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ABSTRACT: Despite extensive biochemical, spectroscopic, and compu-
tational studies, the mechanism of biological water oxidation by the Oxy-
gen Evolving Complex (OEC) of Photosystem II remains a subject of sig-
nificant debate. Mechanistic proposals are guided by the characterization
of reaction intermediates such as the S, state, which features two charac-
teristic EPR signals at g=2 and g=4.1. Two nearly isoenergetic structural
isomers have been proposed as the source of these distinct signals, but rel-
evant structure—electronic structure studies remain rare. Herein, we re-
port the synthesis, crystal structure, electrochemistry, XAS, magnetic sus-
ceptibility, variable temperature CW-EPR, and pulse EPR data for a series
of [Mn"Mn;"O,] cuboidal complexes as spectroscopic models of the S
state of the OEC. Resembling the oxidation state and EPR spectra of the
Sz state of the OEC, these model complexes show two EPR signals, abroad
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low field signal and a multiline signal, that are remarkably similar to the biological system. The effect of systematic changes in the nature of the

bridging ligands on spectroscopy were studied. Results show that the electronic structure of tetranuclear Mn complexes is highly sensitive to

even small geometric changes and the nature of the bridging ligands. Our model studies suggest that the spectroscopic properties of the OEC

may also react very sensitively to small changes in structure; the effect of protonation state and other reorganization processes need to be care-

fully assessed.

INTRODUCTION

Structural determination and spectroscopic characterization of
intermediates (and derivatives thereof) in the S-state catalytic cycle
of the Oxygen Evolving Complex (OEC) of Photosystem II (PSII)
heavily influence mechanistic proposals for O—O bond formation."
" The dark-stable S; state of the OEC consists of a CaMn4Os cluster
with Mn oxidation states Mn"™> Mn™,." Light-induced one electron
oxidation of the S; state results in the formation of the S; state, with
two characteristic EPR transitions centered at g= 2 and g=4.1."""
13,16 Two additional one electron oxidations lead to the formation of
Ss and Sy states, respectively, and dioxygen is evolved following for-
mation of the elusive Sy state.'” Chemical changes such as Ca™ re-
moval or treatment with NH; or F~ inhibit the S,—S; transition spe-
cifically, highlighting opportunities for mechanistic insight,* ** but
also the need for benchmarking with well characterized synthetic
models. Constrained by available data from XAS and EPR spectros-
copy, the current understanding of the S; state structure is based on
theoretical studies starting from the high-resolution (1.95 A) , radia-
tion damage-free X-ray structure of the S, state."”** Each EPR signal
in the S: state is proposed to originate from different structures (Fig.
1): an “open cubane” structure with a low-spin (LS) $=1/2 ground

state and a “closed cubane” structure with a high-spin (HS) §=5/2
ground state.”* The interconvertibility of the two EPR signals sug-
gest a small energy difference between these two structures; IR irra-
diation of the LS form at 120-150 K results in the formation of the
HS form, which can be reverted to the LS form by annealing at 200
K." The two structural isomers effectively differ only by the relative
position of the bridging O(S) oxygen, a water derived oxygen, which
is proposed to undergo O-O coupling to generate O2.**** Time-re-
solved, femtosecond X-ray free electron laser (XFEL) techniques of-
fer the possibility of observing structural and spectroscopic changes
in the OEC under dynamic, catalytically active conditions.”**' For
such studies, further improvements in resolution and issues with S-

state heterogeneity and deconvolution remain to be addressed.””*"
2

Growing experimental data support that conversion from the LS
form of the S, state to its HS form is an intermediate step in the
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Figure 1. Computed structures for the proposed isomers of the inor-
ganic CaMn4Os core of the OEC in the S, state. The large structural
changes in the Mn-oxo distances have been calculated to lead to differ-
ent electronic coupling between the Mn centers and a change in the spin
ground state (Sc), which explain the two observed EPR signals.
Mn(4)-0(5) and Mn(1)-0O(5) distances shown with bold and dashed
lines. Nature of the computed magnetic exchange coupling interactions
shown in red (antiferromagnetic) and blue (ferromagnetic) arrows.
Adapted from ref. 22.

