coupling estimate of Aj,~13 MHz is somewhat larger than the value
reported here, Ajo~8 MHz. The difference is suspected to arise from an experimental feature of the
experiment. Q-band ENDOR is often not particularly sensitive at very low frequencies where much of
the '’O signal envelope is expected when measured at 34 GHz. Thus the signal peak observed does not
represent a true average coupling, but is instead skewed toward higher frequencies, overestimating the
isotropic coupling. The same problem is not encountered using W-band EDNMR.

The key advantage, however, of W-band EDNMR for '"O-model complexes of this type is that it

allows hyperfine anisotropy to be estimated, thus allowing a characteristic fingerprint of the p-oxo

bridge to be developed. As noted in the results section 4.1, the strong field dependence of the width of
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the '"O signal, where the low, high and center field spectra all have a different width, suggest the
hyperfine anisotropy is large and that the tensor is not axial but rather has a high degree of rhombicity.
Spectral simulations (shown in the supporting information S7), using the Spin Hamiltonian formalism,
are consistent with this description (Ai,~8 MHz, Agip~ 5 MHz). The hyperfine tensor is aligned such
that the largest and smallest components of the hyperfine tensor (in terms of signed magnitude) are
aligned along g and g, (or at least are orientated in the g,/g, plane) whereas the middle component is
aligned along g,. This result can be well understood within the current model for strongly
antiferromagnetically coupled Mn"Mn'"" dimers (J < -100 cm™). In these systems the Jahn-Teller axis
of the Mn" ion defines the unique axis (g,-axis) of the system.* It is aligned along the Mn"-N bond
perpendicular to the plane defined by the Mn-(uO),-Mn atoms. The large hyperfine anisotropy of the
70 bridge (5 MHz) comes about from the through space (dipolar) interaction between the ligand and the
two Mn ions; the electron-nuclear dipolar hyperfine coupling estimate for the p-oxo bridge is 4.5 MHz.
The measured (projected) 'O hyperfine interaction is a weighted sum of the two onsite '’O hyperfine
tensors which describe the interaction of the 'O nucleus with either the Mn™ or Mn". The relative
contribution of each onsite '’O hyperfine tensor depends upon the contribution of the Mn™ and Mn""
ions to the electronic state of the complex, which is often described in terms of a spin projection

8788 For the antiferromagnetically coupled Mn"Mn" dimer, Sy = 2, and

coefficient, see refs.
Soovnrvy = 3/2 the spin projection values are p; =2 and p, = -1, respectively. The tensor sum is shown as
a diagram in Figure 10.

The two onsite hyperfine tensors, which are expected to be approximately axial, yield a projected 'O
hyperfine tensor that has about rhombic symmetry. The unique principal axis should be parallel to a
plane that is defined by the Mn-(nO),-Mn bridging motif, whereas, the middle component (in signed
magnitude) must be perpendicular to the Mn-(pnO),-Mn bridging motif. This is exactly the behavior

observed experimentally. The largest component (unique axis) of the 'O hyperfine tensor coincides

with gx/gy, i.e. the plane defined by the Mn-(1O),-Mn bridging motif, whereas the middle component of
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the '’O hyperfine tensor coincides with gz i.e. perpendicular to the plane defined by the Mn-(nO),-Mn

bridging motif.

A v Mn® (B)

Figure 10. The dipolar hyperfine tensor of the p-oxo bridge of an antiferromagnetically coupled
Mn"Mn" dimer. A) onsite (individual) dipolar hyperfine tensor components in the Mn-O-Mn plane

and perpendicular to the Mn-O-Mn plane. B) orientation of projected (experimental) hyperfine tensor.

5.3. Assignment of the p-'"O bridge in the MnsOsCa cluster. The model system described above
provides a basis for the assignment of the exchangeable p-'"O bridge. Two parameters can be used: i)
the magnitude of the hyperfine anisotropy; and ii) the orientation of the hyperfine tensor with respect to
the three planes that describe the Mn-(pnO),-Mn bridge network (see Figure 1).

As described above, the hyperfine anisotropy of Mn complexes is predominately due to a through
space coupling mechanism and as such can be readily calculated for the oxo-bridges of the OEC. These
calculations, termed multipole calculations, have been described in a number of papers e.g. ref.*’ Its
implementation here is described in the supporting information S9 and S10. The results are summarized
in Table 2. Here all Mn-'"O distances and '’O electron-nuclear dipolar hyperfine coupling estimates are
provided for the five p-oxo bridges for the Umena et al.' structure and for a representative

computational model of the recent DFT study of Ames et al."
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It is readily seen that the hyperfine anisotropy of all the p-oxo bridges of the OEC is systematically
lower than that of model complexes. This result is unsurprising as the spin projection coefficients for
the four Mn ions are all smaller, falling in the range of 0.9-1.6, as now the electron spin is distributed
across more Mn ions. The bridges that consist of a mixed valence pair of Mn ions (O1 and O3), those
that best resemble the BIPY complex, have anisotropies approaching that of the model system. In
contrast, the p-oxo bridges between equivalent Mn ions (O2 and O4) have smaller anisotropies, between
50 to 75% of that seen for the model system. OS5, which can equally be considered an elongated p-oxo
bridge between either Mnas4 and Mngs or Mngs and Mnp, in the Umena crystal structure, more closely
resembles the O2 and O4 (equivalent limit) than O1 and O3 (mixed valence limit). It should be noted
though that in optimized DFT structures, the position of OS5 shifts such that it becomes a genuine p-oxo

bridge between Mnu4 and MnB3.]9

As the estimated hyperfine anisotropy of the p-oxo bridge is small
(2.2 MHz), the p-oxo bridges between the equivalent Mn are the best candidates i.e. O2 and especially
04 and OS5 (Figure 1).

The orientation of the p-oxo bridge hyperfine tensor can then be used to refine the assignment of the
p-oxo bridge signal. This can be mapped to the three dimensional structure of the OEC using the D1-
His332 signal. It is seen from the EDNMR simulations that the unique principal axis of the p-oxo
bridge '"O hyperfine tensor coincides with powder pattern orientations that define the center of the
multiline spectrum (aligned along gy). This is in contrast to the D1-His332 signal. Its unique principal
axis instead coincides with powder pattern orientations that define the low field edge of the multiline
spectrum (approximately aligned along gx). Thus the two hyperfine tensors must be rotated by 90° to
each other. The orientation of the unique principal axis of the "*N(*’N) D1-His332 should lie along the
Mnp,;-N bond as the magnitude of its hyperfine anisotropy is consistent with the through space (dipolar)
interaction. The orientation of the unique principal axis for each of the p-oxo bridges can be determined
from the multipole calculations and is given in the supporting information S12 (Tables S12.1-Table

S12.4). Importantly, it was found that their unique principal axes for all p-oxo bridges lie in the

respective Mnx-(0),-Mny plane (see Figure 1), as seen in model complexes. The only exception is the
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unique principal axis of O2. It is rotated out of the Mng3;-O-Mnc; plane, that is to say it is perpendicular
to the Mng3;-Mnc; interspin vector. This is not surprising as the Mng3-O-Mnc, couple is unlike the
BIPY model systems; it has been determined from calculations that the exchange pathway between

. .
Mngs and Mnc; is ferromagnetic.'*#*°

Table 2: '"O-Mn distances and electron-nuclear dipolar hyperfine couplings for the p-oxo bridges of the
Umena et al.' structure and a recent representative computational model of Ames et al.'” (1d2', numbers
in brackets, see Figure 1) using the isotropic spin projections for the model of Siegbahn (model 11)

reported in Pantazis et al.*

Mn-O distances (A)

Mna4-O-Mnpg; Mng3-O-Mnc; Mne,-O-Mnp;
04 05 02 01 03
Mngg 2.1(1.8) 2.5(1.8) 3.8(3.7) 5.2(5.0) 4.7 (4.3)
Mng; 2.1(1.8) 2.4(1.9) 1.9 (1.8) 3534 2.1(2.0)
Mng, 4.5 (4.4) 3.8 (3.6) 2.1(1.8) 2.1(1.8) 2.1(1.9)
Mnp, 5.2(5.0) 2.6 (3.0) 3.7 (3.6) 1.9 (1.8) 1.8 (1.9)
Projected 'O Hyperfine Tensors (MHz)

Aap("O) 1.8 (2.0) 2.0(3.2) 1.2 (1.6) 3.5(3.8) 4.0 (3.6)
nc’o)° 0.8 (0.9) 0.5 (0.7) 0.6 (0.4) 0.5 (0.7) 0.1 (0.2)

® principal value for the '’O hyperfine tensor: Ad,.p(”O): % = —%; T| <|T| <73

® thombicity of the '’O hyperfine tensor as defined by: 77(170)= %; T| <|1,| <|T]

3

From inspection of Figure 1, it can be seen that the unique principal axis direction for bridges 02, O3,
04 and O5 are all approximately perpendicular to the unique principal axis direction of the D1-His332.
This is explicitly demonstrated in the supporting information S12. A better restriction is to consider
what component of the '’O hyperfine tensor is aligned (parallel) to the unique principal axis of the D1-

His332 hyperfine tensor i.e. the Mnp;-N bond. In the simulations it was found that the middle
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component of the '’O hyperfine tensor coincides with powder pattern orientations that define the high
field edge of the multiline spectrum. In Figure 10 it can be seen that the middle component of the '’O
hyperfine tensor is normal to the Mn-(nO),-Mn plane for an antiferromagnetically coupled dimer.
Again from inspection of Figure 1, it can be readily seen that only the Mn-(uO),-Mn plane whose
normal is approximately parallel with the Mnp;-N bond is the one containing O4 and OS5 (orange plane)
and thus must contain the exchangeable p-oxo bridge (see supporting information S12). No further
restriction can be made as O4 and O5 are arranged in a similar fashion relative to the Mnp;-N bond. It is
also noted that the Mnp,-His332 '*N signal’>" is not significantly perturbed by the binding of ammonia
suggesting ammonia does not affect the ligand environment of the Mnp, ion. This further supports the
assignment of the exchangeable p-oxo bridge to either O4 or OS5 as these are the only bridges (along

with O2) that are not ligands of Mnp.

5.4 Literature evidence for an exchangeable p-oxo bridge — FTIR spectroscopy and mass
spectrometry. Low frequency FTIR spectroscopy supports the above hypothesis that the OEC contains
an exchangeable p-oxo bridge. In the higher plant study of Chu et al.”’ a Mn-O mode was identified in
the S,/S; difference spectrum, downshifting from 625 cm™ to 606 cm™. This mode also showed an
isotope labeling effect, shifting 10 cm™ in samples suspended in H,'®*0.°" Similar results were also
obtained for 7. elongatus core preparations by Kimura et al.”” Recently, it was demonstrated that this
exchangeable p-oxo bridge signal is not observed in NHj treated samples.”® Unfortunately, as the FTIR
experiments require long incubation times to reach thermal equilibrium, this signal could not be
straightforwardly assigned to a potential substrate. Our rapid dilution exchange EDNMR experiments
(Figure 5B) support such an assignment. By comparison of these PSII FTIR signals to data obtained
with Mn (di-p-oxo0) and related Mn/Fe compounds - both in terms of the frequency of the vibrational
mode and the magnitude of the isotope effect - this signal was assigned to a Veym(Mn-pO-Mn) bridge or
potentially a pp-0x0, ps-oxo bridge. Interestingly, this mode was sensitive to Sr** substitution (upshift

by 12 em™), but insensitive to **Ca substitution.”’ Chu et al. used this finding to favor that the Sr-
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induced shift is due to an indirect structural change and not to a direct ligation of this p-oxo bridge to
Ca/Sr. However, EXAFS data by Pushkar et al.'® and our recent EPR/ENDOR data (Cox et al.””,
Lohmiller et al.”*) show that no significant structural change is imparted to the Mn4Os cluster by Ca/Sr
substitution or even Ca depletion. It is therefore suggested, that the above FTIR data indeed provide
direct evidence for Ca/Sr ligation of the exchangeable bridge and that the significantly smaller
vibrational shift to be expected from *’Ca/**Ca exchange was lost within the S/N of the FTIR
experiments. It is noted that of the two bridging ligands that are considered candidates for an
exchangable p-oxo bridge, only O35 is a p-oxo linkage of the Mn4Os cluster to the Ca®” ion and thus the
observed shift induced by Sr** favors O5 as the exchangeable p-oxo bridge. This assignment also seems
to fit best with the exchange kinetics of the slowly exchanging substrate water (W) as determined by
fast membrane inlet mass spectrometry.” The rate of exchange is significantly increased by
replacement of the Ca ion with Sr,*"** favoring the Mn/Ca-bridging O5 as opposed to the non-Ca ion

bridging O4 ligand.

5.5. A fast exchanging p-oxo bridge. The demonstration that a Mn p-oxo bridge of the OEC can
exchange on a timescale similar to that of the substrate is novel. Similar fast exchange rates have yet to
be observed in model systems’ including a recent report for the superoxidized Mn catalase

metallocofactor.*®

For synthetic complexes, dissolved in organic solvents, this difference in p-oxo
bridge exchange rates is perhaps unsurprising. These models lack several features of the OEC, such as
nearby acid/base derivates that presumably couple oxygen inclusion with proton release/uptake. The
same rationale cannot be applied to the slow exchange seen for the Mn catalase model as it contains
many of these features. As such it is unclear why the measured exchange rate of the p-oxo bridge in this
system is so slow. It should be noted though, that the state characterized was the superoxidized state
(Mn"™Mn") which is not physiological. Similarly, the physiological states (Mn"Mn"/Mn"Mn") of the

cofactor do require the bridge to be exchangeable as one of the bridges represents the first substrate

(HOOH) of the dismutation reaction. In addition, in the di-Mn catalase the oxo-bridge is not connected
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to a Ca”"/Sr*" ion with terminal water-ligands, and the hydration sphere of the Mn'" is smaller; it has one
water ligand as opposed to two (see Figure 1, Mna4), and this water is located in a hydrophobic pocket.
It has also been suggested that internal oxygen-exchange between terminal water-ligands to Ca (or Mn)
may allow the fast exchange observed for O5 (Ws).”>*

In the same study on the Mn catalase, water/ p-oxo bridge exchange in the S; state of the OEC was
examined. It was found that long incubations in H,'’O water were required to exchange a putative p-
oxo bridge signal; likely the same species observed in the present study. In addition, no fast exchanging
signals attributable to terminal bound Mna4-water/OH were reported. Both of these results do not agree
with the findings presented in this manuscript. The latter observation is especially curious as in all

model systems terminal water ligands exchange rapidly. At this point we cannot offer a concrete

explanation for this discrepancy.

5.6 Consequences for the mechanism of water oxidation. The question of what catalytic reaction
pathway the OEC employs to generate an O-O bond is essentially two-fold. It requires both the
identification of the two substrates sites and an understanding of the chemical mechanism via which
these adjacent substrates couple together. Importantly, these two considerations are not mutually
exclusive. The position of the substrate site(s) limits the chemistry that can occur and visa versa.

The chemical mechanism via which the two oxygen atoms couple together can be broadly grouped into
two classes: ) mechanisms that involve nucleophilic attack between two substrate oxygen atoms and II)
oxo/oxyl radical coupling of two Mn oxygen ligands (Figure 11). The nucleophilic attack mechanism
has the advantage that it has been previously observed in Mn model systems that perform O-O bond
formation. However, these systems display turnover rates orders of magnitude slower than that of the
OEC.”™® In contrast, the radical coupling mechanism has no precedence in Mn model chemistry but is
often the energetically favorable pathway for efficient O-O bond formation in 2" row transition metal
catalysts such as the ruthenium blue dimer (for a recent review see ref’’). Within these considerations a

number of pathways for O-O bond formation have been proposed in the literature®'*!%-2348-70.100-104 (£,
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8,10,11,48,96

a more complete discussion on mechanisms proposed for the OEC see Refs. and the citations

therein).

@ *Mn @ 80 @ 70 (exchangable, non substrate)
O “Ca O '"H @'0 (exchangable, substrate)

Figure 11. Possible catalytic pathways of O-O bond formation consistent with the recent crystal
structure of Umena et al.' and the substrate exchange data presented here. Both class I (nucleophilic
attack) and class II (oxo/oxyl radical coupling) are shown. The left hand side structure represents the S,
state probed by EPR/EDNMR. The right hand side structure represents the inferred S, structure prior to
0-0 bond formation and release. The Mn4(V)=0 may equally be considered a Mn(IV)=0" or Mn(IV)-

O’ species.

There are a number of class I type nucleophilic attack mechanisms proposed in the literature that differ

in the locations of the substrate oxygen atoms within the Kok cycle and thus where O—O bond formation
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occurs. Here we limit our discussion of reaction mechanisms to those broadly consistent with current
crystallographic data. Specifically the two substrates are thought to be:

Ia) a Ca’™ bound water/hydroxo and a Mn'-oxyl or Mn'-oxo species, presumably W3 and
W1.21001% 1y some proposals the Ca”" bound water/hydroxo is considered to be the slow
exchanging substrate.'"’

Ib) two terminal water/hydroxo ligands (W1 and W2) on Mnag;'

Ic) a p-oxo/hydroxo bridge between Mnc; and Mnp; (O1) and the Ca®" bound W4.'%%1% The Mn u-
oxo /hydroxo is considered to be the slow exchanging substrate.

Id) O5 (which is a water molecule in S;) and an as yet unidentified water.'**

Suggestion Id is unique in that it assumes a low-oxidation state model for the OEC Kok cycle (S; =
Mny(ILILIILIV), in contrast to the other models, which favor the high-oxidation state model (S; =
Mny(IILILIV,IV).'

There is also a number of class II type radical coupling mechanisms in the literature, for reviews see
Refs.®!01148709 Here we limit our discussion to the most detailed and rigorous proposal at present, the
mechanism proposed by Siegbahn.® In his catalytic cycle, the slow exchanging substrate is considered to
be the O5 p-oxo bridge between Mna4 and Mngs. The fast substrate binds then at the open coordination
site on the Mnp, as water/hydroxo in S,/Ss, forming an oxyl radical in S4 (see Figure 11).° As detailed
above, the '"O EDNMR data presented here suggests that one of the exchangeable-substrate oxygen
atoms in S; (and S;) is a p-oxo bridge, most likely OS5 (see Figure 11). This location and protonation
state (in the S, state) for this putative substrate position is only consistent with the class Il mechanism of
Siegbahn. However, the nucleophilic attack mechanisms la and Ib can potentially be modified to
include this requirement. In the modified la' (equally Ic') type reaction, the two oxygens that form the
0-0 bound would be instead the Ca*" bound water/hydroxo (W3) and bridging p-oxo (05).'” Similarly,
in a modified Ib' type reaction, the two Mna4 oxygens that form the O-O bound would be a terminal
water/hydroxo (W2) and bridging p-oxo (05).'” In contrast, mechanism 1d cannot be readily modified

as it requires O5 to be a water ligand in S;/S;, which is inconsistent with '"HH-ENDOR data shown
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above. The type II (Siegbahn) mechanism allows for the possibility that O-O bond formation can occur
in the S; state, i.e. the WOC contains a complexed peroxide in the S state which presumably is in redox
equilibrium with various other forms of S, that may include an oxygen radical and/or a formal
Mny(IV,IV,IV,IV) state. Upon formation of the S;Y state, only centers which contain the complexed
peroxide configuration are able to donate an electron to Yz and liberate O,. Thus the rate of the S3—Sy
transition reflects the equilibrium constants between the different S; redox states, and would follow
directly the time course of Y7 reduction as observed experimentally.”®

For the definitive assignment of the exchangeable p-oxo bridge observed here by '’O EDNMR data to
the slowly exchanging substrate W the matching of the exchange rates needs to be demonstrated. Since
sufficient time resolution has not currently been achieved for the EDNMR experiments, our present data
do not yet definitively assign this p-oxo as a substrate. As such, mechanisms Ia and Ib as currently
proposed are still potential pathways for catalytic O-O bond formation, but not Ic as it requires an
exchangeable O1 which is inconsistent with the '’O-EDNMR data shown above. However, it should be
noted that class I type nucleophilic attack mechanisms have been historically favored as they do not
involve p-oxo bridges, which were previously considered to be slow exchanging and thus catalytically
irrelevant. As this is not the case, a concerted tetramer mechanism, such as that proposed by Siegbahn,’
which uses the unique geometry of the Mn4OsCa cluster to bind and position the two substrates, presents

a more appealing pathway than that of momomeric Mn chemistry.

6. CONCLUSIONS

In this article the nature of the substrate bound to the OEC poised in the S, state has been addressed.
It is shown that one of the five p-oxo bridges and at least one of the two terminal water ligands of Mnaa,
identified in the recent X-ray structure of Umena et al.' contribute to the measured '’O EDNMR signal
as seen using W-band EPR spectroscopy. Furthermore, it is shown that all ‘waters’ exchange within 15

s, consistent with substrate exchange as assessed using time resolved mass spectrometry. The identity of
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the exchangeable p-oxo bridge was resolved using model complex data. In these models it is shown that
the p-oxo bridge motif is well characterized by the hyperfine tensor anisotropy. The hyperfine tensor
anisotropy and orientation observed for the exchangeable p-oxo bridge of the OEC constrain its position
to either O4 or OS5, i.e. the p-oxo bridges that connects the outer Mn to the Mn3;O3;Ca open-cuboidal
unit.