S,—Ss transition.® pH dependence studies indicate that deprotona-
tion of the LS form leads to the HS form.** Structural changes fol-
lowing deprotonation are unknown, but computational studies sug-
gest that the electronic structure of the OEC is highly sensitive to
small changes in structure as reported by EPR spectroscopy.”
Deprotonation of a Mn-bound water and/or areorientation of a Glu
residue in the S, state may perturb the ground spin state from LS to
HS, indicating that spectroscopic properties may react very sensi-
tively to small geometric changes that do not lead to significant
changes in the total energy of the cluster.”> EXAFS studies support
structural differences between the species responsible for the g=2

and the g= 4.1 signal, but further atomistic details are unknown.***’

In contrast to the extensive studies performed on the S, state of
the OEC, structural and spectroscopic studies of Mn""Mn;" model
complexes remain rare’**, and can be summarized as follows. The
phosphinate-bridged, cuboidal complex [MnsO4(Ph,PO,)s]* shows
a broad EPR spectrum.* The g = 4.1 signal of the adamantane-
shaped complex [MnsOs(bpea)s]*" has been assigned to the first ex-
cited Kramers doublet of an §= 5/2 ground state determined from
magnetization data.*” Starting from a linear-chain precursor, a puta-
tive complex [Mn4Os(bpy)s]** was generated by radiolysis and fea-
tures a multiline signal centered at g= 2 consistent with an §=1/2
ground state.”® In-situ oxidation of a close OEC structural model
complex, CaMn4O.(OPiv)s, gives rise to two EPR signals at g= 4.9
and g = 2, attributed to different spin states of the cluster corre-
sponding to a [CaMnsO4(OPiv)s]* species, although further struc-
tural, spectroscopic, and magnetic data have not been provided.*
Follow-up computational studies disagree on the assignment of the
two signals, one of them suggesting that the two signals must be due
to structurally very different clusters.** In general, systematic stud-
ies that probe the effect of small structural changes on the spectro-
scopic and magnetic properties of S, model clusters are very rare,
likely due to the synthetic challenges of accessing a series of isolable
clusters that are suitable for comparisons.”* Indeed, despite signif-
icant efforts to prepare tetra- and penta-nuclear clusters that are rel-
evant to the S-state intermediates in terms of structure, redox state,
or spectroscopy, accurate models for benchmarking against the bio-

logical system are rare.*" *"#*¢

Herein, we report the synthesis, crystal structure, electrochemis-
try, XAS, SQUID magnetometry, variable temperature CW-EPR,
and pulse EPR data for a series of [Mn"Mn;"O.] cuboidal com-
plexes. Results show that the electronic structures of tetranuclear

Mn complexes are highly sensitive to even small geometric changes
promoted by the nature of the supporting ligands. Similar to the
computational studies performed on the S; state, our experimental
studies on model clusters suggest that the spectroscopic properties
of the OEC may also react very sensitively to small changes in struc-
ture.

RESULTS

Synthesis, crystal structure, and electrochemistry of
[Mn™Mn;"O,] complexes. One electron reduced [Mn.""Mn," Ox4]
cuboidal complexes were chosen as precursors for the targeted
[Mn"Mn;:"O4] complexes. We have previously reported the synthe-
sis of LMn2"Mn2"O4(OAc)s (1, Scheme 1).***77 The cyclic volt-
ammogram (CV) of 1 shows a reversible redox process at +250 mV
vs. Fc/Fc' assigned to the (Mn,"Mn.")/(Mn"Mn;") couple.
Treatment of 1 with 1 equiv. of [(4-BrPh);N][SbCls] results in the
formation of an unstable species, but rapid freeze-quenching of the
reaction mixture allowed the observation of an intense EPR spec-
trum with a broad signal centered at g = 2 featuring Mn hyperfine
interactions, consistent with an §'= 1/2 ground state (Fig S17). In
contrast, the  phosphinate-bridged cuboidal  complex
[Mn4O4(Ph,PO:)s]* has a higher spin ground state S > 3/2. The
product of oxidation of 1 features other broad EPR signals at g > 2
that can be assigned to spin excited states or decomposition prod-
ucts, but further investigation was not pursued.