The observation that a p-oxo bridge can exchange on timescales similar to that of the substrate and
that the bridge is fully deprotonated in S, both support the mechanism of O-O bond formation put
forward by Siegbahn.® Here the reaction pathway proceeds via an oxo/oxyl coupling mechanism in S.
Interestingly, this model for water oxidation excludes the binding of both substrates in the resting states
(So, Sy) of the catalyst. This feature may in part explain the high selectivity of the OEC towards O,
formation disfavoring ‘catalase like’ two-electron chemistry. While the structural change that would
allow a second substrate (Wy) to bind at the open coordination site of the Mnp; remains unclear, a
growing body of evidence from both EPR and FTIR studies suggest that binding is associated with S;

formation.
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ABSTRACT. A multi-frequency pulsed EPR study of the electronic structure of the p-oxo bridge for
high valence manganese (Mn"/Mn"") is reported via magnetically labeling the oxygen atom of the
bridge with 'O isotope (I = 5/2, natural abundance 0.038%). Two complexes are examined: the planer
bis-p-oxo bridged BIPY complex ([Mn"Mn"'(u-0)2bipy,]C104, BIPY = bipyridine) and the bent, bis-pi-
oxo-pi-carboxylato bridge DTNE complex ([Mn"'Mn"(u-0),(u-0,CCH;3)DTNE]BPh,, DTNE = 1,2-di-
(1,4,7-triazacyclononyl)-ethane. These complexes are structurally similar to metallocofactors seen in
biological enzymes including: (i) the di-manganese catalase, which catalyzes the dismutation of H,O, to
H,0 and O»; (ii) the recently identified di-manganese cofactor of class Ib ribonuclotide reductase and;
(ii1) the tetra-manganese oxygen evolving complex (OEC) of Photosystem II, which performs the multi-
step oxidation of H,O to O,. CW and pulse X/Q and W-band EPR measurements of the DTNE complex
reveal line-broadenings (~10 MHz) in the 'O labeled complex relative to their '*O labeled counterpart,
prepared in exactly the same way. Consistent with this observation, signals readily attributable to the '’O
nucleus were observed high field (W-band) using ESEEM (HYSCORE) and EDNMR spectroscopy.
Spectral simulations of the entire data set using the Spin Hamiltonian formalism reveal a '’O isotropic
hyperfine coupling of Ai~7-8 MHz. The 'O hyperfine tensor is highly anisotropic (5 MHz) and
rhombic, consistent with the hyperfine anisotropy being through space (dipolar) in origin. Estimates are
also made for the quadrupole tensor. Similar results were obtained for the BIPY complex. BS-DFT
calculations are shown to be in agreement with experimental values. The isotropic hyperfine coupling
seen here for the p-oxo bridge is significantly smaller than previously reported for corresponding Fe

complexes, presumably because Fe"™ delocalizes its valence d-electrons across its ligands to a greater

v v

extent than Mn " ". The trend seen for the isotropic hyperfine couplings of ligands to Mn"" " complexes

I

is: all terminal Mn"" ligands and terminal Mn"™ equatorial ligands have small couplings (2-4 MHz),

11

bridging ligands have intermediate couplings (7 MHz) and the axial ligands of Mn™ (which lie along the

Jahn-Teller axis) have large couplings, in excess of 10 MHz. It is hypothesized that the magnitude of the
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isotropic hyperfine coupling, along with hyperfine anisotropy, can be used as a fingerprint for ligand

identity for Mn metallocofactor systems.

1. INTRODUCTION

The development of synthetic catalysts for a diverse number of chemical problems is increasingly
turning to nature for inspiration as biological systems use cheap, abundant materials to do complex
multielectron chemistry. Of particular interest is the oxygen evolving complex (OEC) of the
Photosystem II enzyme, which performs the four-electron, four-proton water-splitting reaction. Recent
crystallographic data at atomic resolution has resolved the basic topology of the manganese tetramer that
comprises the OEC.! Five p-oxo bonds provide the network of bridges linking the four manganese
together. This p-oxo/hydroxo motif is common structural feature of homo and heteronuclear metal
clusters and governs the electronic (exchange) coupling between the metal ions. Examples of
manganese containing metallocofactors include: the di-manganese catalase™”, b) the recently identified
Mn containing class Ib and 1c ribonuclotide reductases*; ¢) the purple acid phosphatases.’

Electron paramagnetic resonance (EPR) and complementary techniques, such as ESEEM and
ENDOR, are ideal methods to specifically probe the electronic nature of the p-oxo bridge via isotopic
labeling with the paramagnetic '’O nucleus. The low natural abundance (0.038%) of the oxygen isotope
("’0) together with its less than ideal magnetic properties including i) a large nuclear spin / = 5/2, ii)
small nuclear g-factor and iii) non-trivial nuclear quadrupole moment Q = -2.558 fm?, have resulted in a
relatively small number of examples presented in the literature. These magnetic characteristics generally
yield in a large number of spectral splittings, which are often difficult to disentangle from spectral lines
of other nuclei including *H and "*N/"°N, especially at low microwave frequencies.

70 labeling has been successfully employed to characterize the p-oxo bridge of two Fe containing

metallocofactors: the mixed Fe"Ni™ (S = 1/2)® the active site of a class of Hydrogenase enxymes and
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non-mixed Fe"Fe'" (S = 1/2)° of the small subunit of class 1 ribonulceotide reductase. Both of these
studies used low-frequency (X, Q band) ENDOR to characterize the '’O in p-oxo bridges. The measured
hyperfine couplings were is the range of 10-15 MHz. The large hyperfine anisotropy (14-23 MHz),
which arises dominantly from the through space dipolar interaction of the '’O nucleus and the electronic
spin, together with the large quadrupole splitting (3-11 MHz), a consequence of the large electric field
gradient experienced by coordinating ligands, resulted in very broad ENDOR transitions. As such, a
constrained fitting of these data sets was only achieved by restoring to 2D techniques, where the
magnetic field dependence of the ENDOR signals was mapped out. The large g-anisotropy of these two
systems ensured a high level of orientation selectivity.

In investigating the p-oxo bridge of Mn complex a good starting point is the mixed valence complexes
such as Mn"Mn" and Mn"™Mn". These typically exhibit antiferromagnetic coupling leading to the
ground state configuration of total electron spin (St) of % ">, The St = state manifests itself in CW-
EPR as a characteristic multiline signal centered at g~2. The large number of spectral lines observed
arises from the coupling of the two >>Mn nuclei to the total unpaired electronic spin, i.e. the
inhomogeneous linewidth is defined by the >Mn hyperfine; the intrinsic g-anisotropy is small. This in
contrast to the Ni-Fe and Fe-Fe systems discussed above,*’ both of which have large g-anisotropy which
defines the width of the signal. Thus there is virtually no disadvantage (in terms of increased orientation
selectivity) with mixed valence Mn systems upon shifting to higher frequency, since the inhomogeneous
linewidth of the EPR signal is virtually invariant when measured at X, Q and W band.

To date, there is only one report of a Mn-O-Mn bridge motif.'* Brudvig and coworkers reported a
structureless 'O signal using Q-band ENDOR (i.e. as used in Fe-Fe, Fe=Ni studies) centered at 12.8
MHz. This signal was assigned to the v'('’O) branch of the nuclear manifold. The vi(*’O) branch was
unobserved, presumably appearing at ~0 MHz. An estimate of the isotropic coupling was made taken
from the peak of the envelope. No estimates were reported for either the hyperfine anisotropy or

quadrupole coupling.
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Recently, high field EPR (95 GHz) has been shown to be ideal for the study of nuclei with low nuclear
g-values i.e. "N, '70. At these high frequencies, the nuclear Zeeman term is now the leading term of
the Spin Hamiltonian, and thus, the hyperfine and quadrupole terms can be treated to 1* order. Goldfarb
and coworkers have demonstrated at this frequency the number and scope of pulse EPR experiments
open up. They have successfully resolved the solvation of Ga complexes using Mims ENDOR."
Similarly, they have demonstrated ESEEM techniques such as HYSCORE are readily applicable to '’O
nucleus.

Here we demonstrate that high field pulsed EPR/ENDOR/ESEEM/EDNMR can be successfully
employed for deriving the complete electronic structure of the Mn-z~O-Mn motif. The two complexes
used are the well-characterized [Mn"'Mn"(u-O)-(p-piv)>(Mestacn),](Cl04), (DTNE) complex
previously reported by Weyhermiiller et al.'® and the [Mn"Mn" (1-O),bipys]ClOs4, (BIPY). Both
complexes contain a bis-p-oxo bridging template (see Figure 1). The DTNE complex has an additional
p-carboxylato (p-piv) bridges between the two Mn ions (see Figure 1B). Because of this additional
bridge, the DTNE complex is considered a better structural mimic of Mn metallocofactors seen in
several enzymes. The oxidation states of the two Mn ions for both complexes can be identified from the
crystal structure due to the elongation of the Mn(1)-N(5) and Mn(1)-N(5) bonds in the BIPY structure
and the elongation of the Mn(1)-N(5) and Mn(1)-O(3) bonds in the DTNE structure. This elongation
represents the Jahn-Teller axis of the Mn". The use of three microwave frequencies and multiple
spectroscopic techniques tightly constrains all Spin Hamiltonian terms. It is seen that two complexes are
highly similar in terms of the electronic structure of the p-oxo bridge. BS-DFT calculations further
refine out understanding of the Mn-z~O-Mn motif, providing a rationale for the trends seen in the
isotropic hyperfine, hyperfine anisotropy and quadrupole couplings observed in these two model

systems.
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Figure 1. '"O-labeled manganese dimer model complexes. A) planer Mn"-nO»-Mn'" BIPY complex'”
1. [Mn"Mn" (u-0)2bipy4]C104, BIPY = bipyridine. B) bent Mn"-puO,-Mn" DTNE complex,
[Mn"Mn" (u-0),(u-O,CCH3)DTNE]BPh,, DTNE = 1,2-di-(1,4,7-triazacyclononyl)-ethane.”***  The
bridging oxygens of the BIPY complex have an identical chemical environment. In contrast, the
bridging oxygens of the DTNE complex are not strictly identical due to the additional bridge (-
N(CH,),N-) that connects the two ligand adducts. The dashed line indicates the Jahn-Teller axis of the

Mn" ion.

2. MATERIALS AND METHODS

2.1 Low frequency (X, Q) EPR measurements. X-Band pulse EPR measurements were performed
at 40 K using a Bruker ESR 200D spectrometer, equipped with an Oxford Instruments ESR 935 cryostat
and ITC4 temperature controller. Q-band pulse EPR measurements were performed at 40 K using a
Bruker ELEXSYS E580 Q-band pulse EPR spectrometer, equipped with homebuilt TE(;; microwave
cavity,”' Oxford-CF935 liquid helium cryostat and an ITC-503 temperature controller. All ENDOR data
was collected using an external home-built computer console (SpecMan4EPR control software®?*) with
the ELEXSYS E580 X-band pulse EPR spectrometer, coupled to a external RF generator (SMT02 signal
generator) and RF amplifier (ENI 5100L). Electron spin echo-detected (ESE) field-swept spectra were

measured using the pulse sequence: t,—7—2t,—7—echo. The length of ©/2 microwave pulse was generally
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set to t, = 8 ns (X-band), 24 ns (Q-band). The interpulse distance was varied in the range 7 = 200-500
ns (X-band), 200-500 ns (Q-band). '’O ENDOR spectra were acquired using the Davies-type pulse
sequence: tj,, —trr—T—t, —7— 2t, —z—echo using the length of inversion microwave = pulse of t;,, =128
ns, radio frequency m pulse length of tgg= 6 us. The length of m/2 microwave pulse in the detection
sequence was generally set to t, = 64 ns and the interpulse delays to 7= 1.5 ps and 7 = 468 ns. 0
ENDOR spectra were collected using the Mims-type pulse sequence: t,—zt,~trr —T—t,—7—echo, with
t, = 8 ns, trgp=6 ps, 7 = 300-500 ns and T = 2 ps. The RF frequency was swept 20 MHz around 0-
larmor frequency of about 3 MHz (3.4 T) in 50 kHz steps. All ENDOR measurements were performed
using the random(stochastic) acquisition technique as described in Epel et al.*>. Usual sequential
acquisition resulted in a severe distortion the ENDOR spectrum caused by "heating artifacts", for details

see Kulik et al.”> A shot repetition rate of ~300 Hz was used for all measurements.

2.2 W-band EPR measurements. The high-field EPR experiments were performed at 40 K using W-
band EPR spectrometer (Bruker Elexsys E680) operating at about 94 GHz. All experiments were carried
out using homebuilt ENDOR microwave cavity manufactured in form of solenoid from Teflon coated
silver wire and integrated in to commercial W-band ENDOR probehead (Bruker). The RF coil contains
20 wire turns for the optimized RF performance at low RF frequencies (< 100MHz, optimum
performance at 20 MHz). To ensure the broadband microwave excitation and minimize the distortions
caused by high-power RF excitation, the loaded quality factor, Q;, was lowered to 700 to obtain the
microwave frequency bandwidth of 130 MHz.

Electron spin echo-detected (ESE) field-swept spectra were measured using the pulse sequence:
t,—7— 2t,—r—echo with t, =26 ns and 7 = 200-500 ns. '’O-Davies ENDOR spectra were collected using
the pulse sequence: tj,, —trr—T—t, —7— 2t, —r—echo with t;,, =128 ns, t, =24 ns, tge=15ps, T=1 ps
and 7= 348 ns. '"O-Mims ENDOR spectra were collected using the pulse sequence:
t,—7—tp—trr —T—t,—7—echo, with t, = 24 ns, tgg= 15 ps, 7 = 300-500 ns and T = 1 ps. In both ENDOR
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experiments the RF frequency was swept 6.4 MHz around '’O-larmor frequency of about 19.7 MHz (3.4
T) in 43 kHz steps.
ELDOR-detected NMR (EDNMR) measurements were done using the pulse sequence: typa —T—

t, —7— 2t, —7—echo. The high tuning angle (HTA) microwave pulse was applied at microwave frequency

Vmw. The detection Hahn echo pulse sequence t,- 1 - 2t,- T-echo at microwave frequency Vi

matched to the cavity resonance was set 2 us post HTA pulse to ensure the decay of the electron spin
coherencies. The pulse length for a detection n/2 pulse t, = 100 ns and the pulse separation t = 500 ns
were generally set. The echo was integrated 700 ns around its maximum. The spectra were acquired
continuously sweeping the HTA frequency vy at fixed By in steps of 127 kHz. A low-power HTA
microwave pulse of tyra = 8-14us length was used to minimize the width of the central hole (see
supporting information) to allow resolution of the low frequency '*N/"°N spectral lines. The microwave
settings of EDNMR experiment do not represent the optimal conditions for the resolution of 'O
hyperfine couplings but instead are a compromise that allows simultaneous detection of both "N and

0 responses from both single and double quantum transitions, minimally perturbed by the central hole.

2.3 CW-EPR/°Mn-ENDOR simulations. = EPR/ENDOR/HYSCORE/EDNMR spectra were
simultaneously fit assuming an effective spin S = 2 ground state (see Theory section 3.2). The electron
Zeeman term was treated exactly. The nuclear Zeeman, hyperfine and quadrupole terms were treated
using second order perturbation theory. Spectral simulations were performed numerically using Scilab-

4.4.1, an open source vector-based linear algebra package (www.scilab.org) and the EasySpin package25

in MATLAB.

2.4. Geometry optimizations and EPR parameter calculations using BS-DFT. The Mn"Mn'"

BIPY and DTNE models were optimized in the high spin state (S=7/2) using the B3LYP hybrid density

26,27
1 B

functiona along with the most recent DFT dispersion corrections from Grimme®® and the zero-order

regular approximation (ZORA) to account for relativistic effects®>' The segmented all-electron
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relativistically contracted (SARC) SV(P) basis sets®> were used for all light elements (H, C, N and O)
while the SARC TZVPP basis set was used for the Mn atoms® Optimizations took advantage of the
chain-of-spheres RIJCOX approxirna‘[ion33 with the decontracted auxiliary TZVP/J Coulomb fitting
basis sets as implemented in ORCA.* Increased integration grids (Grid4 in ORCA convention) and
tight SCF convergence criteria were used throughout. . Hyperfine tensors for the N, O and Mn atoms
were calculated from the broken symmetry solution using the same methodology as published
previously for a model Mn"Mn" PivOH S=1/2 complex.”® Solvation effects were modeled using the
conductor-like screening model (COSMO) with the dielectric constant of acetonitrile (€ = 36.6) for all

. 36,37
calculations.™

3. THEORY
3.1 The Spin Hamiltonian Formalism. Here we consider an antiferromagnetically exchange coupled
Mn'"™-0,-Mn" dimer. A basis set that describes the Mn-dimer spin manifold can be built from the

product of the eigenstates of the interacting spins:

|S,S,M M, I,1,mm,L L,l1,), (Eq. 1)

Here §; refers to the electronic spin state of Mn;, M; refers to the electronic magnetic sub-level of Mn;,
I; refers to the nuclear spin state of Mn;, m; refers to the nuclear magnetic sub-level of Mn;, L; refers to
the nuclear spin state of O;, and k; refers to the nuclear magnetic sub-level of O;. S; takes the value 2 for
Mn'™ and 3/2 for Mn'"; M; takes the values: Si. Si-1, ... , 1-8, -S;; I, takes the value 5/2 for >*>Mn (100%
natural abundance); m; takes the values —1;, 1-1, ....., [i-1, [;; L; takes the values 5/2 for 70; and I, takes
the values —L;, 1-L;, ....., Li-1, L;.

The Spin Hamiltonian that describes the spin manifold of the '’O labeled Mn dimer is:

IL\I:ZﬁeEOgl AS?t _ZgMnﬂn é:)f;_ngﬂn B?:)ZZ+ZL§)Z&Mn’IiI>
l - - la - ; - ; N o - - (qu)
+ZZSI.~&0,I_],LJ.+Zli-;§MM~11.+ZLZ.~;50,I_-Ll.+ZSi~d,.~Sl.—2S1.J-Sz
i i i i

169



It contains: i) an electronic Zeeman term for each Mn ion ; ii) a nuclear Zeeman term for each >Mn

and 'O nucleus; iii) an electron-nuclear hyperfine term for each >>Mn and '’O nucleus; iv) an nuclear
1 . .

quadrupole term for each *Mn and 'O nucleus; v) a fine structure term for each Mn ion; and vi) a

electron spin coupling term for the Mn-Mn interaction.

3.2 An Effective Spin 2 Ground State. The electronic coupling between the two Mn ions in mixed
valence Mn dimers is usually dominated by the through bond exchange interaction and sufficiently large
that the spin manifold can be treated within the strong exchange limit. In this instance the exchange
interaction between the two Mn ions is significantly larger than any other term of the Spin Hamiltonian.
The resultant electronic spin states of the manifold are then adequately described by a single quantum
number, the total spin (St). The ‘multiline’ EPR signal observed for the DTNE complex is derived
from only one total spin state, the ground state of the spin manifold with total spin St = 2. The basis set

that describes this subspace takes the form

M m m, L L, I 1) (Eq. 3)

1
2

Where M takes all half-integer values: —4 <M <1; m; (where i = 1-2) takes all half integer values:

[S][vY

<m, <3; L; takes the value 5/2 and k; talks all half integer values —3 </, <3 . The effective Spin

Hamiltonian that describes the ground state of the spin manifold (St = %) is:

H = p. BO-G-S+Z(gMnﬂn By- 1, +S- laMn,i 'Ii"'li'ﬁMm ']ij
+Z[g0ﬂn O'LI+S AO; l+ i POI tj
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It contains: 1) the electronic Zeeman term for the total electronic spin; ii) nuclear Zeeman terms for
each >>Mn and 'O nucleus; iii) electron-nuclear hyperfine terms for each >>Mn and 'O nucleus and; iv)

nuclear quadrupole terms for each *>Mn and '’O nucleus.

3.3 Isotropic Spin Projections. A mapping of the spin subspace in section 3.2 onto the original basis
set as described in section 3.1 can be made. This allows the intrinsic g and hyperfine tensors of the two
Mn ions and the two '"O nuclei (g;, a;, see eq. 2) to be calculated from the effective G and hyperfine
tensors (G, A;, see eq. 4). For an exchanged coupled Mn"Mn™ complex the effective g-factor G,
hyperfine tensors A; and quadrupole tensors p; are related to the parameters of the complete spin
Hamiltonian of the exchange-coupled system®®’ by the spin-projection coefficients, where the isotropic
spin projection coefficients (p;, p,) are defined as :

S,(S, +1)=8,(S, +1)+S(s+1)

pr= 28(S+1)
(Eq. 5)
(MnIV) _ SZ(SZ +1)—S1(S1 +1)+S(S+1)
> 25(S +1)

and effective G and hyperfine values (4;), assuming all g; and a; are isotropic and the exchange

coupling J is large:

G=pg +p,e, P »
Mn, | Mn, |

Ay, = P18y,

M i PMn,2 pan

AMn,2 = P2, P, =p, (Eq. 6)
1 1

Ao, = P18y TP2a0 p

A W 0,2 pO,z

0,2 = pla0,2] + p2a0,22

For an Mn"Mn"" dimer, Siovnmny = 25 and S>vinrvy = 3/2 which gives isotopic spin projection values of

pi =2 and p, = -1, respectively. The above relations are thus approximately: G =2g; — g,

Ayt = 2amn1, Avn2 = A2, Ao =2a0,11 —ao12, Aoz = 200,12 —a022; Py = Pum1s Punz = Pun2;
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8,40

Poi1=po1, Po2=po2 3 Note that for terminal ligands such as 14N, the same projections apply as for

the individual Mn nuclei.

4. RESULTS AND DISCUSSION
4.1 EPR Spectroscopy

4.1.1 Multi-frequency CW/pulse EPR data. CW and pulse EPR data of the Mn"Mn'Y DTNE
complex dissolved in butyronitrile (5 mM) are presented in Fig. 2. Pulse EPR data were collected using
the Hahn echo sequence. A standard 16 line EPR pattern typical of mixed valence Mn"Mn'" was
observed at all frequencies. The X-band CW-EPR lineshape of the '°O-DTNE complex matched those
of an earlier study of Schifer et al. Similarly the pseudo-modulated pulse X, Q and W band spectra of
the '°O-DNTE complex are very similar to this previous study; the observed line positions are
unchanged, but specific line intensities do differ by up to ~10%. Optimal reproduction of the CW-EPR
lineshape using pulse EPR was achieved using t values in excess of 380 ns. Using either FID detection
or Hahn echo sequence did not significantly change the measured pulse spectrum. The relatively slow T}
relaxation time observed for this complex required the measurement temperature to be above 30 K for
efficient data collection (shot rep rates of 1000 ps). Similar results were obtained for the '°O labeled
BIPY complex dissolved in 1:3 acetonitrile:dichloromethane.

Typical for these type of manganese complexes, the total spectral breadth (the inhomogeneous
linewidth) of the EPR signal is approximately the same at all frequencies used in this study; the g-
anisotropy of the complex is small. The intrinsic (homogeneous) EPR linewidth of the major 16 lines is
very narrow when using the solvent butyronitrile (FWHM 30 G — X-band) and additional side lines are
resolved throughout the EPR spectrum. This fine structure is more readily observed at X-band,

suggesting g-strain contributes to the EPR linewidth at higher frequency.
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Figure 2. CW and pulse EPR data of the Mn""Mn"" DTNE complex dissolved in butyronitrile (5 mM).
The data is shown in black lines. A simulation of the data using the Spin Hamiltonian formalism is

shown by the red dashed lines superimposing the data. The simulations are described below. All EPR

parameters are given in the materials and methods section.

The 'O label was incorporated via isotope exchange with 'O labelled water. The final complex
contained approximately 1:3 ratio of '°O to '"O bridges. Labelling of the DTNE complex with 'O led
to a significant increase in the homogeneous EPR linewidth. Line broadening (FWHM 40 MHz, X-
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band) was observed at all frequency, but again, was most readily observed at X-band. Here, the fine
structure of the spectrum is lost such that only 16 lines are observed. The same labelling procedure was
repreated with '°O labelled water. The '*O labelled DTNE complex is identical to the standard '°O
DTNE complex (data not shown). Exactly the same spectral lines are reproduced of identical linewidth.
Similarly, the additional side line structure see in the '°0 DNTE complex is preserved in the '*O
complex.

Similar results were obtained for the BIPY complex (data not shown). Importantly, the same
magnitude in linebroadening was observed for the '"O-BIPY complex as compared to the '°O-BIPY

complex.

4.1.2 Pulse Mims/Davies '"O-ENDOR measured at low frequency (X-band). Mims/Davies
ENDOR was performed on both the 'O and '®O labeled DTNE complex described above. In the '°O
labeled sample two sharp lines at 5.5 MHz and 7.5 MHz were observed using Mims ENDOR, split by
~2 MHz. The doublet had a pronounced dependence on the magnetic field used, with the center of the
doublet shifting 0.5-1.0 MHz to higher frequency when comparing the ENDOR spectrum, collected at
the high and low edge of the EPR signal. This doublet is consistent with its assignment to the double-
quantum transitions of a "N ligand (A~1 MHz). The signals were no observed in the corresponding
Davies ENDOR experiment.

In 'O labeled DTNE complexes a new, broad signal was observed using both Mims and Davies
ENDOR. The new signal appears at ~6 MHz. Unlike the background '*N doublet, the frequency
position of this new signal had only a weak dependence on the magnetic field used. This behavior is
consistent with the assignment of this signal to a strongly coupled (A> 2v(*’0)) 'O Mn ligand. 1t is
suspected that this turning point only represents half of the '’O-ENDOR signal, specifically the plus (+)
branch, see sections 4.1.5 and 4.1.7. Assuming the hyperfine coupling is isotropic and quadrupole

splitting is ignored, the position of the '"O-ENDOR signal is given by the equation
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v’ (170): ‘f% + v(”O] , where A4 is the isotropic hyperfine coupling and v('’0) the Larmor frequency of

the '’O nucleus at a given magnetic field (350 mT, v(*’O) = 2.02). Thus the estimated '’O hyperfine
coupling is ~8 MHz. It is emphasized though that this is only a rough estimate and that a Spin
Hamiltonian simulation of the entire lineshape, inclusive of hyperfine anisotropy and quadrupole

splitting is required to give an exact estimate.

170
160/180
Difference

9 GHz (X-band) Davies/Mims-ENDOR

4 6 8 10 12
Radio Frequency (MHz)

Figure 3. X-Band '"O-ENDOR using the Davies and Mims pulse sequence of Mn"Mn" DTNE
complex dissolved in butyronitrile (5 mM). The colored traces represent Mims ENDOR spectra of the
0 labeled (red) and '°O labeled (blue) DTNE complex. The difference is show in green. The offset

black trace represents corresponding Davies ENDOR spectra of the '’O labeled complex. Panels A, B, C
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correspond to three field (By) positions measured: the low field edge 317 mT (C), the center field 347
mT (B) and the high field edge 371 mT (C). All EPR parameters are given in the materials and methods

section.

4.1.3 High Field (W-band) O-HYSCORE. W-band HYSCORE was performed on both the '°0 and
70 labeled DTNE complex described above (Figure 4A). In the unlabelled '°O DTNE sample two
discrete cross peaks were observed in the ++ quadrant, centered about the Larmor frequency of "N
[v('**N) ~10.4 MHz]. They both have crescent structure with the maxima appearing at [5 15, 15 5] MHz.
These cross peaks are consistent with a dominantly isotropic hyperfine coupling of ~10 MHz.

In the corresponding 'O labeled DTNE complex, two new signals are observed: a structrured
correlation ridge centered about the Larmor frequency of 70 [v(”O) ~19.5 MHz] and a second ridge
which appears about 1.5 times the Larmor frequency (~29.3 MHz). The latter ridge is distorted due to
the limited bandwidth. When measured at single t values, the 1% correlation ridge resolves
approximately 6 peaks spaced by about 2 MHz. These represent blind spot artifacts that are partially
suppressed by averaging spectra at a series of t values. The spectrum shown in Figure 4A is an average
of three t values (396, 408 and 420 nm).

The two structured ridges observed for the 'O DTNE complex are derived from the single-single
quantum transition and single-double quantum transition correlations within the 'O sub-manifold
(Figure 4C). Importantly, as two ridges are observed, a rough estimate of the Ajs, and Aapiso terms can
be made by inspection. This is shown in Figure 4D. A, must clearly be large as there is no
separation of the two correlation ridges that make up the structured signal centered about the Larmor
frequency of '’O; for comparison see the '*N signal. However, A, must still be large to account for the
overlap of the second ridge about the diagonal, while still reproducing the spread of the 1* ridge signal.
In which Aj, is zero, the magnitude of Agiso required to observe this overlap for the single-double

correlation ridge yields a single-single correlation ridge which is significantly too broad. Thus, Ajs, and
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Aaniso must be of approximately the same size to reproduce the pattern. As a final comment it is noted
that the width of the 1% structured ridge along the diagonal gives the quadrupole splitting, which must be

of the order of 3-4 MHz
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Figure 4. W-Band '"O-HYSCORE Mn"Mn" DTNE complex dissolved in butyronitrile (5 mM)
measured at the center field 3372 mT. A) The colored traces represent Mims ENDOR spectra of the '’O
labeled (red) and '°0 labeled (blue) DTNE complex. The difference is show in green. The offset black
trace represents corresponding Davies ENDOR spectra of the 'O labeled complex. Panels A, B, C
correspond to three field (By) positions measured: the low field edge 317 mT (C), the center field 347
mT (B) and the high field edge 371 mT (C). All EPR parameters are given in the materials and methods

section.
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4.1.4 High Field (W-band) O-EDNMR. An alternative method detection of ''O hyperfine
couplings to correlation techniques such as ESEEM/HYSCORE is to directly drive transitions within the
nuclear manifold, i.e. ENDOR. Unfortunately for the two model complexes measured here, no ENDOR
signal could be obtained. An alternative to ENDOR is ELDOR detected NMR (EDNMR).*** Both are
an example of a polarization transfer experiment, but EDNMR is still more closely related to ESEEM.
In the EDNMR experiment, nuclear transitions of the spin manifold are probed indirectly using a second
microwave pulse, which pumps spin forbidden electron transitions, i.e. transition where both the
electron and nulclear spin change (Figure 5I and II). The pump pulse is swept around the resonance
frequency (Vmw). At microwave frequencies where the pump pulse coincides with the forbidden
electron transitions of the spin manifold, the observed primary echo signal decreases, leading to apparent
side-holes, which correspond to the nuclear transitions of the spin manifold. In addition, the pump pulse
excites the allowed transitions of the spin manifold (vmy'"). These results in a decrease in the observed
primary echo across the entire region swept. For the experiments shown here the response profile is
Lorentzian and as the pump pulse is rectangular. This profile is termed here the central hole. Side holes
appear symmetrically about the resonance frequency (Vmw'”), for an inhomogeneously broadened EPR
line where the EPR linewidth is larger than that of the nuclear coupling of interest (see Figure SIII).

At high field (W-band) though, the Larmor frequency of many low v nuclei (**N, '"0) is now
sufficiently large that signals from these nuclei can be resolved from the central hole even for the
circumstance where the coupling of the nuclei to the electronic spin is weak (i.e. less than twice the
Larmor frequency). For the model complexes described here the W-band EDNMR, the spectra contain
both "*N and '’O ligands in weak coupling limit; i.e. the lines associated with a particular nucleus are
centered at the Larmor frequency of the nucleus of interest, split by the hyperfine (and quadrupole)
coupling (see Figures 6 and 7). Importantly, at high field the Lamor frequency of 'O [v('’0) ~20 MHz]
is significantly different from that of N [v('*N) ~10 MHz], thus allowing both components to be
readily identified. For nuclei which have a nuclear spin greater than 'z, multiple quanta transitions are

observed. These are centered about scalar multiples of the Larmor frequency split by the same scalar
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multiple i.e. in the case of double quantum transitions, these are now centered about twice the Larmor
frequency split by twice the hyperfine coupling.

A cartoon of the multiple contributions to the EDNMR spectrum is shown in Figure 5.
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Figure 5. I) Typical EPR multiline spectrum seen for the exchange coupled Mn dimer systems
presented here. The '"O hyperfine couplings of O ligands bound to the Mn are smaller or of the same
order of magnitude of the linewidth of the EPR spectrum. IT) Cartoon of the '’O-spin submanifold at
the marked field position showing a selection of single and double quantum transitions. III) EDNMR

specta of individal single (green/blue) and quanta double (purple) transitions within the '’O-spin
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submanifold. Also shown is the net EDNMR spectrum for the "'O-spin submanifold including only

single and quanta double transition. The energy-level scheme/EDNMR spectrum assumes the weak
4
ik

4.1.1 "O-EDNMR of the bent Mn""-(n-0),-Mn'Y DTNE complex. The 2D EDNMR surface of the

coupling limit i.e. |e| >

70 labeled mixed-valent Mn"-pO,-Mn"" DTNE complex. In the 2D experiment, an EDNMR spectrum
is taken at a series of magnetic field positions across the EPR spectrum, forming a pictorial 2D EDNMR
surface (Figure 6C). As the Larmor frequency is linearly field dependent, the mean peak positions of
the side-holes linearly increases with respect to the central hole (vmw(o)) as the magnetic field increases.
As a consequence, not only the position but also the rate of change of the peak shift is characteristic of a
particular nucleus and as such can be used as a marker for the nucleus identity. It is noted that double
quantum transitions must have a field dependence twice that of the corresponding single quantum
transitions. The control '°O DTNE complex data are shown black in Figure 5 panels D, E and F,
resolving signals attributable to a '*N ligand. Both single and double quantum transitions are observed.
The single quantum transitions are centered about the Larmor frequency of "N [v(**N) ~10.4 MHz],
split by the hyperfine coupling and (full arrow in panels D, E, F), while double quantum '*N transitions
are centered at twice the Larmor frequency of "N [v(**N) ~20.8 MHz] and split by twice the hyperfine
coupling (dashed arrows in panels D,E,F). The "“N peaks are characteristically narrow with peak widths

I - .
ion which

of FWHM 3 MHz. This signal represents the strongly coupled '*N axial ligand of the Mn
sits along its Jahn-Teller axis. The remaining equatorial '*N ligands of the Mn" and all "N ligands of
the Mn'" are only weakly coupled and appear as a ‘matrix’ line centered at the '*N Larmor frequency. A
further splitting of the high frequency 1.2 MHz "N ligand is observed which is best resolved on the high
field edge. This splitting is tentatively assigned to a quadrupole coupling of 2 MHz.

The corresponding 'O labeled DTNE complex data are shown red in Figure 5 panels D, E and F.

The'’O signal observed is significantly different from that of the background "N signal. It is much
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broader and does not resolve any structure. The single quantum 'O transitions does not appear as a
doublet centered about the Larmor frequency of 'O [v('’0) ~19.5 MHz]. It instead is a broad envelope,
where a two peak structure is only observed for the EDNMR spectrum, measured on the low field edge
(Figure SF). An apparent splitting is all but lost for the spectrum, measured on the high field edge
(Figure 5D) and the spectrum in the center represents an average of the two edge spectra (Figure 5E).
While a discrete peak structure is absent for the '’O signal, the total width of the envelope still provides
a complete description of the ''O hyperfine tensor. The anisotropy of the 'O hyperfine tensor is
significantly larger than that seen for the '*N signal and of the same order as the isotropic '’O hyperfine
coupling as seen in the HYSCORE spectrum. The large difference seen between the low, high and
center field spectra suggests that the hyperfine tensor is not axial but rather has a high degree of
rhombicity.
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Figure 6. 94 GHz (W-band) EDNMR spectra of a '’O labeled mixed valence Mn"-nuO,-Mn'Y DTNE
complex. A: the projection of ELDOR detected NMR surface averaged over all field positions; B a two
dimensional representation (contour map) of the field dependence EDNMR signal; C, D, E a
comparison of the EDNMR signal seen for the '’O labeled complex (red lines) compared to unlabeled
complex (black lines) at three field positions, the low field edge 3302 mT (C), the third central line

3372 mT (D) and the high field edge 3432 mT (E).

4.1.1 O-EDNMR of the planer Mn""-(u-0),-Mn"" BIPY complex. The EDNMR surface of the
0 labeled mixed-valent complex is shown in Figure 7. Interestingly, the '’O-EDNMR spectra of the
BIPY complex is essentially the same as the DTNE complex; the width of the 'O signal profile and its
dependence on the magnetic field of the DTNE complex is approximately that of the BIPY complex.
The BIPY complex is though systematically broader by about ~2 MHz (for the single quantum

transitions).
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Figure 7. 94 GHz (W-band) EDNMR spectra of 'O labeled Mn"-nuO,-Mn"" BIPY complex. A) the
EDNMR surface averaged over all field positions; B) The EPR multiline spectrum of the complex in
field sweep mode. C) a two dimensional representation (contour map) of the field dependence EDNMR
signal; D, E, F) a comparison of the EDNMR signals seen for the '’O labeled complex at three field
positions (red lines) compared to those of unlabeled complex (black lines): D) the low field edge 3.303

T; E) the central field 3.373 T; F) the high field edge 3.443 T.

4.1.5 Spin Hamiltonian Simulations. The spectral profile of the 'O EDNMR signal at all field
positions could be simulated using the Spin Hamiltonian formalism described in the theory section.
Table 1 lists all Spin Hamiltonian parameters. These preliminary simulations required only one a

strongly coupled '"O nucleus as the two labelled p-oxo bridges are symmetrically related and a weakly
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coupled 'O nucleus representing a more distant matrix water molecule. The simulations are described
in the Theory section.

Simulations of the multi-frequency EPR spectra along with the W-band HYSCORE measurements
using the parameters fit to the EDNMR are shown in red (dashed lines/shaded area) in Figure 2 and 4.

It is readily seen that the simulations reproduce the spectral width and overall lineshape of the all the '’O

signal seen.

DTNE BIPY
Data ("N'7Q) Data (*N7Q)
EPR EDNMR -=--- Sim, EPR EDNMR -=-= Sim.
0 (bridge, 5Q) 0 (bridge, SQ)
; 70 (matrix, SQ) ; j 170 (matrix, SQ)
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Figure 8. Simulations of the EDNMR data presented in Figures 6 and 7 spectra using the Spin
Hamiltonian formalism. The black lines represent the data, the red dashed lines represent the

simulation. The different components of the simulation are shown by transparent colored traces. All

Spin Hamiltonian parameters can be found in Table 1
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Table 1. The principal values of the effective '*N and '"O hyperfine and quadrupole tensors for the

simulations of the BIPY and DTNE data

Spin Hamiltonian Parameters (MHz)

Ax Ay A, Ao Amiso  A(M) Q QM)
DINE N({JT) 90 90 135 105 15 00 2.0 0.0
N@w.e) ~1  ~1 ~1 ~1 0 0.0 - -
poxo 160 -2 70 70 45 10 3.0 1.0
H,0 20 4 20 0.0 2 0.0 10.0 1.0
BIPY N(UT) 110 11.0 -155 125 15 00 2.0 0.0
poxo 175 00 75 75 50 1.0 4.0 1.0

H,O -2.0 4.0 2.0 0.0 -2.0 0.0 10.0 1.0

Ajso 1s defined the average of the principal components of the hyperfine tensor: A;, = (Ax + 4y + A4,)/3.

A+ A A C. .
Aaniso 18 defined in terms of Aj, A, and Asas: 4 . = i I —73 and the rhombicity is as defined

aniso 2

1_A2

by: 1 = . A1, Ay and Aj; represent the three principal components of the hyperfine tensor minus

3

A5, and labeled such that |A1| < |A2| < |A3|

4.1.7 A fingerprint of the p-oxo-'"O bridge motif. The strong similarity of the two complexes shown
provides a basis for a magnetic fingerprint for a Mn p-oxo bridge. For table 1 it can be seen that the ''O
hyperfine tensor of the bridge should display: 1) a large isotropic coupling ~7-8 MHz and; ii) a hyperfine
anisotropy. The requirement of large hyperfine anisotropy is immediate from the strong field
dependence of the width of the '’O signal, where the low, high and center field spectra all have a
different width, suggest further suggests the hyperfine tensor is not axial but rather has a high degree of
rhombicity. In the simulations the hyperfine tensor is aligned such that the largest and smallest
components of the hyperfine tensor (in terms of signed magnitude) are aligned along gx and gy (or at

least are orientated in the g,/g, plane) whereas the middle component is aligned along g,.
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The orientation of the poxo bridge hyperfine tensor can be understood within the current model for the
electronic structure of strongly antiferromagnetically coupled Mn"Mn'"" dimers (J < -100 cm™). In these
complexes the anisotropies of the effective G and *>Mn hyperfine tensors are dominantly derived from
the Mn" ion (S = 2, d* ion)."** The Mn"' (S = 3/2, d’ ion) has a half filled *T,, level which results in a
relatively isotropic ion. Thus the Jahn-Teller axis of the Mn" ion defined the unique axis (z-axis) of the
system. For both the BIPY and DTNE complexes the z-axis can be identified in the crystal

structure.”** Tt is aligned along the Mn""

-N bond perpendicular to the plane defined by the Mn-pO,-Mn
atoms (see Figure 1). Spin Hamiltonian parameters (g/>’Mn hyperfine tensors) for both the BIPY and
DTNE have been previously determined using multifrequency EPR and *>Mn-ENDOR." The unique
component for the molecular g tensor, which must be parallel to the Jahn-Teller axis of the Mn" ion is
defined by gz and is smallest in magnitude and as a consequence defines the high field edge of the EPR
spectrum. Within this framework the '’O hyperfine tensor components can be mapped to the molecular
structure. The middle component of the 'O hyperfine tensor, as it is coincided with gz, is perpendicular

to the Mn-pO,-Mn plane and the largest and smallest component lie in the Mn-pO,-Mn plane, in signed

magnitude.

A M Mn®™ (B)

b
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+
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Figure 9. The hyperfine tensor of the p-oxo bridge of an antiferromagnetically coupled Mn"Mn'"
dimer. A: onsite (individual) hyperfine tensor components in the Mn-O-Mn plane and perpendicular to

the Mn-O-Mn plane. B: orientation of projected (experimental) hyperfine tensor.

From this basis geometric considerations then allow us to map the onsite hyperfine interaction
between to the O bridges and the two Mn ions to the measured the hyperfine tensor. The experimental
G, *Mn and "0 hyperfine tensors are described by the Spin Hamiltonian in the coupled representation.
Here the two Mn ions are treated as a single fictitious spin (S = ') and it is to this electronic state that
the nuclear spins of the system are coupled to. Thus, the '’O hyperfine tensor measured consists of

'jon and Mn'"¥ ion; that is

contributions from the hyperfine coupling of the '’O nucleus to both the Mn
to say the measured (or projected) 'O hyperfine tensor is a weighted sum of the two onsite ''O
hyperfine tensors which describe the interaction of the '"O nucleus with either the Mn™ or Mn'". The
relative contribution of each onsite '’O hyperfine tensor to the projected "0 hyperfine tensor depends
upon the contribution of the Mn"™ and Mn' ions to the electronic state. The contribution of the
individual ions in a coupled complex to a particular electronic state of the system can be described in
terms of a spin projection coefficient, (for a full description see ref.*”). For the antiferrmoagnetically
coupled Mn""Mn" dimer, Siamm = 2; and Syovarvy = 3/2 which gives isotopic spin projection values of
p; =2 and p, = -1, respectively. Thus the hyperfine coupling of the '’O nucleus to the Mn™ ion has twice
the contribution to the projected (or experimentally measured) 'O hyperfine tensor than the coupling of
the 70 nucleus to the Mn"" ion. In addition, the two contributions must differ in sign as the complex is
antiferromagnetically coupled; the electron spins of the Mn™" ion pair with the oppositely signed spins of
the Mn'" ion.

The hyperfine interaction of the '"O nucleus with each individual Mn ion will have both a through
bond (Fermi contact term) and through space components. A reasonable starting assumption is that the

through bond interaction is isotropic and that the through space interaction is dipolar in nature. Thus the

unique (principal) axis of the onsite hyperfine should lie along the Mn-O bond. Summing the two onsite

187



hyperfine tensors yields a projected '’O hyperfine tensor that has approximately rhombic symmetry.
This is shown in Figure 9. The principal (unique) axis should be parallel to a plane that is defined by
the Mn-O,-Mn bridging motif. The middle component (in signed magnitude) must be perpendicular to
the Mn-O,-Mn bridging motif. This is exactly the behavior observed experimentally. The largest
component of the '’O hyperfine tensor coincides with gx/gy, i.e. the plane defined by the Mn-O,-Mn
bridging motif, whereas the middle component of the 'O hyperfine tensor coincides with g i.e.

perpendicular to the plane defined by the Mn-O,-Mn bridging motif.

Table 2: '"0O-Mn distances and theoretical '’O couplings for the p-oxo substrate positions of the Umena

et al." structure and recent representative computational model of Ames et al.** (1d2', see Figure 1)

using the isotropic spin projections for the model of Siegbahn (model 11) reported in Pantazis et al.*®

dyinr (A) Hyperfine (MHz)
MnA MIIB A n
DTNE o1 [1-0XO 1.83 1.78 4.46 0.64
02 [1-0XO 1.83 1.78 4.44 0.64
03 Mn" carboxo 2.14 3.16 2.19 0.16
04 Mn" carboxo 3.14 1.97 1.13 0.52
N2-N3 Mn'- (eq.) 2.07 4.34 -1.22 0.01
N1 Mn"- (ax.) 2.21 3.74 -1.03 0.07
N5-N6 Mn"- (eq.) 433 2.07 0.53 0.07
N4 Mn"- (ax.) 3.65 2.09 0.58 0.34
BIPY Ol [1-0XO 1.88 1.77 4.20 0.68
02 [1-0X0 1.88 1.77 4.17 0.69
N2, N3 Mn'"- (eq.) 2.13 4.44 -1.14 0.02
N1, N5 Mn"- (ax.) 227 3.80 -0.96 0.09
N26 N7 Mn"- (eq.) 4.45 2.10 0.53 0.08
R n - (ax. . . . .
N5, N8 Mn"- (ax.) 3.55 2.02 0.69 0.37
. A+ A4 A
% principal value for the hyperfine/quadrupole tensor: A = — ; 2 = —73; 4| <4, <|4;|
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A —-A
T3|Al| £|A2| S|A3|

3

® rhombicity of the hyperfine/quadrupole tensor as defined by: 77 =

For the above rationale to be correct the magnitude of the magnitude of the measured anisotropy of the
0 hyperfine tensor should be consistent with a through space dipolar mechanism. The dipolar
coupling of the ligands of each complex can be readily calculated using the crystal structure coordinates.
Calculated values are given in Table 2. It is readily observed that the estimated dipolar coupling

matches the fitted Aaniso Values.