Based on the reduction potential of the isolable
[Mn4O4(Ph,PO:)s]* complex at +680 mV vs. Fc/Fc*, we targeted
oxidatively stable phosphinate-bridged complexes.* ¢! Treatment of
1 with 3 equiv. HO,PPh, in THF leads to the formation of 2 via a
protonolysis reaction (Scheme 1). The ESI-MS peak at m/z = 1792
is consistent with the mass of [LMnsO.+(O2PPh,);]*. The X-ray crys-
tal structure of 2 is consistent with the LMn4O4(O>PPh,); formula-
tion (Fig. 2). Based on Mn—oxo distances, the oxidation states of
Mn(1) and Mn(2) are assigned to Mn", and those of Mn(3) and
Mn(4) to Mn". Axial elongation of Mn"'—oxo distances is observed,
at 2.177(2) and 2.187(2) A for Mn(3) and Mn(4), respectively.
These are due to population of a dz*-G antibonding orbital. Given
the heteroleptic coordination around Mn(3), the Jahn-Teller effect
is not invoked to describe the observed distortion. The coordination
environment around Mn(4) can be viewed as pseudo- Gy, in which
case a Jahn-Teller elongation can be invoked to remove the degen-
eracy of the *E£ground state.”"”* Similar Mn"-oxo elongations were
observed for 1, at 2.201(2) and 2.234(2) A. The CV of 2 shows a
reversible redox process at +190 mV vs. Fc/Fc" assigned to the
(Mn"Mn,")/(Mn"Mn;") couple (Fig. 3). Treatment of 2 with 1
equiv. of [ (4-BrPh);N][OTf] leads to the formation of the one-elec-
tron oxidized species 2-0x.”* The ESI-MS and crystal structure of 2-
ox is consistent with the LMn4O4(O,PPh,);(OTf) formulation (Fig.
2). Based on Mn-oxo distances, the oxidation state of Mn(4) is as-
signed as Mn". The elongated Mn(4)-O(4) distance 0f2.241(1) A

is consistent with this assignment.

Toward expanding the series of Mna clusters with the same redox
state as the S, state of the OEC, other supporting ligands were tar-
geted. Based on the precedent that amidate ligands have been em-
ployed for the synthesis of a high oxidation state Mn"-oxo complex,™
we targeted a related class of oxidatively stable amidate-bridged
[Mn4O4] cuboidal complexes. In contrast to the vast number of car-
boxylate-bridged high oxidation state metal-oxo clusters, amidate-
bridged metal-oxo clusters are rare.”*”* We employed an n-propyl-
linked diacetamide proligand (Hadiam) to replace two acetate moi-
eties. Treatment of 1 with 1 equiv. Hxdiam and 2 equiv. NaO‘Bu in
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Scheme 1. Synthesis of complexes 2~4 and their one-electron oxidized analogues 2-ox~4-ox.
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DMF leads to the formation of 3 (Scheme 1). The ESI-MS and crys-
tal structure of 3 are consistent with the LMn4O4(diam)(OAc) for-
mulation. A smaller variation of Mn—oxo distances is observed in 3,
ranging from 1.860(2) to 2.087(2) A. The n-propyl-linked di-
amidate serves as a bridging ligand across two faces of the [Mn4O4]
cubane moiety, resulting in a pseudo- Cssymmetric complex. The re-
versible (Mn"Mn>")/(Mn™Mn:") couple is observed at —150 mV
vs. Fc/Fc* (Fig. 3). The diamidate ligand decreases the oxidation po-
tential by 400 mV relative to that of 1. Treatment of 3 with 1 equiv.
Ag(OTH) leads to the formation of the one-electron oxidized species
3-ox. The ESI-MS and crystal structure of 3-ox are consistent with
the LMn,O4(diam)(OAc)(OTf) formulation (Fig. 2). The oxida-
tion state of Mn(3) is assigned as Mn" in 3-ox. With the exception
of an elongated Mn(3)-0(3) distance of 2.051(4) A, all other
Mn-oxo distances are in the range 1.893(4)-1.937(4) A, consistent
with the Mn"Mn;" oxidation state assignment.

To further investigate the effect of small geometric changes on the
electronic structure of the resulting cluster, a diamidate-benzoate
complex was targeted”” Treatment of 3 with 1 equiv. of p-
CF;CcH4CO:H (“*BzOH) leads to the formation of 4 via a proto-
nolysis reaction (Scheme 1). The ESI-MS peak at m/z = 1485 is con-
sistent with the mass of [LMn4O4(diam)(OBz“)]*. The CV of 4
shows a reversible redox process at —15 mV vs. Fc/Fc* assigned to
the (Mn,"Mn,")/(Mn"Mn;") couple (Fig. 3). The positive shift
by 135 mV relative to that of 3 is consistent with the decreased ba-
sicity of OBz~ compared to OAc™.**® Treatment of 4 with 1 equiv.
Ag(OTH) leads to the formation of the one-electron oxidized species
4-ox. The LMn4O4(diam)(OBz)(OTf) formulation is consistent
with the crystal structure (Fig. 2). Similar to 3-0%, the oxidation state
of Mn(3) is assigned as Mn". An elongated Mn(3)-O(3) distance
of 2.143(3) A is consistent with the Mn"Mn;" assignment. Overall,

comparing complexes 2-0%, 3-0%, and 4-0x, the elongated Mn"-ox0
distance varies from 2.241(1), to 2.051(4), and 2.143(3), while the
other Mn-oxo distances are in the range 1.831(1)-1.976(2) A,
1.893(4)-1.937(4) A, and 1.873(3)-1.965(3) A, respectively. For
2-0x, 3-ox, and 4-ox, the redox potential for the reversible
(Mn,"Mn2")/(Mn™Mn;") couple was measured at +190 mV,
—-150 mV, and —15 mV vs. Fc/Fc*, respectively. In comparison, the
estimated midpoint redox potential for the (S:1/S2) couple in the
OEC was estimated at +900 mV vs. SHE, which is approximately
+250 mV vs. Ec/Fc*.®

XAS spectroscopy. Solution and solid-state Mn K-edge X-ray ab-
sorption near-edge spectroscopy (XANES) and extended X-ray ab-
sorption fine structure (EXAFS) were used to further characterize
the metal oxidation states and to provide evidence of structural in-
tegrity in solution (Fig. S12-S13). Absorption edge positions were
determined from the second-derivative zero-crossings, giving the
following values (eV): 6553.3 (2-0x), 6552.8 (3-0x), 6553.3 (4-0x).
These values are comparable to 6553.1 (S:) and 6554.1 (Sz) from
cyanobacteria PSIL.* Solution EXAFS data for 2-0x, 3-0x, and 4-0x
are indistinguishable from the corresponding solid-state EXAFS
data and are consistent with the solid state structural assignments
(Fig. 4).

Magnetometry. To obtain insight into the magnetic exchange
coupling interactions between the Mn centers, magnetic susceptibil-
ity measurements were performed on powdered crystalline samples
of 2-0x, 3-0x, and 4-ox in the temperature range 1.8 K-300 K at a
non-saturating field of 0.4 T. For 2-0x, the ¥T value of 5.64 emu K
mol™ at 300 K indicates antiferromagnetic coupling between the
Mn centers, deviating from the expected spin-only value of 8.62 emu
Kmol™ (g=2) for uncoupled Mn™ (§=2) and Mn" (§=3/2) cen-
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Figure 2. Truncated crystal structures of 2-ox (left), 3-ox (middle), and 4-ox (right). Mn (green), O (red), N (blue), P (purple), C (black), F (light
green). Bolded bonds highlight metal-oxo bonds. Selected bond distances (A):

2-ox: Mn(1)-0O(1) 1.920(1), Mn(1)-0(2) 1.862(1), Mn(1)-0O(3) 1.919(1), Mn(2)-O(1) 1.898(1), Mn(2)-O(3) 1.920(1), Mn(2)-O(4)
1.858(1), Mn(3)-0(2) 1.931(1), Mn(3)-0(3) 1.929(1), Mn(3)-0O(4) 1.831(1), Mn(4)-0(1) 1.932(1), Mn(4)-0(2) 1.976(2), Mn(4)-0(4)
2.241(1), Mn(1)-Mn(2) 2.8862(8), Mn(1)-Mn(3) 2.8803(7), Mn(2)-Mn(3) 2.8477(5), Mn(1)-Mn(4) 2.8512(6), Mn(2)-Mn(4) 2.9288(6),
Mn(3)-Mn(4) 2.9585(7).

3-ox: Mn(1)-0(1) 1.909(5), Mn(1)-0(2) 1.896(3), Mn(1)-0(3) 1.937(4), Mn(2)-O(1) 1.893(4), Mn(2)-0(3) 1.931(5), Mn(2)-O(4)
1.899(3), Mn(3)-0(2) 1.911(4), Mn(3)-0(3) 2.051(4), Mn(3)-0(4) 1.926(4), Mn(4)-O(1) 1.897(4), Mn(4)-0(2) 1.909(4), Mn(4)-0O(4)
1.901(4), Mn(1)-Mn(2) 2.899(2), Mn(1)-Mn(3) 2.946(1), Mn(2)-Mn(3) 2.962(1), Mn(1)-Mn(4) 2.777(1), Mn(2)-Mn(4) 2.758(1),
Mn(3)-Mn(4) 2.804(1).