4.1.8 p-oxo-'"0O model complex data, comparison to literature. There currently exists in the literature
only a limited number of studies where the '’O hyperfine coupling of a bridge of a high valent (Mn"",
Mn") complexes has been measured. In the study of Usov et al. '*, the '"O couplings of the poxo
bridges of the BIPY complex, one of the complexes measured here, were detected using Q-band
ENDOR. They observed a broad, structureless 'O signal centered at ~13 MHz. An estimate of the
isotropic coupling was made from the center of the peak of the signal (v'('’0) branch) of ~13 MHz,
which was shown to be consistent with the observed line-broadening seen in the cw EPR experiments.
No estimate was reported for either the hyperfine anisotropy or quadrupole splitting. An isotropic
coupling estimate of Ajs,~13 MHz approximately for the poxo bridges is twice that seen in this study,
Aiso~8 MHz. The difference between these two studies is suspected to arise from an experimental
feature of the Q-band ENDOR experiment. This method is often not particularly sensitive at low
frequency where much of the '’O signal envelope is expected when measured at 34 GHz. Thus the
signal peak observed at Q-band does not represent a true average coupling, but is instead skewed to
higher frequency, overestimating the isotropic coupling (Figure 10, panel B). The same problem is not
encountered using high field EPR spectroscopy, namely 94 GHz EDNMR (Figure 10, panel A) and

thus more accurate hyperfine coupling estimates can be made. This is chiefly because the as compared
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to the Q-band envelope, all 'O signal are shifted 10 MHz to higher frequency and thus the entire

envelope can now be resolved.
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Figure 10. A pictorial representation the '’O (noxo) and "N (J.T. axis Mn"") ENDOR signals seen
for the BIPY complex measured at three microwave frequencies: A) 9 (X-band); B) 34 (Q-band); and C)

94 GHz (W-band).

A pictorial demonstration of the how the '’O Q-band signal envelope is distorted is shown in Figure
10, panel B. Signals below 7 MHz, the v(*’O) and v(**N) branches (dashed line) are strongly
suppressed, presumably due to non-linearity of the B, (RF) field. The Q-band 'O signal that is
resolved, a broad featureless line extending to 15 MHz (Figure 10B, shaded red region) thus does not
represent the real spectral envelope. Resolution of its exact shape is further compounded by an
overlapping N signal which is suspected to coincide with one of the major turning points of the v+(170)

signal branch. From comparison to our 94 GHz data (Figure 10, panel A), the Q-band ''O signal
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envelope should instead be assigned to the Ax component of the hyperfine tensor i.e. the largest
component of the hyperfine tensor. It can also be seen in Figure 10C that at frequencies lower than Q-
band (X-band), all spectral components strongly overlap making any interpretation difficult.

As a final note, it is suspected that the same observations made above for the Q-band BIPY study of
Usov et al. also apply for the later Q-band study the same authors conducted on the super-oxidized state
of the Mn-catalase. The superoxidized state represents a bis-p-oxo, p-carboxylato Mn""Mn'"" complex
structurally similar to the DTNE complex. As seen for the BIPY complex, the superoxided Mn-catalase
also resolves a broad structureless ''O signal at Q-band centered at ~13 MHz. It is likely this signal
again represents the largest hyperfine splitting. Thus the isotropic hyperfine coupling (Ais,) of the p-oxo
bridge will be of the order of 7-8 MHz, as the anisotropic hyperfine (dipolar) coupling is approximately

invariant.

4.2 DFT Calculations

4.2.1 Broken Symmetry-DFT Calculated 0 and "N Hyperfine Coupling Constants. The
projection of the hyperfine coupling constants calculated using broken symmetry DFT (BS-DFT) for the
"N atoms directly coordinated to the >>Mn spin centers has been discussed previously in the literature.*’
In short, each nitrogen atom (k) is assigned to a particular spin center (A) and the resulting projection
from the as-calculated “raw” broken symmetry values is the same as that of the projection for the *>Mn
spin centers as shown by Equation 7.

A
A064) _ 4 400 Szdss s¥)
is0 =" “iso,BS Sa 5 (Eq. 7)

A€ 4}y . . . .
Where “'is0,B5 is the as-calculated “raw” BS-DFT value and 5z '} is the on-site spin expectation value.

{5z)Bs 54, and St are the Mj for the broken symmetry wave-function, >Mn site-spin, and effective total

spin for the complex, respectively. The formalism shown in Equation 7 generalizes for all components
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of the hyperfine tensor. For more information on the projection of calculated BS-DFT values for

comparison with experiment we refer the reader to refs.*’™°

Bridging p-oxo ligands, however, cannot be assigned to any single >>Mn spin-centered system. Here we
propose to use the direct sum of the interactions from each spin system to project the calculated BS-DFT
values for the comparison with experimentally determined values. The subsequent formalism is shown
in Equation 8.

4 B
40648) _ 400 zdss (s }}¢A(k} (5355 455
=g — "iz0,BS Sa Se is0,B5 Sg S; (Eq. 8)

Equation 8 can be rewritten into the more standard form of:

()

A (k4,5 (k. A4}
izo,5ite

150 = ‘D—"‘Aisa.sizg

+pg4

(1)
such that, Pi is the spin-projection value for site A or B and Aisosite is the on-site hyperfine coupling

5,6
constant with respect to either site A or B. For a Mn"Mn'" dimer equation 8 simply reduces to 6 1585 .

Table 3 shows the projected isotropic 'O and "N BS-DFT hyperfine values calculated for the DTNE

and BIPY complexes using Equations 7 and 8 for the terminal and bridging ligands respectively.

Table 3. Calculated isotropic BS-DFT hyperfine coupling constants (MHz).*

Spin System

Model Nuclei Coordination Mn™ Mn""

DTNE N Axial 11.5 1.8
N Equatorial 2.8 1.6
0 Bridge 5.7

BIPY N Axial 14.4 1.8
N Equatorial -0.6 2.1
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0 Bridge 8.0

* Average contribution of pseudo-symmetric sites reported.

From the calculated values shown in Table 3 it is clear that the isotropic hyperfine coupling constants

fall into three categories such that the axial ligands for Mn'

have the largest hyperfine coupling
constants while terminal equatorial ligands and ligands coordinated to Mn' have small hyperfine
coupling constants. Such observations have been made, both experimentally and computationally, for

My, IV g 13,47,50,51
Mn"™™n" dimer systems before.'>*"%

The values calculated for the p-oxo bridges, however, show
intermediate hyperfine coupling constants even though they are also equatorial ligands. Here the

calculations are in agreement with the experimental data.

It can be deduced from Equation 8 that the intermediate magnitude of the isotropic 'O hyperfine
coupling constants for the p-oxo bridges is a direct result of an overall additive on-site spin contribution
from each Mn ion. For example the contributions from Mn™ and Mn" are 4.8 and 3.2 MHz in the BIPY
model, respectively. Understandably the spin center with the largest number of unpaired electrons, Mn",
contributes the most to the calculated hyperfine coupling constant. Additionally while the resultant
contributions are approximately two times the values calculated for the '*N equatorial ligands it can be
shown that this is a result of the larger Px proportionality factor of 'O vs. that of "*N. Isotropic

hyperfines are calculated using the following formula when using either DFT or ab initio methods.
A; =f'rr¢5 )P, -P(E )
iso 3 -4 N N

In equation GG {5z} is the z-component of the expectation value for the total spin and p(Ry) is the spin
density at the nucleus. P is a proportionality factor equal to the product of the electron and nuclear g-
factors and magnetons, Px = ge9nFeFx . The ratios of the proportionality factors for '’O and "N is -1.88
ie. 'O has a proportionality factor twice that of '*N. Thus, as a back of the envelope calculation,

assuming an equivalent spin density for a bridging '*N in place of the p-oxo bridge the expected
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contributions from Mn™ and Mn' would be -2.5 and -1.7 MHz. Both values are within the absolute

I

range shown on Table ZZ for nitrogen ligands coordinated to Mn" or Mn'" spin centers.

The calculated quadrupole coupling constants (Table 4) show trends that, similar to the hyperfine
coupling constants, are in agreement with the experimental data. With respect to the magnitude of the
calculated quadrupole coupling constants it is clear that the ''O quadrupole cannot be resolved
experimentally in these model systems as they are approximately an order of magnitude smaller than
those of the "*N nuclei. The relative magnitudes of the quadrupole coupling constants for the '*N nuclei

I v . . . . .
or Mn'~ can be, in part, explained based on geometric considerations. The observed

coordinated to Mn
reduction of the free uncoordinated ligand nitrogen quadrupole coupling constant upon metal
coordination is attributed to a transfer of electron density from the loan pair of the nitrogen atom to
bonding orbitals of the Mn transition metal center.’'™? As such, the subsequently longer Mn-N bonds for
the axially coordinated nitrogen atom on Mn'' engender a smaller reduction in the nuclear quadrupole
coupling constant of the coordinating '*N. Figure 11 shows the geometric relationship between the Mn-
N bond length and the calculated quadrupole coupling constants of the DTNE and BIPY models. The
plot shows a mostly linear relationship for the calculated quadrupole coupling constants with respect to
the Mn-N distances. An inspection of the calculated values indicates that the coordinating nitrogen
atoms of the DTNE model transfer less lone pair electron density to the Mn metal centers than the
nitrogen atoms in the BIPY complex, resulting in larger absolute magnitudes of the quadrupole coupling
constants for similar Mn-N distances. Prior experimental determinations for the quadrupole coupling
constants of the axial nitrogen coordinated to Mn"" for a number of Mn"'Mn'"" show an opposite trend
with sp”® and sp?® hybridized nitrogen ligands having quadrupole coupling constants of approximately
0.55 and 0.73 MHz, respectively.”>”' This is interesting as the calculated isotropic '*N hyperfine
coupling constants follow the experimental trend; whereby 4, for the axially coordinated nitrogen atom

.

on Mn" is larger for sp” vs. sp” hybridized nitrogen ligands."*!
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Figure 11. Calculated quadrupole coupling constants vs. the Mn-N distances for the DTNE and BIPY

models. The dashed line indicates the linear trend.

It has been shown previously that the magnitude of the asymmetry parameter, 7, can be correlated to the

5334 From Table 4 it can be seen that the

accessibility of the nitrogen nuclei to the surrounding solvent.
equatorial ligands of DTNE, both the '*N and "0, have more solvent accessibility than the axial '*N
ligands. This can be easily rationalized by a quick inspection of the structure of DTNE (see Figure 1)
whereby it can be seen that the axial nitrogen ligands are tertiary amines and thus due to the
coordination to the Mn transition metal centers are not solvent accessible and have near zero asymmetry
values. The equatorially ligated nitrogen atoms of DTNE, however, are secondary amines and can
interact weakly with a solvent, which is reflected in their much larger # values of approximately 0.30.
The most accessible ligands for both complexes (DTNE and BIPY) are the p-oxo bridges having
asymmetry parameters much closer to unity. For the BIPY complex the pyridine, sp” hybridized,
nitrogen atoms directly coordinated to the Mn metal centers have small asymmetry parameters as the
primary solvent accessible site is blocked via metal ligation similar to the case of the remote nitrogen of
4-methyl imidazole complexes.>>* The slightly larger # value calculated for the BIPY axial ligands can

be in part explained due to both the longer axial Mn-N bond for Mn" and the n-r stacking of the

bipyridine ligands at the axial interface.>
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Table 4. Calculated Nuclear Quadrupole Coupling Constants e’qQ/(4h1(21-1)) (MHz).*?

Spin System

Model Nuclei Coordination Mn™ Mn"

DTNE "N Axial -1.14[0.01] -0.70 [0.05]
"N Equatorial -0.81 [0.29] -0.78 [0.31]
70 Bridge 0.08 [0.63]

BIPY N Axial -0.84 [0.15] -0.49 [0.18]
N Equatorial -0.66 [0.02] -0.61 [0.08]
0 Bridge 0.07 [0.73]

* Average contribution of pseudo-symmetric sites reported.

4y, — 45
n=-—2_"12
® Quadrupole anisotropy term, #, in brackets ( 9z ).

4.2.2 BS-DFT Hyperfine and Quadrupole Coupling Constant Orientation. The orientation of the
calculated hyperfine coupling constants for the p-oxo bridges as well as the axial '*N ligand of the Mn"™
for both DTNE and BIPY are shown in Figure 12. Of particular note is the orientation of the “unique”
axis (blue vectors) of the axial nitrogen ligands vs. that of the p-oxo bridges. The calculations show that
the unique axis of the bridge(s) is orthogonal to that of the unique axis for the axial nitrogen, in
agreement with the experimental observations and has been shown to be a necessary condition for the
experimental interpretation (see Figure 9, Results 4.1.7). It is also shown from the calculations that the

remaining two components of the axial nitrogen ligands coordinated to Mn™

(red and green arrows in
Figure 12) are oriented along the Mn-Mn and O-O interatomic vectors while the unique component is
oriented along the Mn-N bond. A different situation arises with the p-oxo bridges and it can also be seen
in Figure 12 that the DTNE and BIPY models have different orientations for the non-unique
components of the hyperfine tensor. For DTNE the smallest component is calculated to be orthogonal to

the Mn-oxo plane, while the medium and unique component are oriented along Mn-oxo bonds. In the

case of the BIPY model the unique axis is oriented similarly as in the DTNE complex, ie. along Mn-
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oxo bonds, while the other components are both shown to be pointing about 45° out of the Mn-oxo
plane. This out of plane distortion of the non-unique components of the p-oxo hyperfine tensor can
presumably be attributed to an overlap contribution from the n orbitals of the bipyridine ligands with the

p. orbital on the oxo bridge.

Figure 12. Calculated orientations of the hyperfine coupling constants for the (left) DTNE and (right)
BIPY models. Red, green and blue vectors are the A;, A, and A; components of the hyperfine tensor.
The blue vectors represent the “unique” axis of the hyperfine tensors for the p-oxo bridges as well as the

11

axial nitrogen ligand of the Mn". The components have been ordered in terms of absolute magnitude,

such that A; < A, <Aj;.

Of similar importance as the orientation of the hyperfine tensor is the orientation of the quadrupole
tensor. Figure 13 shows the calculated orientations of the quadrupole tensors for the DTNE and BIPY
complexes. Here the largest component of the quadrupole tensor, g3, for both the bridge(s) and the axial

I

nitrogen on Mn" are shown to be collinear, along the Jahn-Teller axis of Mn". For both complexes

(DTNE and BIPY) the small and medium quadrupole components are oriented along the O-O and Mn-
Mn interatomic vectors, respectively. The small and medium components for the axial nitrogen of Mn™
are oriented with an approximate 45° rotation with respect to the p-oxo small and medium components.

Here this aligns the small and medium components for the axial nitrogen roughly along the N-C bonds
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for DTNE and as in and out of plane vectors for the BIPY complex. These orientations result in an

approximate 45° rotation with respect to the orientations of the calculated '*N hyperfine tensor.

Figure 13. Calculated orientations of the quadrupole tensor for the (left) DTNE and (right) BIPY

models. The yellow, cyan and magenta vectors represent the ¢;, ¢» and g3 components, respectively.

4, — 493

n
Here the standard definition is used where |q1| <|g2| < |g3| and 43

CONCLUSIONS

The strong similarity of the two complexes shown provides a basis for a magnetic fingerprint for a Mn
p-oxo bridge, which includes two main properties of the 'O hyperfine tensor: i) a large isotropic
coupling ~7-8 MHz and; ii) hyperfine tensor anisotropy. The strong field dependence of the width of the
70 signal required the hyperfine anisotropy to be large (of the same order of isotropic coupling). This
fingerprint provides a means of monitoring the p-oxo bridges of a metallocofactor throughout its
catalytic cycle. This is critical for understanding the chemistry that Mn metallocofactors perform, as they
often locate substrates for the reaction they catalyze as bridging species, e.g. the Mn catalase takes up a

HOOH as a p-oxo during the dismutation reaction.
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APPENDIX

This part includes supporting information for three of the journal articles used in this work.
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SUPPORTING INFORMATION S1 - ADDITIONAL THEORY (SECTION 3)

S1.1 The spin manifold. A mapping of the spin subspace in section 3.2 to the original basis set as
described in section 3.1 can be made. This allows the intrinsic g and hyperfine tensors of the four Mn
ions (gi, a;, see eq. 2) to be calculated from the effective G and hyperfine tensors (A, see eq. 4). Here we

consider only the electronic component of the basis functions. We adopted the coupling scheme:

|S1 S, S, S 08, S, S M>, or more  succinctly |S12 S, S M>, where

S, =S,|< S, <8, +85,

S, —8,|< 85, <[S;+ S,

, and |S, —Sy,|<S<[S, +Sy|. It can be readily

)

shown that the S = %2 doublet has contributions from up to seven basis states of total spin S = %2, listed in
the appendix, if only an isotropic exchange interaction between the four Mn is considered.

The contribution of each basis state to the ground state doublet is dependent on the coupling scheme.
Here we consider that the electronic exchange term of the Spin Hamiltonian takes the form of a series of
pair-wise interactions i.e.

H=-3 J;S;§; (Eq. S1)

i<j

Expressions for all matrix elements of the Spin Hamiltonian are given in the supporting information
S1. The matrix elements are given in generalized operator notation. The matrix is block diagonal.
States of the same total spin appear in the same block.

Scaling factors can be calculated that describe the contribution of each of the Mn ions to a particular
total spin state. These scaling factors are called spin projections. The projection of the total spin onto

i

the individual Mn centers is defined as the ratio of the on-site spin expectation value <S Z> of the i Mn

to the ‘total spin’ <SZ> 2

(57)
<SZ>

N~

p, = (Eq. S2)

S2



For the S = 12 electronic spin-manifold the expectation value of the spin operator <S Z>is 12 and thus

Eq. 6 can re-expressed as:

pi=2:(8;) (Eq. S3)

Analytical expressions for the spin projections p; can be calculated using generalized operator notation
as per the methodology outlined in chapter 3 of Bencini and Gatteschi’. These are given in the
supporting information S2. The spin projections (p;) now allow us to relate the effective isotropic G and
hyperfine values to the intrinsic isotropic g and hyperfine values of the individual four Mn ions. It can
be shown that the effective isotropic G and hyperfine values are a weighted linear sum of the intrinsic

hyperfine values of the individual Mn ions (Eq. S4).

G=p1g1+p2g2+p3g3+p4g4

A = pa,
A, =p,a, (Eq. S4)
Ay = pya,
A, =p,a,

Where the weighting factor (p;), corresponds to the projection of the total spin onto Mn;.

S.1.2 Inclusion of the Zero-field Splitting (ZFS) of Mn'™. The spin projections calculated above

can be corrected for the zero-field splitting (ZFS) of the only Mn™

ion of the Mn4sO,Ca cluster in the S,
state.

H=-% J;S;-S;+S;-d;-S; (Eq. S5)

i<j

Where the jth spin operator (3)) refers to the Mn" ion and dj, 1s its corresponding fine structure tensor.

The fine structure tensor is assumed to be axial and can thus be expressed in terms of a single parameter

S3



(Eq. S6)

)
oS wi-
W
QU

The inclusion of the ZFS of the Mn™ requires the spin projections (p;) to be expressed as a tensor as

opposed to a scalar quantity. As we assume that all pair-wise exchange couplings (Jj;) are isotropic and

I

that the fine structure tensor of the Mn™ is axial, the spin projection tensor of the i™ Mn can be

expressed as a diagonal matrix of the form:

p, 0 0
pi=0 p. O (Eq. S7)
0 0 p

The effective G and hyperfine tensors (A;) are a weighted, linear sum of the intrinsic g and hyperfine

tensors (a;) of the individual Mn ions as described above, (see Eq. S4).

S.1.3 Hyperfine couplings from broken-symmetry DFT. A quantum chemical approach that
allows the extraction of hyperfine coupling constants (HFCs) from BS-DFT calculations of oligonuclear
exchange-coupled clusters was developed recently* and has been already applied to candidate models of
the OEC.” The approach was shown to lead to predicted >>Mn HFCs that can be meaningfully compared
with experimental values and that can be used to distinguish between different cluster topologies and
ligand environments of the Mn centers. Since the methodology has been previously described in detail,”
here we will only highlight the main concepts. Considering the system under study as composed of
metal-centered subsystems, with nucleus K belonging to subsystem A, the general equation that directly

connects the BS calculation to the observable HFC is

S4



o = Alkie [@J (Eq. S8)

Sl

where S, is the effective total spin (1/2), <SZ(A)> is the on-site spin expectation value and A, is the site
isotropic coupling constant
S,
=2t Ea.59
Sa

Sa 1s the site-spin of subsystem A and the positive or negative sign depends on whether the fragment

carries majority or minority spin. (S,) . is the total M of the BS wavefunction and A% the “raw”

hyperfine coupling constant calculated directly from the BS calculation. The final projection of the site

isotropic coupling constant into the correct effective HFC requires the determination of the site spin

expectation value <SZ(A)>, which for a given subsystem A is given by

2
SAMs, ..SyMg,

M (Eq. S10)

Sa

is the weight of the basis state |S,M SA,...,SNM SN> in the ground-state

eigenfunction describing the lowest-energy Kramers doublet. The TPSSh functional is also used in the
calculation of effective “>Mn HFCs for the models considered in the present study, following previous
applications that established the reliability of the approach and the necessary scaling factors for the

5

isotropic couplings.“’ To ensure the accuracy of the results, the size of the integration grid was

increased to “7” (ORCA convention) for the manganese atoms.
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SUPPORTING INFORMATION S2 - SPIN PROJECTIONS

Spin projections where calculated as per the methodology outlined in chapter 3 of Bencini and

Gatteschi’.  We adopted the coupling scheme: |S1 So Si2 Sz S4 Szq S M>, or more

s |S3—S4|SS34 S|Ss +S4|, and

succinctly |S12 S3q S M>, where |S1—82|SS12 S|S1+Sz

S12 —S34| < S <[S12 +Say|

The resultant basis set, for the subset where S = 12 and assuming (Si, Sz, S3, S4) is (%,%,%,2) or
33,53
( 2 9 2 ’2’ 2 ) ls
1 1 3 1 7 1
0 3 3 M) 2 § 3 M) 3 5 3 M)
11 5 1
111 M> 2 51 M>
3 1 5 1
153 M 3 3 3 M)
Where M takes all half-integer values: —% <M< %

The complete set of basis vectors can be found in Table S1:

Table S2.1. Table of eigenstates [Sio Sgzq S M> . M takes all half-integer values: —-S<M <S,

for each entry.

Sl2
S
0 1 2 3
1 1 13 35 57
2 2 272 2°2 2°2
3 3 135 1357 3579
2 2 2°2°2 2°2°2°2 2°2°2°2
S S 2 357 13579 1357911
2 2 272’2 27272722 2°2°2°2727 2
z z 579 35791} 135791113
2 2 2°2°2 2°2°2°2°2 2°2°2°2°2°2° 2
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The Spin Hamiltonian for the system takes the form of a series of pairwise interactions i.e.