4-ox: Mn(1)-0O(1) 1.901(2), Mn(1)-0(2) 1.873(3), Mn(1)-0(3) 1.874(3), Mn(2)-O(1) 1.880(3), Mn(2)-O(3) 1.892(3), Mn(2)-O(4)
1.902(3), Mn(3)-0(2) 1.926(3), Mn(3)-0(3) 2.143(3), Mn(3)-0(4) 1.965(3), Mn(4)-0(1) 1.894(3), Mn(4)-0(2) 1.917(3), Mn(4)-O(4)
1.883(3), Mn(1)-Mn(2) 2.8725(6), Mn(1)-Mn(3) 2.9352(9), Mn(2)-Mn(3) 2.989(1), Mn(1)-Mn(4) 2.7593(7), Mn(2)-Mn(4) 2.7464(8),
Mn(3)-Mn(4) 2.840(1).
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Figure 3. CV of complexes 2, 3, and 4. Measured Ei/2: 150 mV (3), Figure 4. l’-weighted k-space EXAFS data at Mn K-edge for complexes
~15mV (4), +190 mV (2) vs. Fc/Fc*. Estimated E1/2(S1/S2): +250 mV 2-0x, 3-0x, and 4-ox in solid and solution phases highlighting the integ-

vs. Fe/Fc* (ref. 29). rity of the complexes in solution.

ters (Fig. 5). ¥T decreases monotonically with temperature, reach- Mn(1) and Mn(4)-O(4) vectors and bisecting the Mn(2)-Mn(3)
ing a value of 0.383 emu K mol ™ at 1.8 K in good agreement with vector. The following parameters were used to fit the data: /i» = i3 =
the expected ¥T value of 0.375 emu K mol™ foran $=1/2 (g=2) -88cm™, h3=-187cm™, iu=-21.0cm™, ps=fs=-32cm, g
ground state. The near-ideal Curie behavior observed between =2.00. The smaller )4 =_j+ coupling is expected given the elongated
1.8-10 K can be attributed to the absence of thermally accessible Mn(4)-0(4) distance of 2.241(1) A. Simulating the susceptibility
spin excited states §> 1/2 in this temperature range. Using software data assuming single-site zero field splitting parameters D(Mn") =
that employs an exact solution to the isotropic spin exchange Ham- 0 cm™ and D(Mn™") =0, -2, or -4 cm™" did not result in significant
iltonian (Eq. 1)¥, an exchange coupling model that consists of two differences in J. Values of D~—0.2 cm™' and D= —4 cm™" are typical
edge-sharing isosceles triangles with vertices at Mn(1)-Mn(2)- for 6-coordinate Mn" and Mn™, respectively.'” *** The calculated
Mn(3) and Mn(2)-Mn(3)-Mn(4) was employed to fit the suscepti- energy level diagram indicates a quartet excited state c.a. 28 cm™
bility data. This model takes into account the pseudo-Cs symmetry (equivalent temperature of 40 K) above the doublet ground state
of the [Mn4O4] core, with the mirror plane containing the Mn(4)- (Fig. S14). This energy separation is comparable to the 25-35 cm™

measured for MeOH-treated OEC poised in the multiline S state.*
ACS Paragon Plus Environment
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Complex 3-ox was studied by SQUID magnetometry. Similar to
2-0x, the T value of 5.32 emu K mol™ at 300 K indicates antiferro-
magnetic coupling between the Mn centers (Fig. 5). T decreases
monotonically with temperature, reaching a value of 0.85 emu K
mol™ at 5 K. The deviation from the expected XT value of 0.38 emu
Kmol™" (8§=1/2, g=2) can be attributed to the presence of ther-
mally accessible spin excited states §> 1/2. At 1.8 K, the T value of
0.383 emu K mol™ is in good agreement with the §=1/2 (g=2)
ground state. To fit the susceptibility data, an isotropic exchange
coupling model that consists of two edge-sharing isosceles triangles
with vertices at Mn(1)-Mn(2)-Mn(3) and Mn(1)-Mn(2)-Mn(4)
was employed. This model is different from that employed for 2-o0x,
and takes into account the pseudo-Cs symmetry of the [Mn4O4]
core, with different mirror planes that contain the Mn(3)-Mn(4)
and Mn(3)-O(3) vector and bisecting the Mn(1)-Mn(2) vector.
The following parameters were used to fit the data: /i=-15.3 cm™,
Js=fs=-89cem™, u=hs=-16.7 cm™, u=-10.6 cm™, g= 1.97.
Compared to 2-0x, the smaller variation of exchange coupling con-
stants is consistent with the smaller variation of Mn—oxo bond dis-
tances in 3-0x. The calculated energy level diagram (Fig. S15) indi-
cates the presence of a low-lying quartet excited states at 3—-5 cm™
(equivalent temperature of 4.3-7.2 K) above the doublet ground
state. Interestingly, an energy separation of 3-6 cm™ has been re-
ported for untreated higher plant OEC in the S, state.***