H= YJ;iS; S,

i<j
Which can be re-expressed in generalized operator form:

H=3%v2k+1-0O(ky kz ki kg kg4 kag k)'{{Tk1(S1)®Tk2(SZ)}k12®{Tk3(53)®Tk4(S4)}k34}k
=Y V2k+1-Op(ky ko kip ks kg kas k)-Xylky kp ko kg kg4 kgg k)

Where Oy corresponds to the scalar exchange coupling term J i.e.
Oglky kp kip kg kg kgs k)=—V3Jy;

i.e. 0(1100000)=—/3715,04(1011010) = —/3]5 efc

And the matrix elements Xy correspond to:

S k S

$155515S2S24SMIX | |S1S5S75SS- SM>=—1S*M
<1212334 ‘k‘1212334 () —MqM

J : <S15251 253534S|Xk [S15251 253354S>

The reduced matrix elements can be calculated using:

<S1SQS1QS3534SHXk HS1SQS%253S§4S> = (25 + 1)\/(21(12 + 1)(2312 + 1)(28'12 + 1X2k34 + 1)(2534 + 1)(25’34 + 1)

St2 Sy k2| |Sy Sy kqi|[S3 Sz ks
1534 S5, ksap-yS2 S22 koS4 Ss4 kg
S S k| |Si2 Si, ki2||S34 Sg, kas

(S1ITia[S1) - (S2|Tk2[S2) - (Sa|Tks[S3) - (SaTxalSa)

The six reduced matrix elements corresponding to the six pair-wise interactions, that the form:
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5. . 5.
<s1szs1zs3ss4s||xo(1 1 ooooo)||s1szs'12$35'34s> - 5123122334534

2S +1

3 [S1(S1+1)+S2(Sp +1)-S12(S12 +1)]

1)(3(51 +S20+S3+S4+S34 )+2(S1 2 +S:| 2 )+Sé4 +Sj
NE]

(@5 +1X2S12 +1)2S ,, +1)2Saq +1)2S5, +1)@S1 +154(S1 + )55 + 153 (53 +1)-

S12 Sy, 1| [S1 st 1] [Ss S 1
Sza Sgy S| (S12 Stz S2f (Sg4 Saa Sa

<s1szs1253534s||xo(1 01101 o)||s1szs'12$3s'34s> _C

1)(3(51 +S2+S3+S4 )+2(S12 +S’1 2+S34 +S:?,4 j+Sj

<s1szs1233534s||xo(1 0101 1o)||s1szs'12s3s'34s> _E

NE)
(@5 +1X2S1p +1)2S ,, +1)2Saq +102S 5, +1)(2Sy + 151(; +1(2S4 + 154 (54 + 1)

S12 Sy, 1 [St 81 1] [Ss sS4
Sag S’34 S S12 S12 Sz S34 S34  S3

. 1)(3(81 +S2+S3+S4 +S12 +Sl34 j+SI12 +S34 +S)
J3
@5+ 1(2S1p 125, +1(2S34 +1)2S g, +1) (252 +T52(5, + 1253 + 185 (S5 +1)-

S12 Sy, 1| [S2 Sz 1] [S3 s3
Sza Sy, S| [S12 S12 S1f [Sgq Ssa S4

<s1szs1 2938348|X (011101 o)||s1szs'1253s'34s> _(

(_ 1)(3(81 +S2+S3+S4 +S12 +S:34 j+S'1 2+S34 +S)
V3

J(zsm)(zs12 128, +1)2Saq +1)2S 5, +1)(2S2 +152(S2 +1)2S4 + 154 (S4 +1)-

S12 Sy, 1| [S2 Sz 1] [S3 Sg 1
Sza Sg, S| (S12 S12 S1] |Sgq Saa S4

<s1szs1zs3s34s||xo (011101 o)||s1szs'12$3sg4s> -
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8 ! 6 '
<s1szs1gs3ss43||x0 (0001100 )||s1szs'12$33'34s> - 5125122 534534

(2 +1)
3

[S3(S5 +1)+S4(S4 +1)—S34(S34 +1)]

The resulting matrix is block diagonal; only terms with the same total spin mix.

The projection of the total spin onto the individual Mn ions can be calculated in a similar manner
using the Wigner Echart Theorem. This reduced to calculating the matrix elements Xk, where Xx now

refers to the spin operators Sx (x = 1, 2, 3 or 4). For instance, for Xy = T(S)):

<S1SQS1 2535349[T4(S1)S1S2S1 2535'34s> = (- 1)(51 +S2+512+512+534 +S)

, Sio S 1 S¢Sy 1
& .+ (2S+1)/(2S15 +1)l2S 1[2S4 +1)S4(S¢ +1)-4712 12 d
sy B Wz sy s s {32 S 1S O

The ratio of the matrix element <||Xk||> to the expectation value of the total spin <||S||> then

yields the spin projection number (cx) for each Mn center.

$185S15S2S24S|T4(S sss’ss/s> ,
. =< 152512535345|T1(S1)[S1S251253534 :(_1)(31+52+s12+s12+534+8)

<S15251253534S||T1 (S)||S1525'1253S'34S>

J@s+ Y2512 + 125 +1X2s1+1)s1(s1+1)-{s12 S, }{ Sy S 1}

8 ! '
$34534 S(S+1 S S Sy

S,, S12 Sz

S9



<S15251 2538348 T1(S2 )|S1S251 233354S>

<S15231 253534 T4(S)[S15281 233354S>

J(25+1)(2s12+1)(2s'12+1X2$2+1)52(52+1)-{S12 S, 1}{32 Sy 1}

Co = _ _1)(51 +So +ZS12+ZS'12+S34 +Sj

) ' .
34534 JS(s+1) S S Sz [S12 S12 S

S155S15S2S24STy(S sss’ss's> :
. :< 19221293934 ” 1( 3X| 19221223234 :(_1)(53+S4+S12+2S34+2834+S)

<S15251233534S||T1 (S)||S1523’1253554S>

\/(25+1)(2534 +1)(2S'34 +1XZS3 Bl +1).{834 S’34 1 }'{83 . s }

o ' )
S12512 JS(S +1) S S  Syo| (S34 Sza S4

$1S5S15S2S24STy(S sss’ss’s> /
. :< 19221293934 ” 1( 4)" 19221223234 _ _1)(53+S4+S12+2534+834+SJ

<S15251 2538345 T1(S)S15 251 253554S>

(@5 +1)2854 + )28, +1X2s4+1)s4(s4+1).{334 S, 1 }{54 S, 1}

) ' '
$12512 JS(S+1) S S Sio] (Ss4 Szs S3

For an arbitrary coupling scheme, the basis eigenstates take the form:
Wy = Y510 X534 Cs10534 [5152512535345)

Thus, the calculation of the spin projection value requires the weighted sum over all matrix elements:

<S1szs'1 5538 3 S|X . [S15251 253534s>

S12534 <s1szs'1 5535 5, S[SS1525+ 233334s>

Ck = 251p 2534 C512834 €
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SUPPORTING INFORMATION S3: The magnetic field dependence of the *Mn-ENDOR spectra

of the free Mn>* artifact.

1160 mT

110N MT

BNV AVENE N |

Mn2+ ﬂ .
— 1210 mT

1224 mT
1260 mT

50 100 150 200
Radio frequency (MHz)

Figure S3. The field dependence of Q-band pulse >>Mn Davies ENDOR of denatured (heat treatment)
spinach PSII sample. The EPR settings are the same as described in the main text. Mn®" has two
characteristic peaks located the RF of ~114 MHz, ~158 MHz and at 375 MHz (not shown) under these

experimental conditions described in Figure caption 2, see also ref®*®,

Mn** fitting parameters (Fig. 2 dashed green line)
Ziso = 1.996

[AxAyA,]=920G

D =-669 MHz, E/D =0.212
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Supporting Information S4 — Monomeric Mn " data
Mn'" gL g D E aL a, g0 Aaniso
gx gy gz

Mn'™ in rutile (TiO,)’ 2.00 1.99 3.4 0.116 | 256 | 158 | 233 | -98(-33)

Mn(H,0)s""° 2.000 1.984 | 4514 | -0.162 | 261 | 159 | 197 | -102(-34)

[Mn(dbm);] Octahedral/ tetrahedral 1.99 1.87 -4.35 0.26 -

elongated'!

[(terpy)Mn"(N3);] Octahedral/ tetrahedral | 2.00 | 1.98 | 2.01 -3.29 0.51 -

elongated'

[Mn(cyclam)[,]I  Octahedral/  tetrahedral 2.00 1.99 0.604 0.034 -

elongated"’

[Mn(bpia)(OAc)-(OCH;)]PF;  Octahedral/ | 1.981 | 1.952 | 1.978 | 3.526 | 0.589 -

tetragonally compressed

Mn""-Porphyrins Mn(TPP)CI 2.005 1982 | -2.29 0.00 -

17 MnPcCl 2.005 200 | -2.31 0.00 -
Mn(ODMAP,)CI - 1984 | 233 ~0 -
Mn(ODMAP,)DTC - 1.983 | -2.61 ~0 -
Mn(DP-IX_DME)CI - - 2.53 ~0 -
Mn(DPDME)CI 2 2 253 | ~0.01 -
Mn(DPDME)Br 2 2 -1.1 ~0 -

Mn"-Corrole™" | (tpfc)Mn(OPPhs) 1.994 1.980 | 2.69 0.03 -
Mn"'C* 2.002 2.66--| 0.13- -

278 0.15

Mn-Salen™"! +NMO (CH,Cl,) 2.0 1.98 2.5 0269 | 190 | 126 | 167 | -64(-21)
+ 4-PPNO (CH,Cl,) 2.0 1.98 2.5 0249 | 190 | 119 | 166 | -71(-24)
HFEPR 2.00 2.47 0.17 -
(CH,Cl,/toluene 3:2
v/v)

PS I Mn" bound to the high affinity site 2.0 1.98 2.5 0269 | 190 | 123 | 168 | -67(-22)

MnSOD Trigonal-bipyramidal® 200 | 1.99 | 1.98 2.10 0.243 | 283 | 280 | 282 2(-1)
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Monomeric Mn'" data

MnIV gL & D E al a Qjso QAaniso
gx gy £z (E/D) ax ay ay
Mn" in MgO (Octahedral)** 1.994 - - 212 212 | -
Mn" in MgO (Tetragonal)™* 1.9940 1.993 | 0.5287 - 213 213 | -
1
Mn"" in Al,Os (tetragonal distorted) * 1.993 - -0.1957 - 209 211 | 210 [2(D)
Mn"™ in  SnOy/TiO, (octahedral, | 1.98 | 1.98 | 1.987 | 0.8818 | 0.2635 | 252 [209 |226 |229 |-26(-1.5)
rhomically distorted)***’ 79 |70 |0
K,;MnClg (perfect octahedron)™® ~2.00 0 0 - - -
[Mn(MePH);|PF,”’ ~2.00 <<031 |- 266 - -
Mn"  tridentate | [Mn" (azpSS),]™ 2.01 0.0115 |- 272 - -
ONO ligands™
(Mn" (D mps),]™* 2.00 0.0116 |- 272 - -
[Mn" (azpSa),]™* 2.03 0.0117 |- 263 - -
[Mn" (azpSb),]™* 2.02 00117 |- 272 - -
Schiff base (N0, | Mn(SALAHE),.2H Zerr 5.45 >>0.31 | (0.32) - - -
coordination 20
environment)®
Mn(SALAHP),.3H e 5.91 >>0.31 | (0.07) 216 216 | -
,0
Mn(SALAHP),2D | g5.15,4.38,1.96 | >>031 | (0.22) - - -
MF
Mn(SALATHM),. 2o 4.32 >>0.31 | (0.06) - - -
H,0
Mn(SALAPDH),. 2o 4.98 >>0.31 | (0.19) - - -
DMF
Mn(L),.2THF 2o ~ 4.0 >>0.31 | ~0 - - -
(2 phenolic O)
Mn(als), (carbox Lot ~ 3.86, 2.02 >>0.31 ~0 a, ~ 216 216 | -
ligand)
Mn(salen)™ Zefi ~ 5.02 >>031 |- 210 210 |-
[Mn"Hsburea(O)] (terminal oxo)™ 2ei~5.15,2.44, 1.63 3.0 (0.26) 190 190 |-
Mn"(dbpip), (N,O,  coordination ~2.00 <<0.31 - - -
environment)>®
[Mn"(HIB);]” (hydroxyl acid ligands)”’ | g~ 3.9 (crossover) | >>0.31 0.05 198 198 | -
[Mn"Br(T,;,PP)] (Mn-porphyrins)™ Lo ~ 4.0 >>0.31 ~0 - - -
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Mn""™Mn"" mixed valance complexes

Mn"™™Mn"Y complexes gL g aL ;Y Q50 Aaniso
gx gy gz ax ay az
[(phen),Mn""0,-Mn"" (phen),](ClOy); Mn™" - - - 245 189 227 -56 (-18.6)
(J=-150 cm™* Mn" - - - - - - - -
[Mn"™Mn"V0,(OAc)(HB(pz);).] Mn™" 228 163 206 65 (-21.7)
(J < -150 cm™)® Mn" - - - - - - - -
[(phen),Mn""0,-Mn"" (phen),](ClO,); Mn™ - - - 237 to 249 178 to 220 -59 (-19.7)
o 187 to -62

(J=-150cm™)™ (-20.7)

Mn"" - - - 20810229 | 226to 218 | 18 (6)to 20

249 )
Mn"Mn""-[2-OH-3,5-Cl,- Mn™ - - - - - - 170- 60 (20) to
salpn)],(THF)(CIO,) 180 30 (10)
(J =-10 cm™)*® Mn" - - - - - - 200- 15(5) to -
210 27 (-9)

[Mn""Mn" (1-0),bipy,](ClO,) Mn"" | 1.991 | 1.988 | 1.984 | 253 | 242 183 226 -70 (-21.5)
(BIPY)

Mn" | 1.988 | 1.987 | 1.991 | 214 | 219 223 219 9(2.2)
(J =-144 to -150 cm™)* 4%
[Mn""Mn" (n-0),(n-OAc)tacn,|BPh, Mn™ | 1.995 | 1.994 | 1.988 | 209 | 233 143 195 -90 (-26.0)
(TACN)

Mn'"™ | 1.988 | 1.987 | 1.991 | 227 | 198 213 213 15 (0.2)
(J=-110 Cm-1)4l,42b
[Mn""Mn"(1-O),(u-OAc)dtne]BPh, Mn™ | 1.995 | 1.992 | 1.987 | 212 | 238 144 198 | -94(-27.0)
(DTNE)
(J =-110 cm™)*142 Mn"™ | 1.988 | 1.987 | 1.991 | 227 | 199 201 209 26 (-4.0)
[Mn™Mn" (u-0)>(n-OAc)Me,dtne|BPh, | Mn™ | 1.995 | 1.992 | 1.987 | 212 | 244 153 203 -51 (-25.0)
(MDTN)

Mn"™ | 1.988 | 1.987 | 1.991 | 226 | 198 206 210 220 (-2)
(J=-130cm™)
MnCat 1 Mn" - - - 245 157 192 | -88(-29.3)
J<-175em™)” Mn'"" - - - - - - - -
MnCat 2 Mn"™ | 1.996 | 1.995 | 1.989 | 215 | 208 147 190 -68 (21.5)
(J <-175 cm ™)+ Mn"™ | 1.988 | 1.987 | 1.991 | 228 | 237 245 237 17 (4.2)

“Using the range of acceptable D values (see Peloquin et al.*” Fig. 4); "Using the literature D values of

Gerristen et al.” and From et al.*’ (see table 4.4 Schifer doctoral thesis*')

S14




SUPPORTING INFORMATION S5

Table S5.1. Pair-wise exchange coupling constants J (cm™) for the literature coupling schemes referred

to in the text (assuming — JS;S; convention).

JaB Jac JaD Jsc JBD Jep
Kulik (1)* -180 0 0 -52 -5 42
Kulik (3)" -117 0 0 -40 -12 32
Peloquin (3)" -115 0 0 -150 0 -15
Peloquin (4)" -150 0 0 -150 0 -16
Pantazis (1) — EXAFS I -94 10 2 -18 24 -86
Pantazis (2) — EXAFS II” 2 6 2 -16 24 2
Pantazis (3) — EXAFS IIb’ 0 6 0 -12 22 -36
Pantazis (4) — EXAFS III” -20 0 2 14 -16 74
Pantazis (5) — EXAFS III” -6 0 -4 -6 -16 -54
Pantazis (10) — EXAFS III" -4 2 -8 10 -52 28
Pantazis (11) — Siegbahn2 -16 6 20 30 18 -68

S15




Figure SS5. Panel A: The dependence of the spin

projection (p1, py) on the zero-field splitting parameter

= SR DT o l'v'mA

o 10- T (d) of the Mn" ion assuming the EXAFS I core
< «— ' —

¥ Correct Tensor | Incorrect . . .

A Anisotropy ! Tensor exchange coupling (scheme Fig. 1F). Tile B: The
£ TR i Anisotropy . .

= ! dependence of the on-site hyperfine tensor
(g}

v

components (at, a;) of the MnsOxCa cluster for each

of the four manganese ions on the on the zero-field

splitting parameter (d) of the Mn"" ion (see text). The

bottom panel (C) shows the difference (a,) between
the parallel (g, or az) and perpendicular (av or ax, ay)

hyperfine components of the three Mn'" ions. The

la,| (IAHz)

green shaded region represents the range of ZFS

| ' I~ T IMARIY

larn \
oY ! e R I .
_____ la,| viny === values for the Mn™ seen in model complexes (when
004 12 (M1 ,
. : ja,i (vin®)  ---- d<0). The red shaded region represents the range of
U ;
o S - Eeesssesmesmeaa T <. - C _
o 0_/'1////4/(31’1’_@ (Mn") acceptable ZFS values for the Mn" which are
-0 ' - - consistent with the electronic model i.e. the range
-/ -2 -2 -1 1
da (cm™) . . ) .
200 : . over which the intrinsic hyperfine anisotropy of the
S D) A
' v - . .
| 5 T Mn'" ions are within the range seen for model
250 {7 . ]
- r / el T 1| complexes. Their intersection is shown by the orange
= L0 ]r . shaded region. Panels D and E are exactly the same
o l— 5 i as tiles B and C, except that here the Sr containing
_»4‘ 1507 --- "_—.: ja] winy  —— . . . T
L : =aﬂ\\uvmi’5') _____ OEC was examined. Table 5 lists the intrinsic
' "
100 1 i E"ﬂ‘({‘,’\"/:"”)) hyperfine tensor components for all four Mn ions
: a, (Mn") -
50 ;
------------------- Pt - F calculated at the mid-point of the range of consistent d
O 0 /// (5 a3} (MaM
v /// vy, AN 7 . .
eA b __—— i values i.e. the yellow shaded region.
e T T T T T T T T T
-/ -5 -3 =1 1
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Magnetic Properties of solid PivOH
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Figure S1: Temperature dependence of the magnetic susceptibility of the PivOH complex recorded with a
powder sample and an applied field of B = 1 T (plotted as xT vs. T). The solid red line is a spin Hamiltonian
simulation for an exchange coupled dimer of Mn", S; = 5/2 and Mn", S, = 2 with exchange coupling
constant J =-8.6 cm™, g, =2,d; =0, g, = 1.98, d, = -3.5 cm™, ex/d, = 0.31. The dashed green and light blue
lines mark an error range of +1 cm™ for J. The dotted line (PI) is the contribution of a paramagnetic impurity
of 3.5% with assumed spin S = 5/2 (Mn*"). The inset shows the energy spectrum (spin ladder) of the coupled

system as a function of a field applied along the z-axis.



Figure S2: Error contour plot and error surface for the correlation of the exchange coupling constant J;, and

the axial zfs parameter D, of Mn(IIl) of the exchange coupled dimer PivOH as derived from the magnetic

susceptibility data described in the text (with g, =2, D, =0, g, = 1.98, D, =-3.5 cm™, E/D, = 0.31).



Mn" Fine Structure Constant from 1*-order Perturbation Theory.

The effective A value for Mn" is given by the following:

PP Ay

57 (b1d1_b2d2); b1:391+1 & b2=3p2+1

A=p,a,—

Solving for a; gives:

A

P1P2
o757

(b 1d,—b, dz)
ForMn" Aa=a.—a =0 and d,=0 .
o 2 1 . : :
which implies that; d | =§d , and d ¢=—§d , giving the following relation:
A" AJ_

2p1p2d2_ _p1pzd2
P57 P Ty

+

or

B p:P,d,

2p,p,d,
P55

1T
15J

4

Aj

Solving for d, gives the resultant formula which is a function of J, shown below.

_ 15(Aj— AL
2 pZ(A||+2Al)

The 1* -order linear solution is plotted in Figure 5 in the text.



Fitting Using Rotated G, Hyperfine, and Quadrupole Tensors.

Figures S3 and S4 show fittings of the experimental spectra using non-collinear tensors. The fittings using
this method show similar **Mn HFC, shown in table S1, as the collinear tensors used in the analysis
described in the text. Most importantly, the addition of extra degrees of freedom in the fitting procedure still

III

require a highly anisotropic Mn" and isotropic Mn" validating the approach presented in the text.

EFR Amplitude (‘E;' derivative)

1_I10 1_I15 1_I2[} 1_I25 - 1_I30 1_I35
Field, T

Figure S3: CW-like Q-band spectrum of PivOH (red), obtained from the experimental two-pulse spin echo

Q-band EPR spectra by pseudomodulation (1 mT modulation amplitude). The simulation (green trace) was

obtained with the parameters displayed in Table 1.
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Figure S4: The experimental Q-band **Mn ENDOR spectra (red) recorded at different magnetic field

positions as described in the text. The corresponding simulations are shown (green) with the parameters

given in Table 1.

Table S1. Spin Hamiltonian Parameters for Simulation of Q-band EPR and ENDOR spectra for PivOH.

EPR line width Wgpr; ENDOR line width Wenpor = 7 MHz.

g factor 1.97 1.950 2.02

Wepr, MHZ 50 250 30
Mn" Mn"

A, MHz -465, -518, -699 264, 252, 285

angles 0, (+)10, (-)25 0, (+)10, (-)25

P, MHz -2.6,-1.2,1.4 3.0,0.8,-3.8

angles 0,0,0 0,0,0




Model Complex Geometries.
Table S2. Selected Geometric Parameters for Model Complexes. Mn-X (X = Mn, O, N) interatomic

distances (A) and angles (in degrees).

Mn"-Mn" Mn™™-pOH Mn"-N(1/2/3) Mn"™-N(4/5/6) Mn-pOH-Mn
1/1' 345  2.06/1.93 2.27/2.26/2.26 2.30/2.17/2.17  119.3
2 348  2.03/2.02 2.30/2.21/2.22 2.31/221/2.20  118.8
2' 342 1.96/1.96 2.28/2.22/2.23 2.30/2.23/2.21  121.5
3 342 2.14/191 2.282.26/2.33 2.36/2.12/2.16  121.5
3' 335  2.04/1.85 2.28/2.31/2.31 2.34/2.14/2.15  118.4

Selected Spin Populations.

Table S3. Manganese Mulliken Spin Populations.

1 1 2 2' 3 3'

Mn" (HS) 4.73 4.74 4.54 4.52 4.87 4.82
Mn" (HS) 4.29 4.28 4.51 4.52 4.11 4.14
Mn" (BS) 4.84 4.85 4.77 4.74 4.88 4.85
Mn'" (BS) -3.95 -3.95 -3.93 -3.86 -3.97 -3.91

Exchange Coupling Constants from BS-DFT Calculations.