Q =0

Q =Mn(l), s=2

=Mn(lV), S = 3/2

Journal of the American Chemical Society

Complex 4-ox was studied by SQUID magnetometry. A higher
XT value of 6.0 emu K mol™ at 300 K indicates weaker antiferromag-
netic coupling in 4-ox compared to 3-ox. YT decreases monoton-
ically with temperature, reaching a value of 0.82 emu K mol™ at 1.8
K, deviating significantly from the expected T value of 0.375 emu
K mol ™ for an §=1/2 (g=2) ground state. This indicates a further
decreased energy separation between the ground and excited states,
as expected from the weaker antiferromagnetic coupling between
the Mn centers. In fact, 4-ox does not have a well-isolated spin
ground state, vide infra. To fit the susceptibility data, a model iden-
tical to 3-ox was employed. The following parameters were used to
fit the data:]u =-11.6 Cl’nfl,’/m =ﬁ3 =-72 Cl’nﬁl,’fm =ﬁ4 =-11.1
cm™, = -6.8 cm™, g=1.97. The calculated energy level diagram
indicates that the lowest doublet and quartet states are separated by
0-1 cm™ (equivalent temperature of 1.4 K) (Fig. S16). Overall,
magnetic susceptibility studies indicate that the spin ladder in ex-
change-coupled tetranuclear Mn complexes is highly sensitive to
small changes in structure and nature of the bridging ligands.

Variable-temperature X-band CW-EPR. EPR studies were con-
ducted in frozen solution samples of 2-0x, 3-ox and 4-ox. At SK, the
EPR spectrum of 2-ox features a broad signal centered at g= 2 fea-
turing Mn hyperfine interactions (Fig. 6). This is consistent with the
§'=1/2 ground state determined from susceptibility studies. As the
temperature is increased, the g= 2 signal loses intensity until no sig-
nal is observed above 15 K. Importantly, EPR signals originating
from thermally populated spin excited states are not observed, in
agreement with the predicted energy separation of 28 cm™ (40 K)
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Figure 6. X-band EPR spectrum of 2-0x. Acquisition parameters: fre-
quency = 9.64 MHz, power = 8 mW, conversion time = 20.48 ms, mod-
ulation amplitude = 8 G. See text for simulation parameters.

between the ground and excited states. The spectrum can be approx-
imated by g = [2.053, 2.003, 1.952], g« = 2.00 and the following
**Mn hyperfine interactions A; (Auo): Mni = [434, 434, 313], 394
MHz; Mn; = [293,155,245],231 MHz; Mn; = [128, 146, 198], 157
MHz; Mn, = [134, 133, 72], 113 MHz. The unique, larger Mn hy-
perfine coupling constant (394 MHz) is consistent with the Mn"
center in 2-0x.*® The EPR spectrum of 2-0x is in stark contrast to
that of the related [Mn:O4(Ph,PO5)s]* complex with a higher spin
ground state $> 3/2," indicating that the EPR of exchange-coupled
tetranuclear Mn complexes are highly sensitive to the Mn coordina-
tion environment, even if the core Mn4QOj4 cluster is maintained.

For the EPR spectrum of 3-ox at S K, only the multiline signal cen-
tered at g= 2.0 is discernible. As the sample is warmed, the signal at
g=2 decreases in intensity as a signal centered at g = 4.2 gains inten-
sity (Fig. 7). Above 20 K, both signals start to lose intensity due to
relaxation. The signal at g =2 is consistent with the §'=1/2 ground
state determined from susceptibility studies. The g = 4.2 signal, as-
signed to the $'= 3/2 excited state of 3-0x, is highly reminiscent of
the S; state in its HS form. The g=2 and the g= 4.2 signals of the S,
state arise from the ground states of structurally distinct species, the
relative ratio of which is affected by external chemical stimuli such as
pH. As such, both EPR signals can be observed at low temperatures
in a ratio that reflects the relative population of the two species.** In
the case of 3-0x, the two signals arise from different spin states of a
single, structurally static species (Fig. 4). The temperature depend-
ence of the EPR spectrum of 3-ox can be explained in terms of small
differences in the Boltzmann distribution of the ground and excited
states. At 5 K, only the §'=1/2 ground state is significantly popu-
lated, and the g = 2 signal corresponds to the |-1/2)—|1/2) transi-
tion. As the temperature is increased, the difference in the popula-
tion of the |-1/2) and the |1/2) states decrease, resulting in weaker
absorption. Concurrently, as the temperature is increased, the §=
3/2 spin excited state is populated, and the g = 4.2 signal corre-
sponds to the transition within the |+3/2) Kramers doublet. In con-
trast to 2-ox, the observation of the g= 4.2 signal is consistent with
a smaller energy separation between the ground doublet and excited
quartet state in 3-0x, in agreement with the magnetic susceptibility
studies. The EPR spectrum of a weakly antiferromagnetically cou-
pled Mn"Mn" dimer shows a similar temperature dependence: At
20 K, only the g = 2 signal is observed, but upon warming to 43 K
and to 110 K, a new low-field signal at g =S gains intensity.* This
low-field signal has been assigned to the §'= 3/2 excited state. For

more strongly coupled Mn"Mn" dimeric systems, the quartet ex-
cited state is separated from the doublet ground state by hundreds
of wavenumbers and the signal corresponding to the S=3/2 excited

state was not observed.***%*

For the EPR spectrum of 4-o0x, in addition to the signal at g= 2,
other signals assignable to S= 3/2 spin states were observed even at
5K,at g=7.5and g=S$.5. This indicates a very small energy separa-
tion between the doublet and quartet states in 4-0x, in agreement
with the susceptibility studies. As the sample is warmed, the signal at
g =2 decreases in intensity. In the low field region, the g= 7.5 signal
loses intensity upon warming, whereas the g= 5.5 and g= 4.2 signals
gain intensity. At 15 K, the low-field region collapses to the g= 4.2
signal observed for 3-ox. The temperature dependence of the low
field region may be explained by the presence of two distinct §=3/2

excited states.

5Mn Davies ENDOR spectroscopy. To gain better understand-
ing of the Mn hyperfine interactions (HFI) in 3-0x, *Mn Davies
ENDOR spectra were collected at Q-band using the pulse sequence
T-tre-TRe-tre-10/ 2-T-1-T-echo. Spectra were collected at selected field
positions along the electron spin-echo-detected EPR spectrum
(ESE-EPR): 1170 mT, 1200 mT, 1240 mT, 1270 mT, and 1300 mT
(Fig. 8a). By incorporating the ESE-EPR spectrum at D-band (130
GHz) vide infra, the gvalues were constrained to g=[1.944, 1.964,
2.002], gio = 1.97, though it should be noted that there is no signifi-
cant resolution of any individual g-values in the spectrum, likely due
to slight inhomogeneity in the g-values (g-strain = 0.012 for all sim-
ulations).”® This introduces field-dependent broadening that also
causes a loss in resolution of the **Mn hyperfine structure evident in
the field swept spectra as the excitation frequencyisincreased, a phe-
nomenon also observed in multi-frequency EPR spectra of the S.
state of the CaMn4Os cluster of photosystem I1.”” A global fit of the
Mn hyperfine interactions incorporating the ENDOR spectra as well
as the X-band CW spectrum yields the parameters listed in Table 1.
Similar to 2-o0x, the unique, larger Mn hyperfine coupling constant
" center in 3-0x.'*** The Mn hyperfine
coupling constants reported for 3-ox are similar in magnitude to that
of the S, state of 7' elongatus.'>***”** Notably, *Mn ENDOR spec-
tra for tetranuclear Mn model complexes have been hitherto absent

is consistent with the Mn

in the literature.

ESE-EPR and electron-electron double resonance-detected
NMR (EDNMR) of 3-ox were recorded at D-band (130 GHz).
EDNMR employs a high-turning angle microwave pulse which con-
currently excites NMR and EPR transitions rather than an RF pulse
to drive NMR transitions as in ENDOR.” EDNMR offers some dis-
tinctive features compared to ENDOR, including decreased selec-
tivity between magnetic nuclei with very different gyromagnetic ra-
tios, decreased dependence on the species of interest to exhibit long
spin lattice relaxation times, and vastly enhanced signal intensity for
the same amount of acquisition time.'® However, EDNMR typically
suffers from far broader lineshapes in comparison to ENDOR, as
well as combination bands and multiple-quantum transitions, which
can produce complex, feature-rich spectra.®® ' The EDNMR spec-
trum of 3-ox at g= 1.97 (4.7 T) is displayed in Figure S19. Features
observed at 14 MHz and 200 MHz correspond to single-quantum
transitions from "*N and 'H nuclei of the ligand scaffold (**N and 'H
Larmor frequencies at 4.7 T are 14.4 MHz and 200 MHz, respec-
tively). A large, broad peak is observed at 50 MHz (FWHM = 48
MHz) as well as peaks at 140 MHz, 150 MHz, and 170 MHz corre-
sponding to **Mn single-quantum transitions. In the strong coupling
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Figure 7. (Left) Variable-temperature X-band continuous-wave EPR spectra of 3-ox and 4-ox. (Right) Expanded view of the low field (g> 2) region.