Table S4. Calculated Exchange Coupling Constants J (cm™)

1 T 2 2' 3 3" 2:3 2:3° 23" 2:3" Exp. (Stat.) Exp. (EPR)
J 36.3 37.1 141.5 139.6 -18.4 -13.3 -35.1 -22.6 -3.9 -114 -8.6 -8.8

® Calculated using adiabatic approximation, see Theory section. ” Calculated using adiabatic approximation
and additional Van der Waals corrections fro the different high-spin and broken-symmetry optimized
geometries.




EPR Parameter Basis Sets:
Basis sets for the calculation of EPR parameters were constructed, using the procedure of F. Neese for the

[ as follows:

“core properties” (CP) basis sets,
1) A full decontraction of the S shell for the SARC def2-TZVP basis sets
2) Three additional steep primitives were added with exponents 2.5, 6.25 and 15.625 times the largest S
primitive.
These basis sets were applied for the Mn, N and O atoms of the PivOH models. The added primitives are

shown below. The full basis sets used are shown in the example input file for EPR parameter calculations

starting on page 11.

NewGTO Mn
S 1

1 4331015.6489062500 1.0000000000
S 1

1 1732406.2595625000 1.0000000000
S 1

1 692962.5038250000 1.0000000000
NewGTO N
S 1

1 308293. 7601093750 1.0000000000
S 1

1 123317.5040437500 1.0000000000
S 1

1 49327.0016175000 1.0000000000
NewGTO O
S 1

1 422380.9786093750 1.0000000000
S 1

1 168952,3914437500 1.0000000000
S 1

1 67580.9565775000 1.0000000000



Determination of **Mn HFC Scaling Factor:

The empirical scaling factor for the **Mn hyperfine coupling constants was determined through the
calculation of *>Mn HFCC for well studied model complexes. In this work the model complexes used were:
[Mn"Mn" (p-0),(bipy).]*", [Mn"'Mn"(u-O).(bispiMesen),]*, [Mn"'Mn"(p-O)u(tren),]**, [Mn"Mn"(p-
0)2(p-OAc)(dtne)]** and [Mn"(H,O)e]**. The Mn"Mn"" models have been previously studied in detail by
Orio et al.”? All calculations for EPR parameters and optimizations were done at the same level of theory as

for the PivOH complexes.

Table S5: Ratio, fis,, of calculated to experimental hyperfine couplings for selected model complexes.

Experimental and calculated A;,, values shown in MHz.

redox state complex Aio(calc) Aio(exp) fio Ref.
Mn'™ [Mn"™Mn"™(1-0)a(bipy).]** 298 452 152 3,6
Mn" [Mn™Mn"(p-O)(bipy)a]** 142 219 154 3,6
Mn" [Mn"'Mn"(p-0),(bispiMe.en),]**  -290 -408 1.41 4
Mn" [Mn"'Mn"(p-0),(bispiMe.en),]**  -141 -230 163 4
Mn" [Mn""Mn"(p-0),(tren),]** -275 -428 156 5
Mn" [Mn""'Mn"(p-O),(tren),]** -138 -207 150 5
Mn'™" [Mn™™n"(p-O),(p-OAc)(dtne) P 266 -391 147 6
Mn" [Mn"Mn"(p-0),(p-OAc)(dtne)**  -140 209 149 6
Mn'" [Mn"(H,0)s]** 191 264 138 7
Ave. fi, 1.50

bispiMe,en tren dtne

Figure S5: Optimized geometries for selected models used in determination of the *>Mn HFC scaling factor.



Mn HFC tensor orientations:

1&1'

2&2'

3 &3

Figure S6: Orientations of the calculated Mn hyperfine tensors. Blue, green and red arrows correspond to

I 11

ax, ay and a, components on Mn". The a, component is always facing along the Jahn-Teller axis of Mn™.

Cyan and magenta arrows depict the perpendicular, av, and parallel, aj, components on Mn".
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Mn Quadrupole Tensor Orientations:

3 3'

Figure S7: Relative orientations of the EFG tensors of Mn" and Mn". Following the standard convention,
lax| < |ay| < |g.]. The red, ay, green, gy, and blue, q,, arrows correspond to components on Mn"; while cyan,

Qx, yellow, gy, and magenta, q,, correspond to components on Mn".
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Sample ORCA input files:

a) Crystal structure proton position optimization.

I uks bp def2-tzvp(-f) def2-tzvp/j zora decontractaux
I tightscf grid4 nofinalgrid
I vdwl0 pmodel opt slowconv

%basis newgto H "svp" end
newgto C "svp" end
end

%geom optimizehydrogens true
end

* xyzfile 1 10 myxyzfile.xyz
b) High-spin geometry optimization.
I uks bp def2-tzvp(-f) def2-tzvp/j zora decontractaux
I tightscf grid4 nofinalgrid
I vdwl0 pmodel opt slowconv
%basis newgto H "svp" end
newgto C "svp" end
end
* xyzfile 1 10 myxyzfile.xyz

c¢) Broken symmetry single point.

I uks tpssh def2-tzvp(-f) def2-tzvp/j zora decontractaux
I tightscf grid4 nofinalgrid rijcosx gridx4
! pmodel veryslowconv

%scf flipspin 1
finalms 0.5
maxiter 300
end
* xyzfile 1 10 myxyzfile.xyz
d) Broken symmetry geometry optimization.

I uks bp def2-tzvp(-f) def2-tzvp/j zora decontractaux
I tightscf grid4 nofinalgrid
I vdwl® moread opt slowconv
%moinp "BS-SinglePoint.gbw"
%basis newgto H "svp" end
newgto C "svp" end
end

%sct maxiter 300
end

* xyzfile 1 2 myxyzfile.xyz

12



e) EPR parameter calculation.

I uks tpssh def2-tzvp(-f) def2-tzvp/j zora decontractaux
I tightscf grid4 nofinalgrid rijcosx gridx4

I moread slowconv

%moinp "BS-SinglePoint.gbw"

%scf maxiter 300 end

%basis

# CP Basis set for element : N
NewGTO N
S 1

1 308293.7601093750 1.0000000000
S 1

1 123317.5040437500 1.0000000000
S 1

1 49327.0016175000 1.0000000000
S 1

1 19730.8006470000 1.0000000000
S 1

1 2957.8958745000 1.0000000000
S1

1 673.2213359500 1.0000000000
S1

1 190.6824949400 1.0000000000
S 1

1 62.2954419000 1.0000000000
S 1

1 22.6541611800 1.0000000000
S 1

1 8.9791477400 1.0000000000
S 1

1 3.6863002400 1.0000000000
S 1

1 0.8466007700 1.0000000000
S 1

1 0.3364713400 1.0000000000
S 1

1 0.1364765400 1.0000000000
P 4

1 49,2003805100 0.0115131336

2 11.3467905400 0.0785386070

3 3.4273972400 0.3081978103

4 1.1785525100 0.7201896814
P 1

1 0.4164220500 1.0000000000
P 1

1 0.1426082600 1.0000000000
D 1

1 1.6540000000 1.0000000000
D 1

1 0.4690000000 1.0000000000

end;
# CP Basis set for element 0
NewGTO O
S 1

1 422380,9786093750 1.0000000000
S1

1 168952.3914437500 1.0000000000
S1

1 67580.9565775000 1.0000000000
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O
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# CP Basis set for element

NewGTO Mn
S
4331
S
1732
S
692

277

41

9

2

%
T T T T T T T T T G I T G I W QY

032.

052.

922,

261.

85.

31.

12.

63.
14.

015

406.

962.

185.

550.

455.

676.

871.

312,

121.

47,

303.

93.

3826310000
3871392000
3272271000
2407098900
3546413500
0350352400
2608607300
.9987076000
.1703108200
.4647474100
.1850453600
2749548000
6270493800
.4501223500
.5275799600
.5293511800
.1747842100
.3140000000

.6450000000

.6489062500

2595625000

5038250000

0015300000

7698900000

9700152000

5206482000

4668753000

9830642000

4445405100

9225988300

6672316300

8814031900

[ocNoNoNo] =

=

Mn

.0000000000
.0000000000
.0000000000
.0000000000
.0000000000
.0000000000
.0000000000
.0000000000
.0000000000
.0000000000
.0000000000
.0121096626
.0831734399
.3200012219
. 7069790865
.0000000000
.0000000000
.0000000000

.0000000000

.0000000000

.0000000000

.0000000000

.0000000000

.0000000000

.0000000000

.0000000000

.0000000000

.0000000000

.0000000000

.0000000000

.0000000000

.0000000000
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F

RRRRRPRPRPRRPRRPRPRRERAONRARRPRRRPPRPRPREPPOUURWNRORRPRPRERPRRRERRPRPRB R

14

1444,
342.
109.

40.
16.

25,

56.
16.

end;

end

.8794212100
.2865200700
.4858591300
.5698706200
.6590321400
.1068629200
.0392674400
7978182000
0655119700
5840089100
7479881700
1886265700
.5484506000
3570864400
.4830168800
. 3858800900
.5255509500
5631891200
2787347100
.6964273900
.1411147900
. 7829180200
.2595231100
.1276500000
.0860000000

.3260000000

%method specialgridatoms
specialgridintacc

end

%rel soctype 3

end

socflags

1,3,3,1

picturechange true

=

[oNoNoNoNoNO)

[oNoNoNo])

[y

.0000000000
.0000000000
.0000000000
.0000000000
.0000000000
.0000000000
.0000000000
.0032493630
.0237346473
.1067232634
.3007617717
.4790147038
.2708283465
.0000000000
.0000000000
.0000000000
.0000000000
.0192444440
.1161060412
.3706567953
.6570040408
.0000000000
.0000000000
.0000000000
.0000000000

.0000000000

* xyzfile 2 2 myxyzfile.xyz
%eprnmr nuclei
nuclei

nuclei

all Mn {
all N {
all 0 {

aiso, adip, aorb, fgrad }
aiso, adip, aorb, fgrad }
aiso, adip, aorb, fgrad }

end
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S1. Literature 'H coupling data for the OEC poised in the Sy and S, states. CW-ENDOR
spectroscopy provided the first information on water-derived species bound in the vicinity of the
Mn4OsCa cluster. In the paramagnetic S, and Sy states water-exchangeable protons can be identified via
the disappearance of signals originating from the hyperfine coupling of the 'H nucleus (/= % ) to the net
electronic spin (S7 = '2) of the MnsOsCa cluster after 1H20/2H20 exchange. Kawamori et al.' were the

first to report 'H couplings to the OEC obtained from spinach, poised in the S, state.

Table S1.1: 'H-couplings measured by Kawamori et al." and Fiege et al.” for the OEC poised in the S,.

'H coupling (MHz) (A.)
Kawamori et al. Fiege et al.

1 4.016 4.0-4.2
2 2.011-2412 23

3 1.407 — 1.441

4 1.067 - 1.190 1.1

5 0.693 - 0.761 0.6

6 0.370 - 0.531

The measured 'H envelope extended out from the 'H-nuclear Larmor frequency by +2 MHz and
disappeared after resuspension of the PSII in buffer made in “H,O. The peaks of this envelope were
interpreted as the overlap of a series of individual 'H species. The magnitude of the hyperfine splittings
was considered to be electron-nuclear dipolar in origin. A point dipole model was assumed, i.e. the
envelope was considered to be a sum of pake patterns. A Pake pattern can be described in terms of two
hyperfine parameters, Aj and AL. A defines the hyperfine interaction for powder pattern orientation
where the axis of magnetization (By) coincides with the spin-spin interaction vector (maximum
interaction), whereas and AL defines the hyperfine splitting of powder pattern orientations where By is

perpendicular to the spin-spin interaction vector (minimum interaction). As A effectively defines only
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one powder pattern orientation, the pake spectrum is dominated by the AL splitting. As such, the
hyperfine splittings identified by Kawamori et al. where interpreted as corresponding to AL. The
magnitude of at least one AL was consistent with a water molecule(s) directly coordinating to one or
more Mn ions ('H at a distance of 2-3 A from a Mn). Similar results were observed in the subsequent
study of Fiege et al.” which employed a more sophisticated electron-nuclear dipole model for the
interpretation of their data.

The first attempt at a quantitative fitting of the 'H envelope was performed in the pulse 'H-ENDOR
and “H ESEEM (electron spin echo envelope modulation) study of Aznar et al.** Here a four shell
model (inclusive of ambient water) was developed with electron-nuclear dipolar hyperfine couplings
(Agip) similar to those seen in the Kawamori and Fiege studies. As before, these results were interpreted
as evidence for a direct Mn-water interaction, fixing the number of protonated coordinating water
molecules to two. Similar hyperfine couplings were estimated for the S, state and approximately the
same number of Mn-proton interactions were inferred. A subsequent X-band “H-ESEEM study by
Ahrling et al.’ reached a similar conclusion albeit with an increase of the Agip of the largest hyperfine

tensor which was also seen in the recent X-band HY SCORE studies of Martinez et al.’
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Table S1.2: 'H/*H-couplings measured by Anzar et al.** and Ahrling et al.” for the OEC poised in the

S and S, states. “H data are scaled to the 'H Larmor frequency for easy comparison.

Anzar et al. 2002, Britt et al. 2004

"H/*H Coupling (MHz)

Sz SO

No. lH Aiso Adip No. lH Aiso Adip

1 2 2.93 4.17 2 2.61 5.54
2 2 0.00  3.97 1 1.95 4.89
3 2 0.00 1.95 2 0.00 4.56
4 - - - 2 0.00 2.61
ambient - 0.00 <1.24 - 0.00 <1.24
water

Ahrling et al. 2006

A Coupling (MHz)

No. ' H Aw  Agp No. 'H A Adip

1 1 2.08 6.32 1 1.76 5.86
2 1 1.76  4.23 1 1.37 3.78
3 0-10 0.39 2.87 5-8 0.33 2.74
4 4 0.32 1.63 4 0.33 1.63
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S2.  Literature '’O hyperfine and quadrupole couplings for metallocofactors and related model
complexes. ''O labeling has only been successfully employed to characterize a handful of
metallocofactos and corresponding model complexes. Of particular relevance to the study presented here
are the two Fe containing metallocofactors characterized by the Hofffman group: the mixed Fe"Ni"' (S =
1/2) active site of a class of Hydrogenase enzymes and non-mixed Fe"Fe'" state (S = 1/2)® of the small
subunit of class 1 ribonulceotide reductase (see Table S2.1). Both of these studies used low-frequency
(X, Q band) ENDOR to characterize the '’O in p-oxo bridges. The measured hyperfine couplings were
in the range of 10-15 MHz. The large hyperfine anisotropy (14-23 MHz) of which the through space
dipolar interaction contributes significantly, together with the large quadrupole splitting resulting (3-11
MHz), a consequence of the large electric field gradient experienced by coordinating ligands, resulted in
very broad ENDOR transitions. These characteristics (large hyperfine anisotropy, broad lines) match
well the results reported in this manuscript for the BIPY complex. Literature 'O data are given in Table

S2.1.
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Table S2.1: 'O hyperfine and quadrupole couplings for metallocofactors and related model complexes

Species Hyperfine Coupling (MHz) Quadrupole Coupling (MHz)
a aH 5o Aaniso OL,B,'Y PL pH % n (X,B,’Y
ax | ay az bx Py Pz
Mn™-OH, 1 6.3 -10.0 75 12 0,0,0 -0.33 0.37 -0.04 7.4 0.78 | 180,90,90
1T
(Mn"(H,O))
2 6.5 9.6 75 1.0 0,0,0 - - - 6.0 1 0,0,0
ref’ !
3 6.0 9.6 7.4 0.8 0,0,0 - - - 7.4 1 30,30,0
4 - -10.8 -13.5 33 90,0,0 - - - 105 | 0.62 0,90,0
9.6
Mn™-O-Mn"" (BIPY) [12.8] 12.8 - - - - - - - -
12
ref’
Fe'_O°ref’> 1 12.6| 0.3] - - - - 16.6] 0.95 [ 0,90,50
(Cyt. P450cam) 2 10.4] [1.8] - - - - l6.6/ | 0.95 | 090,50
RNR 1a Fe™O- 0 23.5 22.5 153 23.0 40,0,0 -0.60 -0.80 1.4 112 0.14 | 25450
FeIV
ref®
Fe™-OH, 34. | 205 17 283 15.3 0,20,0 -0.05 -0.25 0.30 2.4 0.67 | 90,45,90
0
Fe"-OH-Ni™ 7 5 20 10.7 14 90,45,0 -0.075 | -0.075 0.15 3.0 0.0 90,45,0
7
(Hydrogenase) ref
Mo"-O Mo 4-7
ref14,15 Mo=0 30 <10
Ga"-OH, reforo 0.75* | 0.69 0,0,0 - - - 7405 | >0.8 0,35,0
VO VV-OH, 8.0 6.3 72 72 1.3 x,0,0 - - - 107 | 052 0,0,0
€q.
(H,0)s q 5.7 6.3 72 6.4 12 x,0,0 - - - 107 | 052 0,0,0
o VV-0OH, - -0.9 3.8 -1.9 1.8 0,0,0 - - - 10.7 0.59 [ 90,90,0
e 1.1
(ax) '
vIV=0 16.0 -6.9 8.4 9.0 0,0,0 - - - 33 0.14 0,0,0
16. | 164 -6.9 8.7 9.5 0,0,0 - - - 33 0.14 0,0,0
5

a) center of Gaussian distribution of width Aajs, = 0.3 MHz

b) aquo/single H,O ligand.

¢) two possible solution, not resolvable which is correct.
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Spin Hamiltonian Formalism — Mn""-(n0O),-Mn"" dimer
S3.1 The Spin Hamiltonian Formalism. Here we consider an antiferromagnetically exchange coupled
Mnm-(uO)z-MnIV dimer. A basis set that describes the Mn-dimer spin manifold can be built from the

product of the eigenstates of the interacting spins:

| 8,8, M, M,I,1,mm,K K,kk,), (Eq. S3.1)

Here S; refers to the electronic spin state of Mn;, M; refers to the electronic magnetic sub-level of Mn;,
Ii refers to the nuclear spin state of Mn;, m; refers to the nuclear magnetic sub-level of Mn;, L; refers to
the nuclear spin state of O, and k; refers to the nuclear magnetic sub-level of O;. S; takes the value 2 for
Mn'" and 3/2 for Mn'v; M; takes the values: S Si-1, ...... , 1-8;, -Si; [; takes the value 5/2 for >Mn (100%
natural abundance); m; takes the values —/;, 1-1, ....., [i-1, I;; K takes the values 5/2 for 17O; and k; takes
the values —Kj, 1-K;, ....., K;-1, K.

The Spin Hamiltonian that describes the spin manifold of the '’O labeled Mn dimer is:

> > - o> - -

FI:Zﬂeéo - g, 5; _ZgMnﬂn Bo']l- _Zgoﬂn B,- K, +ZSi'&Mn,,-[i

(Eq. S3.2)

—

+Zz§i'&0,i/ I;/' +ZI_:'IA7Mn,,» Z +zlzi'f70,,~ 'I?i +z§:‘;’z §z _2S1'j'§2
i i i i

It contains: i) an electronic Zeeman term for each Mn ion ; ii) a nuclear Zeeman term for each >>Mn
1 vee 55 1 .
and '"O nucleus; iii) an electron-nuclear hyperfine term for each >>Mn and '’O nucleus; iv) an nuclear
55 17 . .
quadrupole term for each ~>Mn and 'O nucleus; v) a fine structure term for each Mn ion; and vi) a

electron spin coupling term for the Mn-Mn interaction.

S3.2 An Effective Spin %2 Ground State. The electronic coupling between the two Mn ions in mixed
valence Mn dimers is usually dominated by the through bond exchange interaction and sufficiently large
that the spin manifold can be treated within the strong exchange limit. In this instance the exchange

interaction between the two Mn ions is significantly larger than any other term of the Spin Hamiltonian.
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The resultant electronic spin states of the manifold are then adequately described by a single quantum
number, the total spin (St). The ‘multiline’ EPR signal observed for the BIPY complex is derived from
only one total spin state, the ground state of the spin manifold with total spin St = '4. The basis set that

describes this subspace takes the form
M m m, K K, k k) (Eq. $3.3)

L
2

Where M takes all half-integer values: —4 < M <1; m; (where i = 1-2) takes all half integer values:

<m; <3; K takes the value 5/2 and k; talks all half integer values —3 <k, <2. The effective Spin

|

Hamiltonian that describes the ground state of the spin manifold (St = %) is:

*)ﬁ

[:[:ﬁe Bo'é'S"'Z(_ngBn B, 1, +S"2Mn,i ']i"'li'ﬁMn,- 'Iij
: (Eq. S3.4)

+Z _goﬂn Bo'Ki +S'1:10- 'K,-+Ki'

i'Kij

o

l

It contains: 1) the electronic Zeeman term for the total electronic spin; ii) nuclear Zeeman terms for
each >>Mn and '"O nucleus; iii) electron-nuclear hyperfine terms for each >>Mn and 'O nucleus and; iv)

nuclear quadrupole terms for each *>Mn and '’O nucleus.

S3.3 Isotropic Spin Projections. A mapping of the spin subspace in section S3.2 onto the original basis
set as described in section 3.1 can be made. This allows the intrinsic g and hyperfine tensors of the two
Mn ions and the two '’O nuclei (g;, a;, see eq. 2) to be calculated from the effective G and hyperfine
tensors (G, A;, see eq. 4). For an exchanged coupled Mn"Mn™ complex the effective g-factor G,
hyperfine tensors 4; and quadrupole tensors p; are related to the parameters of the complete spin

Hamiltonian of the exchange-coupled system'”'® by the spin-projection coefficients, where the isotropic
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spin projection coefficients (p;, p2) are defined as :

S, (S, +1)=S,(S, +1)+ S(S +1)
28(S+1)

S,(S, +1)=8,(S, +1)+S(S +1)
28(S+1)

P (Mn" ) =
(Eq. S3.5)

P> (Mn™") =

and effective G and hyperfine values (4;), assuming all g; and a; are isotropic and the exchange

coupling J is large:

G= P18t P8, P p
Mn,| Mn,|
AMn =p1aMn
! ! PMn,Z =pMn,2
AMn,2 = pzaMn,z PO _ po (Eq S3.6)
1 )1
Ao,l = P11t P24, P, =p
0,0 — 0,
Ao,2 =Pbg,,, T P20 ,,

For an Mn""Mn"" dimer, S;vnmn = 2; and S>vnrvy = 3/2 which gives isotropic spin projection values of
p1 =2 and p, = -1, respectively. The above relations are thus approximately: G =2g; — g,
Ay = 2001, A2 = —Amn2, Ao = 2a0,11 —ao,12; Aoz = 2a0,12 — 0,22, Puy = a1, Pum2 = Pam2;
Poi1=po1, Por=pox 719 Note that for terminal ligands such as '*N, the same projections apply as for

the individual Mn nuclei.
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S4.  Spin Hamiltonian Formalism — Mn tetramer

S4.1 The Spin Hamiltonian Formalism. Here we consider a single ''O nucleus magnetically
interacting with an exchange coupled Mn tetramer. The current assignment for the oxidation states of
the four Mn ions when poised in the S, state is Mn"™n"VMn"VMn" refs.!”?* This net oxidation state is
assumed throughout the text. A basis set that describes the '’O-Mn-tetramer spin manifold can be built

from the product of the eigenstates of the interacting spins:

|8,8,8,8, M, M,M ;M ,1,1,1,I,mm,mym,Kk), Eq. S4.1

Here S; refers to the electronic spin state of Mn;, M; refers to the electronic magnetic sub-level of Mn;,
I; refers to the nuclear spin state of Mn;, and m; refers to the nuclear magnetic sub-level of Mn;. S; takes
the value 2 for Mn'" and 3/2 for an; M; takes the values: S; Si-1, ...... , 1-S;, -S;; [; takes the value 5/2
for >Mn (100% natural abundance); m; takes the values —/;, 1-7, ....., [i-1, [;. K takes the values 5/2 for

70 (0.038% natural abundance); and k takes the values —K, 1-X, ....., K-1, K.

The Spin Hamiltonian that describes the spin manifold of the '"O-Mn tetramer is:

A=Y p.By2-5 -2 &B,By I, + 35, ay I+ X1, by -1,
l | : ’ Eq. S4.2

]

+Z§i -c;’l.-S’i—ZS’i -j!“ -S/ —goﬂni.§+z§-a0i§+§-ﬁo-1§

i<j
It contains: i) an electronic Zeeman term for each Mn (gj) ion ; ii) a nuclear Zeeman term for each
>>Mn (g,) and 'O (go) nucleus; iii) an electron-nuclear hyperfine term for each *>Mn (aumy,) and 'O (ao)
nucleus; iv) an nuclear quadrupole term for each >>Mn (pus) and "0 (po) nucleus; v) a fine structure

term for each Mn (d;) ion; and vi) pair-wise exchange terms for each Mn-Mn (Jj;) interaction .

S4.2 An Effective Spin 2 Ground State. The tetranuclear-manganese cluster of the OEC
(Mn4OsCa), is usually considered within the strong exchange limit. In this instance the exchange

interactions between the Mn ions are significantly larger than any other term of the Spin Hamiltonian.
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The resultant electronic spin states of the manifold are then adequately described by a single quantum
number, the total spin (St). The ‘multiline’ EPR signal observed for the S, state of the OEC is derived
from only one total spin state, the ground state of the spin manifold with total spin St = 2. The basis set
that describes this subspace requires only 15552 vectors which represent the coupling of the effective

electronic spin (St = ') to the nuclear spin of each **Mn (/= 5/2) and '’O (I = 5/2) nucleus.

1M m omy, my m; K k) Eq. S4.3

Where M takes all half-integer values: —4 < M <1; m; (where i = 1-4) takes all half integer values:

—3 <m, <3, and k takes all half integer values: —3 <k <3.

The effective Spin Hamiltonian that describes the ground state of the spin manifold (St = '2) is:

A=p.B,-G-S+Y(-g,8,B,-1,+S-4,,-1,)-g,B,B, - K+S-4,-K+K-P,-K  Eq. S44

It contains: i) the Zeeman term for the total electronic spin; ii) Zeeman terms for each >Mn nucleus
and the '’O nucleus; iii) hyperfine terms for each >>Mn nucleus and the '’O nucleus and iv) a quadrupole
term for the '’O nucleus. Quadrupole terms are neglected for the >>Mn nuclei as they are considered to

only have a small contribution to the energy levels/ eigenstates of the system.

S4.3 70 Electron Nuclear DOuble Resonance (ENDOR) spectroscopy. The simulation of
70 EPR/ENDOR spectra of the OEC can be further simplified. As the '’O couplings are small, they do
not significantly contribute to the inhomogeneous linewidth of the S, EPR spectrum. Thus for

simulation of the EPR spectrum, the terms in Eq. 10 relating to the '"O nucleus can be excluded (Eq.

34.5).

A

Ay =p.B,-G-5+ Z(— g.B,B,-1,+S-4,, 1) Eq. S4.5

!
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Similarly, a simplified effective Spin Hamiltonian can be used for the simulation of ENDOR spectra
associated with the '"O nucleus. As the '’O nuclei does not significantly couple to the four >*Mn nuclei,

terms in Eq. S4.4 associated with the >>Mn nuclei can be excluded (Eq. S4.6).

K Eq. $4.6

A

Hppor =P.By-G-S—g,p,B,-K+S-A -K+K-P, -

In practice however, the above Spin Hamiltonian (Eq. S4.6) is only valid when the 'O ENDOR
spectrum is collected at the center field of the S, multiline spectrum as at this position all powder pattern
orientations are sampled uniformly. 'O ENDOR spectra collected on the high and low field edges of
the multiline spectrum must also take into account the sampling of the powder pattern orientations,
which for the OEC is defined by the hyperfine coupling of the >>Mn nuclei along with the g-tensor. Eq.
S4.6 can still be used (i.e. terms associated with the >>Mn nuclei can be excluded) but each orientation

must include a weighting derived from simulation of the EPR lineshape.
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S5.1 Control ESE detected field sweep W- and Q-band EPR

S5.1. ESE detected field sweep W band EPR. Field sweep W-band spectra of the OEC of 7.
elongatus grown in "“NH,4 and '"NH, media, poised in the S; and S, states, resuspended in buffer
solutions made with 1H2160 and "H,"’O were collected and are shown in Figure S5.1. A broad species
that spans the entire spectral range collected is observed in the background S; spectra, assigned to the
oxidized cyt.b559/cyt.c550. A small amount of Mn" is also observed, centered at g~2. At W-band the
six-line structure of this species is readily observed: it is made up of two contaminant species, a cavity
signal seen with an empty sample tube and a Mn"(H,0)s. Care was taken to minimize the second
component. A third, narrow species is seen at g~2, assigned to the stable tyrosine D (Yp) radical. This
signal severed as a reference for the quality of the resonator such that the optimal n/2 pulse seen in the
Yp microwave nutation experiment was subsequently used for the S, state, typically varying between
20-28 ns. All these species are partially saturated and in the case of Mn", partially suppressed under the
experimental conditions used to collect the S, spectra.

The S, spectra observed for both buffering regimes all display the multiline signal centered at g =
1.976. The hyperfine structure is less resolved at high field presumably due to an increase in the
g/hyperfine strain. The envelope is broader than that observed at Q-band suggesting that while the g-
tensor components are still unresolved, the g-anisotropy significantly contributes to the width of the
signal. The spectrum is nominally the same as observed in the studies by Teutloff et al.>> A simulation
of the EPR lineshape was performed using the >>Mn hyperfine tensors measured for 7. elongatus. The
fitted G-tensor was found to be [1.997, 1.973, 1.963], similar to that previously reported by Teutloff et
al.” In these simulations the hyperfine tensors and their relative orientations to the G-tensor were fixed

as per the publication of Cox et al.**
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Figure S5.1 A: W-band Echo-detected ficld-sweep spectra of '“N-PSII and '"N-PSII of 7. elongatus
poised in the S; state (200 K white light), exchanged into H216O and H217O buffer in the S; state. B: A
simulation of the S, spectrum of ""N-PSII exchanged in H,'’O buffer using the Spin Hamiltonian
formalism, black line — data, red dashed line — simulation; green dashed lined - baseline; C A

decomposition of the EPR simulation along the three principal axes, x (blue), y (green) and z (red).

S5.2. ESE detected field sweep Q band EPR. Figure S5.2 shows the Hahn-echo detected field
sweep Q-band spectra of the OEC of T. elongtaus poised in the S; and S, states, resuspended in buffer
solutions made with unlabelled water, “H,O and 'H,'’O. The top panel displays the raw spectra,
whereas the bottom panel represents the pseudo-modulated, ‘cw like’, spectra. A broad species that
spans the entire spectral range is observed in the background S; spectra, assigned to the oxidized

cyt.b559/cyt.c550. A similar broad species assigned to a small amount of Mn"(H,0)s is also observed,
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centered at g~2. A third, narrow species is seen at g~2, assigned to the stable tyrosine D (Yp) radical.
All these species are partially saturated and in the case of Mn", partially suppressed under the
experimental conditions used.

The S, spectra observed for the three buffering regimes all display the typical 20-24 line multiline
signal. The three spectra are essentially invariant and identical to a previous report from our laboratory.
The absence of line-broadening for the sample resuspended in "H,'’O suggest the magnetic coupling of
exchangeable O (water/hydroxo/oxo) groups to the OEC is smaller than the intrinsic EPR linewidth, i.e.
<20 MHz. A similar upper bound can be placed on the 'H coupling to the OEC, as the EPR linewidth

does not narrow upon exchange into the *H,O buffer.

' ' ’ ‘ Figure S5.2 A: Q-band Echo-Detected Field sweep

spectra of "*N-PSII 7. elongatus poised in the S, state

(200 K white light), exchanged into unlabelled water
(black) and ’H,0 (red) buffer in the S; state. B:
Corresponding pseudo-modulated EPR lineshapes for

the absorption spectra presented in panel A. These

B

M/\/\A/\/ spectra were generated by convoluting the original
absorption spectra with a Bessel function of the 1

M kind. The peak-to-peak field modulation used was 3

mT.

Echo Amplitude
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$6.1 '"O-ELDOR detected NMR/ 'H/’H-ENDOR data processing. EDNMR spectra presented
throughout the manuscript were processed as follows. The central blind spot, a Lorentzian like line
centered at the fixed microwave frequency (Vi) was subtracted from the spectrum. As the blind spot
was not symmetric about vy, the baseline was approximated by a cubic spline. The two halves of the
EDNMR were then inverted, overlaid and averaged to give an ENDOR like spectrum shown in the text,
see Figures 3, 4,5, 6,7, 8 and 7. The x-axis gives the difference of the spectral line positions relative
to the central hole in MHz. The overlaid halves of the EDNMR spectrum served as an internal check

with regard to the baseline subtraction as the two halves should be essentially the same in terms of both

line positions and intensities.

EDNMR Amplitude

Av=v_ -vo IMHz

mw

93.93 93.95 93.97 93.99
ELDOR frequency /GHz

Figure S6.1 Baseline correction procedure used for processing of 94 GHz EDNMR data. LHS panel:
raw EDNMR data (red/black line) fitted to an cubic spline (green dashed line); RHS panel: The two

halves of the baseline corrected EDNMR spectrum overlayed.

A similar procedure was used to symmetrise the 'H/”H ENDOR data presented in Figure 6.

257



Figure S6.2. Symmetrization procedure for 'H/”H-ENDOR

o symmetrized
8 Irie;tht spectra. Left (v<vy) and right (v>vy) parts of spectrum were
=z
Ll
@ compared and mirrowed against the Larmor frequency of
=
8 the respective nucleus (vo). “H-ENDOR spectra were scaled
I
- to 'H. Simulations were performed on the averaged spectra.
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S7.1 Spin Hamiltonian Simulations of the 70 EDNMR

S7.1. The S = %, I =5/2 (*’0) Spin manifold. The S =4, I=5/2 ('’0) spin sub-manifold for the
70 labeled mixed-valence Mn""Mn" complexes (and the '’O labeled PSII poised in the S, state) is
shown in Figure S7.1 at a position within the inhomogeneous linewidth of the EPR multiline signal,
with effective g value g.s. The inhomogeneous linewidth of the EPR signal is defined by the coupling of
the unpaired electronic spin (S = %) with the two >>Mn hyperfine tensors. As the hyperfine couplings
are significantly larger than the g-anisotropy and relatively isotropic, for most positions within the
spectral envelope all powder pattern orientations are equally sampled. This however is not the case for
the high and low field edges of the spectral envelope. Here only a fraction of the powder pattern
orientations are sampled and thus the resulting >>Mn/'’O ENDOR/EDNMR spectra show small but
measureable orientation selectivity. As the interaction between the >>Mn and '’O nuclei is small, they

can be treated separately as described in the Theory section.
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The energy-level scheme of the '"O spin sub-manifold assumes the weak coupling limit i.e. |v| >

4
=t

The red arrows indicate the allowed (single quantum) NMR transitions of the manifold however as the

spin sub-manifold now contains multiple levels, multiple quantum transitions can occur (not shown).
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Figure S7.1. '"O-spin submanifold of the effective S = % spin system that descibed the exchange
coupled Mn dimer/tetramer systems presented here. The 'O splitting (spin manifold) shown are
unresolved in the EPR spectrum (LHS trace) but can be probed using pulse EPR techniques

ENDOR/EDNMR (Top trace). The energy-level scheme/ENDOR spectrum assumes the weak coupling
A
5|

S7.2. EDNMR as compared to ENDOR, the four level system. ELDOR-detected NMR

limit i.e. |VN| >

(EDNMR) and Davies ENDOR are both polarization transfer experiments. They essentially generate the
same magnetization state but via two different routes. This can be seen in the four level system i.e. S =

%, 1 = Y%. In Davies ENDOR, the initial/preparatory inversion pulse selectively inverts one pair of

electronic sublevels i.e. ¥, = v, , where y, = |§ %) and v, = |—% %) A subsequent radiofrequency

pulse then induces a transition between the nuclear sublevels 1.e. y; =, resulting in the non-thermal
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equilibrium population shown in Figure S7.2A. The same state is achieved in the EDNMR experiment
by direct excitation of the spin forbidden transition y, —y, using a second (pump) microwave pulse,
which is swept about the resonance frequency. Thus both methods give the same nuclear transition.

The two techniques though differ in the detection of nuclear transitions. In the Davies experiment, the
nuclear transition is observed via the recovery (loss of inversion) of the inverted primary echo,
analogous to CW-ENDOR where nuclear transitions are detected via desaturation of the pumped EPR
transition. In contrast in the EDNMR experiment, the same nuclear transition is measured via the loss of
the primary echo. Thus both techniques are dependent on the initial intensity of the primary echo i.e.
transition probability of the allowed EPR transition. However, in the weak coupling limit where the
hyperfine coupling is small relative to the Larmor frequency (A<2v), both allowed EPR transitions i.e.

v, D v,,w, >,, will have a transition probability of approximately 1. As a consequence this

component of the intensity calculation does not need to be explicitly included.
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Figure S7.2. The population evolution for the four level system generated using A) Davies ENDOR
sequence; B) ELDOR-detected NMR sequence. The 1% microwave pulse must be selective. It should

only excite one transition of the Spin manifold: A) v, > y,,B) v, > y,.

The transition probabilities of the EDNMR experiment can be expressed in terms of effective flip

angles:

A

H,

B :ﬂ()\/a Eq. S7.2 P,= ‘<l//4 v, >‘2 Eq. S7.1

Where: 3 is the nominal flip angle (for an allowed electronic transition) and H , 1s given by:

H =pB -$-S-p,2,B, -1 Eq. S7.2
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This gives the approximate transition intensities for the nuclear transition of interest in the weak

coupling limit:*

2
1 o zl_cos(ﬁm)zl_[l_@"‘ ----- JOCPM Eq.S7.3

As a final point, it should be noted that S is not constant but instead is dependent on the microwave

frequency of the HTA pulse. As the pump frequency (v MW) shifts away from the resonator frequency

(V/(\)/,W) the HTA pulse must increase in amplitude to compensate for the effective decrease in the B;

field.

2
I =1 —cos(,BM)zl—(l —@ Fo J o By(Viw ) Pra Eq.S7.4

Where f,(v,, ) is the functional representation of the resonator response profile which should be

approximately Lorentzian, centered at the resonator frequency (v](\)m) Thus an EDNMR signal spread

over a large frequency range will be susceptible to a predictable line-intensity modification. If however
the EDNMR signal is narrow (<10 MHz) as seen for the '’O/"N single quantum signals reported here,
this effect does not need to be explicitly included in Spin Hamiltonian simulations to reproduce the
spectral profile. This is not the case though for the double quantum envelope and as such the optimal
HTA pulse for the low and high frequency edges is not the same, leading to enhancement/suppression of
the edges of the envelope relative to each other. It is noted that similar line-intensity artifacts are seen in

pulse ENDOR due to non-linearity in the B; field.

S7.3. The S=1%,1=5/2 (170) EDNMR spectrum. A cartoon of the multiple contributions to the

EDNMR spectrum is shown in Figure S7.3. This figure essentially shows the same information as
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Figure S7.1, but uses the same layout shown in Figure S7.2. In this way the positions of the spin
allowed and forbidden transitions of the manifold for any pair of states within the '’O-submanifold can

be identified.
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Figure S7.3. 1) Typical EPR multiline spectrum seen for the exchange coupled Mn dimer/tetramer
systems presented here. The '’O hyperfine couplings of O ligands bound to the Mn are smaller or of the
same order of magnitude as the linewidth of the EPR spectrum. II) Cartoon of the '’O-spin submanifold
(see Figure S7.1) at the marked field position showing a selection of single and double quantum

transitions . III) EDNMR specta of individal single (green/blue) and quanta double (purple) transitions
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within the '"O-spin submanifold. Also shown is the net EDNMR spectrum for the '’O-spin submanifold
including only single and double quantum transitions. The energy-level scheme/EDNMR spectrum

4
>

assumes the weak coupling limit i.e. [v|>

S7.4. 70 EDNMR Spin Hamiltonian Simulations. The preliminary EDNMR Spin Hamilton
simulation shown in the text take into account the features described in the previous sections. EDNMR
line intensities were calculated as per equation S7.7. The contribution of the three ''O species was
scaled to the component of largest hyperfine coupling i.e. the p-oxo bridge. The experimental
parameters of the EDNMR experiment were optimized to visualize this species and as such the HTA
pulse used represents a « pulse for this species. The two more weakly coupled species are under rotated
by this HTA pulse (as the transition intensity scales with the size of Agip) and are thus partially
suppressed under these conditions. Scaling factors used were: ''O(strong) = 1; 'O (intermediate) =
0.62; "O(matrix) = 0.46. The same scaling factors were used for all data traces collected across the '’O
EDNMR surface. The same scaling factors reproduced the '’O EDNMR data collected in '*N-PSII (not
shown).

The intensity of the double quantum ''O signal envelope relative to the single quantum envelope is
significantly larger than expected for both the BIPY model and PSII. It is hypothesized that this is
primarily due to the large unresolved quadupole coupling. Test simulations show that inclusion of the
quadrupole coupling can increase the magnitude of the double quantum envelope to approximately the
same magnitude as seen in the experiment i.e. ~20% of the single quantum envelope. It is also noted
that quadrupole coupling also appears to modify the intensity profile of the EDNMR double quantum
transitions and can lead to significant asymmetry, especially for the more weakly coupled species where
the quadrupole coupling is of the same order as the hyperfine coupling. As the quadrupole coupling was

not explicitly included in our simulations three corrections were included:
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a. The intensity profile of the double quantum envelope was fitted independently from the
single quantum envelope.

b. The relative intensities of the (+) and (-) branches for the fitted double quantum signals were
allowed to vary by up to 50%.

c. The double quantum lines were allowed to broaden as compared to the single quantum lines
as the quadrupole splitting should be larger for the double quantum envelope (see Figure
S7.3).

Simulations that explicitly include quadrupole coupling form part of ongoing work of our laboratory.

$7.5 70 EDNMR Spin Hamiltonian Simulations of the BIPY complex. The spectral profile of the
70 EDNMR signal at all field positions could be simulated using the Spin Hamiltonian formalism
described in the theory section. Table 1 lists all Spin Hamiltonian parameters. These preliminary
simulations required only one strongly coupled 'O nucleus as the two labelled p-oxo bridges are
symmetrically related and a weakly coupled '"O nucleus representing a more distant matrix water
molecule. The simulations are described in the Theory section. It is readily seen that the simulations

reproduce the spectral width and overall lineshape of all the '’O signal seen.
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Figure S7.4. Simulations of the EDNMR
data presented in Figures 4 spectra using the
Spin Hamiltonian formalism. The black
lines represent the data, the red dashed lines
represent the simulation. The different
components of the simulation are shown by
transparent coloured traces: '*N(S.Q) blue,
17O(uoxo-S.Q) green; 17O(uoxo-D.Q) cyan;
"O(matrix-S.Q) purple; '"O(matrix-D.Q)
yellow. Spin Hamiltonian parameters can be

found in Table 1 of the main text.

S.8  W-band O ENDOR "“N-PSII 7. elongatus poised in the S, state (200 K white light)

S.8.1 70 Davies ENDOR of the OEC poised in the S, State. The most strongly coupled '’O signal

seen using EDNMR assigned to a p-oxo bridge can also be observed using Davies-ENDOR. 94 GHz

EDNMR spectra of '*N-PSII and universally labeled "’N-PSII, resuspended in H,'’O and poised in the

S, state compared to Davies ENDOR are shown in Figure S8.1. In all samples the same signal is

observed centered at the Larmor frequency of 'O [v('’0) ~

19.6 MHz]. This weakly coupled component

of the signal is suppressed in the Davies ENDOR experiment due to blind spotting, as seen for the Mn"

complex, see main text Figure 3.
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Figure S8.1 W-band EDNMR spectra of '*N-PSII and

A:S,-“NO v(70)
% v(1*N) : N-PSII of T. elongatus poised in the S, state (200 K
<t '
o
- white light), exchanged into unlabelled water and H,'’O
=
= ]
o buffer in the S; state, measured at the center of the
© 1
= :
Q |B:5,-"N"0 V{wNj\ multiline spectrum (3.4 T). A: “N-PSII in unlabelled
- !
w

L E \ 4

Am water (black) and resuspended in H,''0 (red); B SN-PSII
N [ in unlabelled water (black) and resuspended in H,'’O
= — v(70) . 14
T | & 5,-"NY0 : (red); C Davies ENDOR spectrum of “N-PSII
[a's
Q L
% resuspended in H,'’O (after 12 hours of accumulation)
g
3
a

: | :
10 20 30
v -v_ ©(MHz)

m

S.8.2 Weakly coupled ‘Matrix’ water - W-band "O-Mims ENDOR. The matrix component of the
envelope is best visualized not by using EDNMR but instead by using Mims ENDOR. 94 GHz
EDNMR spectra of "“N-PSII and universally labeled "N-PSII, resuspended in H,'’O and poised in the
S, state are shown in Figure S8.2A and B (black solid lines). In both samples the same signal is
observed centered at the Larmor frequency of 70 [v(”O) ~19.6 MHz]. The signal has FWHM <1 MHz
and a near Lorentzian lineshape, with a resolved splitting of 0.5 MHz. Similar lineshapes albeit of
enhanced resolution have been identified previously in '’O model complex systems e.g. weakly coupled
'H,"’0 coordinating Gd** complexes. The characteristic Lorentzian lineshapes arise due to the

relatively large quadrupole interaction relative to the hyperfine term."®
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Figure $8.2 W-band '"O-Mims ENDOR spectra of
“N-PSII and '"N-PSII of T. elongatus poised in the
S, state (200 K white light), resuspended into H,'’O
buffer in the S; state, measured at the center of the
multiline spectrum (3.4 T). Simulations are shown
red (dashed line). Simulation parameters are
expressed in the form:

A=A+ A=A, + Ay 4 4],
P, =[0 7] Simulation parameters:
AW3)=025+[0.07 -028 -0.35],
AW4)=025+[0.01 —0.23 0.24] and

ow3/wa)=[14 0.25], see S11.

Multipole coupling model. The through-space coupling estimates for the 'H and '"O nuclei

associated with the OEC were calculated numerically using the same approach adopted in Randall et

26
al.

and references therein. Here the contribution of all four Mn are included in the calculation of the

through space interaction. The effective through space interaction for a given nucleus is made up of a

weighted linear sum of the individual dipolar interaction of said nucleus with each Mn ion.

The

contribution (weight) of each Mn interaction is given by its corresponding spin projection coefficient.

For the calculations reported here the values of model 11 (Siegbahn model) Cox et al.?’ /Pantazis et al.”®

are used. The effective through space interaction takes the form:

‘:1 :Zpi&i

Eq. $9.1
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Where a, defines the Mn;-"H/'O dipole interaction and p,; 1s the spin projection coefficient for Mn;.

The dipole tensor a, takes the form:

2 2
v, —3x —3xy —3xz
a =M 3 rP -3y -3y Eq. 9.2
! —3xz ~3yz  r’-32°

Where 7; is the distance between the nucleus and Mn;.

T :\/(x_an,i )2 +(y_yMn,i )2 +(Z_ZMn,i )2 Eq. S9.3

The solution of the eigenvalue problem:

Ap=7¢ Eq. S9.4
yields the principal values of the hyperfine tensor [ 4,,4,,4;] — the hyperfine tensor expressed in a
coordinate system such that the tensor is diagonal — and eigenvectors ¢,,d,,¢,, which define the

orientations of the principal components of the hyperfine tensor expressed in the original coordinate

system. The rotated hyperfine tensor (/{ ) takes the form:

A 0 0 1-n 0 0 6:£_77:/11—/12'
A=|0 A, 0|=5- 0 1+n 0 2 A Eq. $9.5
0 0 A 0 0 -2 4] <|4,] <4

It can be re-expressed in terms of two parameters 0 and 77 ; where ¢ defines the magnitude of the
hyperfine coupling and 7 the deviation of the hyperfine tensor from axial symmetry, 7 =0 (axial),
n =1 (thombic). These values are tabulated in the in the next section (S10) for all "H/'’O nuclei within

5 A of the OEC as identified in the Umena et al.?’ structure.
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$10. '"H/*H/"’O coupling estimates based on the coordinates of Umena et al.”’

Mn(IV): A4, B3, C2

Mn(lll): D1 W(B1)
? W(C1)‘_,

W(A2)

W(D2)

W(D1)

Figure $10.1: The positions of the potential (exchangeable) substrate (H,O/HO/O%) in the structure of

Umena et al.”’

Using the approach outlined in the previous section, supporting information S9, through-space (dipolar)
coupling estimates for the '"H and '"O nuclei associated the OEC, out to a radius of 5 A. The
contribution of all four Mn were included in the calculation of the net through space interaction. The
effective through space interaction for a given nucleus is made up of a weighted linear sum of the
individual dipolar interaction of said nucleus with each Mn ion. The contribution (weight) of each Mn
interaction is given by its corresponding spin projection coefficient. For the calculations reported here

the values of model 11 (Siegbahn model) Cox et al.*” /Pantazis et al.” are used.
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Table S10.1: '7O-Mn distances and theoretical '’O couplings for the p-oxo substrate positions in the
Umena et al.” structure using the isotropic spin projections for the model of Siegbahn (model 11)

reported in Pantazis et al.*®

Mn-O distances (A)

Mnp4-O-Mngs Mnpg3-O-Mnc» Mnc;-O-Mnp,
04 05 02 01 03
Mngg 2.107 2.504 3.778 5.172 4.704
Mng; 2.089 2.379 1.873 3.517 2.126
Mng, 4.524 3.840 2.131 2.062 2.103
Mnp, 5.163 2.602 3.730 1.871 1.810
Projected 'O hyperfine Tensors (MHz)
Aap("O) 2.041 1.750 1.229 3.476 3.972
nc’o0)° 0.513 0.842 0.589 0.526 0.140
® principal  value for anisotropic component of the 'O  hyperfine tensor:
4,(70)=2 22 = pr < <)

T -T
® rhombicity of the '’O hyperfine tensor as defined by: 77(170): L2,

T|<|n| <[

3

Table $10.2: '"O-Mn distances and theoretical '’O couplings for the remaining (protonated) substrate
positions in the Umena et al.” structure using the isotropic spin projections for the model of Siegbahn

(model 11) reported in Pantazis et al.**

Mn-O distances (A)

Mny-OH Ca-OH,

W(2) W(1) W(3) W(4)

Mnag 2.082 2.220 3.775 6.046

Mng; 4.639 4.689 4.925 5.826

Mnc, 6.777 7.357 5.598 4.883

Mnp, 5.551 7.143 4.726 4.927
Projected '’O Hyperfine Tensors (MHz)

Aap(O) 1.187° 1.032 -0.177 0.119

n’o)P 0.070° 0.040 0.614 0.945
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Table S10.3: '’O-Mn distances and theoretical 'O couplings for the additional waters in the Umena et
al.*’ structure using the isotropic spin projections for the model of Siegbahn (model 11) reported in

Pantazis et al.*®

Mn-O distances (A)

Near Mnp4 Near Mnp; Near Mng; Near Mnc,
W(A3) W(A4) W(AI) W(A2) W(D2) W(DIl)  W(BI) W(C1)
Mnas 4169 4708 3909 3984 8729  7.550 5.227 9.080
Mng; 6.627 6.523 5972 4366 7.187  6.173 3.982 6.319
Mnc, 8.131 9381 8521 6.567 6.084  4.107 5.810 3.922
Mnp, 7.109 8.492 6978 7.601 3992  3.967 7.099 6.334
Projected 'O Hyperfine Tensors (MHz)

Aap(O)  0.140*  0.098 0.168 0.185 0254  0.270 -0.124 -0.130
;7(”a0)b 0215° 0.172 0213 0.554 0.039  0.549 0.454 0.147

Table S10.4: 'H-Mn distances and theoretical 'H couplings for the p-oxo substrate positions in the

Umena et al.” structure using the isotropic spin projections for the model of Siegbahn (model 11)

reported in Pantazis et al.?®

Mn-O distances (A)

Mna4-OH, Ca-OH,
MHB3-OH
05 W(2) w(l) W(@3) W(4)
Mny 3.043 2769 2.590 2.703 2896  3.173 4.638 6336  6.641
Mng; 3324 5381 5.140 5.008 5527 4.820 5.890 6.086  6.031
Mnc; 4533 7321 7.469 7.802 8.092  5.975 6.403 5096  4.632
Mnp, 2712 6.131 6.117 7.369 7.890  4.909 5.431 4.650  5.099
Projected "H Hyperfine Tensors (MHz)
Aap('H? -7.827°  -3.607 4455 4139  -3350  -2.055 0.708 -1.062  0.839
n('HP 0.070*  0.119 0.098 0.067 0.028 0.627 0.943 0.617  0.952
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Table $10.5: "H-Mn distances and theoretical 'H couplings for the additional waters near Mnag in the
Umena et al.” structure using the isotropic spin projections for the model of Siegbahn (model 11)

reported in Pantazis et al.*®

Mn-O distances (A)

W(A3) W(A4) W(AL) W(A2)
Mniag 3.147 4282 5.608 4.180  4.683 4245 4182 4.843
Mng; 4.098  4.765 7.420 6.138  6.896 5861  6.740 7.418
Mnc) 6.539  6.689  10.260 8.933  9.379 8.308  8.307 9.022
Mnp, 7219 7.909 9.236 7.833  7.725 6.563  7.601 7.828
Projected "H Hyperfine Tensors (MHz)

Agp('H* 2806 -1.064  -0421  -1.039 -0.727  -0.915 -1.050 -0.670

n( H)° 0.333°  0.519 0.174 0.166  0.198 0.394  0.155 0.190

Table $10.6: 'H-Mn distances and theoretical 'H couplings for the additional waters near

Mng/Mnc/Mnp in the Umena et al.”’ structure using the isotropic spin projections for the model of

Siegbahn (model 11) reported in Pantazis et al.”®

Mn-O distances (A)

Near Mng; Near Mnc; Near Mnp;
W(BI1) W(C1) W(D2) W(D1)
Mnag 4.605 5.325 9.263 9.236  7.742 6.640 9.727 9.695
Mnp; 3875 4260 7611 7.922  6.562 5.203 6.978 6.910
Mnc, 5.926 6.331 6.594 6.856  4.756 3.274 4.766 4.363
Mnp 7132 7.285  4.569 4.672 4.001 3.114 7.261 6.479

Projected 'H Hyperfine Tensors (MHz)
Agp('H* 1104 0725 -1.207  -1.127 -1.857  -4.710 0.484  0.664
n('H)® 0.760°  0.537  0.045 0.031 0.314 0.574 0.144 0262
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S11  Simulations of 'H/’O ENDOR data using the multipole estimates for the Umena et al.

structure listed in S10.

S11.1 Simulations of the '"O Mims ENDOR signal based on the coordinates of Umena et al. A
simulation of the matrix signal is also shown in Figure S8.2A and B (red dashed lines). These
simulations were generated by assuming this signal arises from W3 and W4, the waters bound to the
Ca’" ion (see Figure 1, main text). As W3 and W4 do not directly ligate the Mn tetramer, their
hyperfine interaction is expected to be dominantly through space (dipolar) and thus theoretical 'O
hyperfine coupling estimates can be made. These calculations, which assume a multipole model and the
crystal structure coordinates of Umena et al. are described in the supporting information S10. In
addition, a quadrupole coupling of ~7 MHz was assumed, as seen for water coordinating Mn*".
Simulations, using these values reproduced the Lorentzian lineshape of the signal but not the 0.5 MHz
splitting. This required the inclusion of a small isotropic coupling of 0.25 MHz. The lineshape of W3
and W4 are also shown separately in red solid line Figure S8.2C.

It is noted that 2™ shell waters in the vicinity of Mnp, also have surprisingly large through space
couplings, due to there interaction with the only Mn™ ion in S, and may also contribute to the splitting
observed for the matrix line, see supporting information S10, Tables S10.2 and S10.3. In principle
these two coupling sites (Ca-OH, and Mnp; waters) should be differentiable in a 2D-ESSEM
experiment such as HYSCORE as they should have very different hyperfine tensor geometries; the Ca-
OH, "0 hyperfine tensors should appear rhombic the '’O nucleus is located midway between two/three
Mn whereas the '’O nucleus of waters surrounding Mnp, should instead appear axial. Extraction of

these two species forms part of our ongoing experimental work.

S11.2 Simulations of the 'H Davies/Mims ENDOR based on the coordinates of Umena et al. The
'H/*H data shown in the main text (Figure 9) clearly resolves the absolute edges of the "H/”"H ENDOR

profile. The overall envelope is slightly larger than previously reported by Aznar et al.> measured in
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higher plant PSII but is nominally consistent with more recent ESEEM data.™® The magnitude of the
couplings suggests that the 'H/’H species observed are coordinating water/hydroxyl ligands. Using the
Umena et al.”’ crystal structure, dressed with protons using standard molecular modeling techniques,

2728 ostimates can be made for the minimum (dipolar) 'H

and the current electronic model for the OEC,
couplings for all ‘water’ molecules identified in the crystal structure. These multipole calculations,
discussed above in reference to 'O couplings, along with dipolar coupling estimates for all "H/*H
substrate positions are described in the supporting information S10. A simulation of the edges of the 'H
ENDOR profile is displayed as the 1* derivative using the dipolar coupling estimates described above is
shown in Figure S11.1. The blue trace shows the expected 'H ENDOR profile of a protonated 05
ligand, as proposed in the Umena et al. crystal structure. It is readily observed that the edges of the
simulated profile are significantly broader (~6 MHz) than those observed experimentally. This suggests
that O5 (and for that matter no p-oxo bridge) is protonated in S;. The width of the experimental profile
is however consistent with either of the largest proton coupling of W1 or W2 (Figure S11.1 C, D: red
and green traces respectively), the two water//hydroxyl ligands of Mna4. To reproduce the line position
exactly a small isotropic coupling of 2 MHz needs to be included (Figure S11.1 E, F: red and green
traces respectively).

A similar simulation was made of the 'H Mims ENDOR signal, Figure $11.2. In these simulations,
all protons from water within 8 A of the OEC were included, see Figure $10.1. The 2" shell ‘water’
protons are seen to reproduce the structure of the 'H Mims ENDOR envelope (solid blue line).

However, to reproduce the intensity profile a matrix line needs to be added, presumably describing

protein residue protons.
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"H-Davies ENDOR, 1st Derivative

8 6 4 -2 0 2 4 6 8
AV = v - vy IMHZz

Figure S11.1. Analysis of the Proton/Deuteron
ENDOR spectra. A 34 GHz (Q-band) 'H Davies-
ENDOR, displayed as the first derivative; B 'H-
ENDOR Simulation for the protonated (hydroxo) O5
bridge (blue); C, D 'H-ENDOR Simulation for the
terminal Mnas-OH, W1 (red), W2 (green); E, F 'H-
ENDOR Simulation for the terminal Mnas-OH, W1,
W2 that includes a isotropic hyperfine coupling of 2
MHz (as used in Aznar et al.’ ), Mnas-OH,; W1 (red),

W2 (green).
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Figure S11.2 Q-band 'H-Mims ENDOR vs. 1. spectra of '*N-PSII and '’N-PSII of 7. elongatus poised
in the S, state (200 K white light), measured at the center of the multiline spectrum (1.22 T). Left-hand
panel: 'H-Mims ENDOR measured at T = 352, 424 and 496 ns. The superimposed simulation of 'H-
Mims ENDOR uses theoretical estimations of hyperfine couplings based on the crystal structure of
Umena et al. (blue lines) excluding a protonated O(5) bridge and with an additional ‘matrix’ line
(dashed red lines), introduced in simulations as additional number of protons with isotropic hyperfine
coupling of 0.25 MHz; Right-hand panel: A derivative representation of "H-Mims ENDOR surface

data and corresponding simulation.
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s12 "o hyperfine tensor orientations based on the coordinates of Umena et al.” The orientation
of the anisotropic component of the p-oxo bridge hyperfine tensor can be used to refine the assignment
of the p-oxo bridge signal. This can be mapped to the three dimension structure of the OEC using the
D1-His332 signal. The Mn-Mn interspin vectors are given in Table S12.1. By taking the vector
product of the Mn-Mn interspin vector and the calculated '’O hyperfine tensors (see S9 and S10) the
orientation of the hyperfine tensor can be ascertained. It is seen that the unique principal axes of the 'O
hyperfine tensor for the p-oxo bridges lie in the respective Mnx-O,-Mny plane (see Table S12.2 and
Figure S12.1). The only exception is O2. It is rotated out of the Mng;-O-Mnc; plane, that is to say it is
perpendicular to the Mng;-Mnc; interspin vector. This is not surprising as the Mng;-O-Mnc; couple is
unlike the BIPY model system; the exchange pathway between Mng; and Mnc; is ferromagnetic.

The orientation of the Mnp;-'*N (His332) hyperfine tensor to the Mn-Mn interspin vectors can be
calculated in the same way. The orientation of the unique principal axis of the "*N/"°N D1-His332 lies
approximately along the Mnp;-N bond. It is approximately perpendicular to both the Mng3;-Mnc, and
Mnas-Mngs interspin vectors and at 45° to the Mnc,-Mnp, interspin vector as expected; it is an
equatorial ligand to Mnp,; and thus is in the same plane as the Mnc,-O»-Mnp,; bridge motif.

A similar procedure can be performed to ascertain the orientation of each of the '’O hyperfine tensor to
the Mnp;-'*N (His332) hyperfine tensor. As a starting point, the angle between the unique principal axis
of each p-oxo bridge hyperfine tensor relative to the unique principal axis of the D1-His332 hyperfine
can be calculated, see Table S12.4, column 1. Interestingly the unique principal axis direction for
bridges 02, O3, O4 and OS5 are all perpendicular to the unique principal axis direction of the D1-His332.
In addition, the angle between of the other two components of each p-oxo bridge hyperfine tensor

relative to the principal axis of the D1-His332 hyperfine can also be calculated.

The spin Hamiltonian simulations presented in the manuscript require the exchangeable p-oxo bridge to

display two properties:

278



1. The unique principal axis of the '’O hyperfine tensor (j/l) must be approximately perpendicular
to the unique principal axis of the D1-His332 hyperfine tensor (fc1 )
2. The axis which defines the middle component of the '"O hyperfine tensor ()?2) must be

approximately parallel to the unique principal axis of the D1-His332 hyperfine tensor (fc1 )

It is readily seen from inspection of Table S12.4 (column 4, X, - y,)that both of these criteria only hold

for the bridges O4 and OS5; they are approximately parallel with the Mnp;-N bond, 26° and 169° (i.e.

11°) respectively. Thus are the most likely candidates for the p-oxo bridge.

The intermediate '’O coupling provides an internal check as to whether the approach described above
is valid for assigning the position of the p-oxo bridge species. The intermediate coupling is assigned to
W1/W2 (most likely W2), the terminal ligands of Mna4. The unique principal axis for both the terminal
0 waters and for the "N of the D1-His332 should lie approximately along the Mn-Ligand bond.
Taking the crystal structure coordinates and performing the same multipole calculation as above, it can
be shown that the angles between the Mnas-W 1/W2 metal-ligand bonds and that of the Mnp,;-' "N(D1-
His332) are 105° and 97° respectively, i.e. their principal axes are approximately perpendicular. The
same as observed in the simulations of the EDNMR surface; the unique principal axis of the
intermediate '’O coupling (aligned along g) is approximately perpendicular to the principal axis of the

D1-His332 ligand, thus the p-oxo bridge assignment is reasonable.
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Table $12.1: Mn-Mn vectors using the coordinates of Umena et al.”

i J K
Mnco-Mnp, 0.85 20.11 20.52
Mng;-Mnc, 20.05 20.68 0.73
M 4-Mng; 0.12 20.01 0.99

The Mnc;-Mnp; vector is roughly perpendicular to the Mng;-Mnc, vector (69.7°) and

Mnas-Mng; vector (65.7°).

Table S12.2: The angle in degrees between the Mn-Mn vectors vs. the three vectors X,,X,,%, which

define the directions of the principal components of each Mn-O-Mn hyperfine tensor using the

coordinates of Umena et al.” and the isotropic spin projections for the model of Siegbahn (model 11)

reported in Pantazis et al.*®

Angle (°)
(Xartn = %1) (Xarin = %2) (Xprm = %5)
O1 (Mnc,-O-Mnp,) 133.6 93.4 136.1
02 (Mng3-O-Mn¢,) 90.0 48.7 41.4
03 (Mnc,-O-Mnp,) 131.3 94.0 41.4
04 (Mny4-O-Mng3) 133.6 90.0 43.9
05 (Mna4-O-Mng3) 38.7 89.4 129.1

The signed magnitude of the three principal components of each 'O hyperfine tensor is such that the
largest component lies along x,, the middle component along X, and the smallest along x,. For Mn-O-
Mn bridges where the sign of the spin projections of the two Mn is opposite (antiferromagnetic
coupling) the middle component is always perpendicular to the Mn-Mn interspin vector. In contrast for
Mn-O-Mn bridges where the sign of the spin projections of the two Mn is the same (ferromagnetic

coupling) the largest component is now perpendicular to the Mn-Mn interspin vector.
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Table S12.3: The angle in degrees between the Mn-Mn interspin vectors vs. three vectors X,,X,,X,

which define the directions of the principal components the Mnp;-N(His332) hyperfine tensor using the
coordinates of Umena et al.”’ and the isotropic spin projections for the model of Siegbahn (model 11)

reported in Pantazis et al.*®

Angle (°)
Kapamn %) (K " X2) (Xprm = %5)
Mnc,-Mnp, 48.7 108.1 46.4
Mngsz- Mnc; 118.7 144.1 70.7
Mna4-Mng; 88.6 10.6 100.5

The signed magnitude of the three principal components of Mnp;-N(His332) hyperfine

tensor [-1.96 0.91 1.05] is such that the largest component (negative) lies along x,, the
middle component along X, and the smallest along X,. The largest component (X,) is

aligned along the Mnp;-N(His332) interspin vector.

B g,,A,("70)

His332

rotation in g,-g, plane

W2

Figure S12.1 The orientations of the molecular g tensor as compared to the '*N (His332) and ''O

(O5) hyperfine tensor.
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Table S12.4: The angle in degrees between the three vectors X,,x,,x, which define the directions of the
principal components the Mnp;-N(D1-His332) hyperfine tensor and the three vectors y,,7,,», which

define the directions of the principal components the p-oxo bridges using the coordinates of Umena et

2
al.”’

Angle in degrees (GCOS(’AC:' JA’/ ))

X X5 ) X500 X9,
Ol- His332 177.4 160.4 160.4 90.6
02 His332 82.9 25.3 77.2 70.5
O3- His332 83.5 14.8 85.0 84.1
O4- His332 72.3 95.8 61.4 263
O5 - His332 81.7 86.1 29.7 168.9

S11  Theoretical EPR Parameter Calculations from Broken Symmetry DFT. The model
geometries used for EPR parameter calculations were taken from Ames et al.** Isotropic hyperfine
couplings A, were calculated for the terminal '’O ligands (*>Mn and '*N couplings were reported in
Ames et al.) For the calculation of EPR parameters the same methods were used (ZORA-TPSSh) as for
the single-point calculations described above. Picture-change effects were applied to the calculation of
hyperfine coupling constants. The integration grids were increased to 9 (ORCA convention) for the 'O

centers. The theoretical approach follows previously established protocols that define a transformation

of the “raw” value obtained from BS-DFT for a given nucleus K, Ai(slqus , to values that can be compared

to observable isotropic hyperfine couplings according to:**

(S 1 (S™)

A® =+ 4% L L Eq. S13.1
SA St

iso iso,BS

In the above equation S§; is the total spin (1/2 in our case) and (S ), is simply the total Ms of the BS

wavefunction, therefore the projection consists of adjusting Ai(sfgs according to the ratio of the on-site
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spin expectation value (Si‘“) and the formal site spin Sx. The positive or negative sign refers to the
majority (o) or minority (B) spin carried by the fragment. The on-site spin expectation value (S‘*') that

represents the coupling of the local spin of site A into the complicated multiconfigurational ground state

wavefunction is the most critical quantity for the procedure, and is obtained as

2
M Eq. S13.2

where |C1SA Mo oSy [ represents the weight of basis state /, | S, MSA ,...,SNMSN ), in the ground state

eigenfunction of the Hisenberg-Diac-van-Velck Hamiltonian |S,S,...S, S, SM.) with Ms = S. We

refer the reader to the recent literature for a more detailed theoretical treatment.>°
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