limit, these couplings are centered at A/2 and split by twice the **Mn
Larmor frequency (ca. S0 MHz at 4.7 T). Based on the observed
Mn transitions, the *Mn HFI are estimated in the range 180-240
MHz, in line with the Mn(IV) HFI measured from Q-band **Mn
ENDOR. The spectral signature of the unique Mn(III) ion cannot
be unambiguously assigned from the EDNMR due to multiple over-
lapping transitions. Nonetheless, the general agreement of the
EDNMR and ENDOR data support the hyperfine assignments of 3-
ox. The remaining features appearing from 250-350 MHz are as-
signed to **Mn double-quantum transitions.

The temperature dependence of electron spin-lattice relaxationin
3-ox was studied using the inversion-recovery sequence (1t —t-1/2
- T -1~ echo) (Fig. S18).'” Data were fit to a bi-exponential func-
tion (Eq. 2). Subscript fdenotes the fast relaxing process; s denotes
the slow process. At 3.8 K, the relaxation time constants for the fast
and slow exponential components were 1.3 ps and 6.3 s, respec-
tively. Over the temperature range studied, both In(1/T1) vs. 1/T
and In(1/T1) vs. In(T) are approximately linear, consistent with ei-
ther an Orbach or Raman relaxation process.* Assuming an Orbach
mechanism, an energy separation of 13 cm™ was obtained from the
fast relaxing component. This value is slightly larger than the 3-5
cm™' estimated from susceptibility studies but approximately in the
same magnitude. Overall, both electron spin-lattice relaxation and
magnetic susceptibility measurements support a small separation
between the doublet ground state and the quartet excited state.

M,(T) = M; [1 —2exp (— l)] + M, [1 —2exp (— 1)] )
Tlf Tls
DISCUSSION

Between the optimized structures of the proposed open- and
closed-cubane forms of the S; state, Mn(4)-O(5) and
Mn(1)-0O(S) distances interchange from 1.87 A to ~3.2 A, tanta-
mount to a bond breaking-reforming process (Fig. 1). This rear-
rangement process is accompanied by a change in the electronic
structure of the S; state, as explained from the computed magnetic
exchange coupling constants in both open and closed forms. The g
=2 and the g=4.2 signals of the S; state result from the ground states
of clusters that differ significantly in geometry, the relative ratio of
which is affected by external chemical stimuli. Our studies indicate
that such large structural changes to the inorganic CaMn4Os core of
the OEC may not be necessary to perturb its electronic structure.
Comparisons between the crystal structures of 2-0x, 3-0x, and 4-ox
indicate only small variations in Mn—oxo bond distances, with the
longest Mn—oxo bond in each species varying from 2.051(4) A to
2.241(1) A. The remaining Mn-O distances are in the range
1.831(1)-1.976(2) A. Yet, such small geometric changes in the
[Mn™Mn;"O4] core have a substantial effect in its electronic struc-
ture, as evident from magnetic susceptibility and EPR studies. As-
signed to a thermally accessible spin excited state $=3/2, the g=4.2
signal in 3-ox and 4-ox is highly reminiscent of the S; state in its high-
spin form. The absence of such a signal in 2-ox indicates that spec-
troscopic properties of tetranuclear Mn complexes are highly de-
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pendent on the nature and magnitude of the magnetic exchange cou-
pling interactions, which are finely tuned by the nature of not only
bridging ligands but also terminal ligands in the immediate coordi-
nation sphere of each Mn ion. While the two signals observed in 3-
ox and 4-ox are not resulting from ground states of two different iso-
mers, as proposed in PSII, they do correspond to low- and high-spin
electronic states. As in PSII, the degrees of population of the two
states are affected by different coupling schemes between the Mn
centers, which arise from structural differences. Most importantly,
large structural distortions are not necessary for the complete disap-
pearance of one of the signals (the HS in this case, for 2-0x). In a
previously reported Mn"™Mn;"O4 cubane with six phosphinate lig-
ands, the LS signal completely disappears, consistent with a higher §
> 3/2 ground state." Furthermore, the energy separation between
the doublet ground state and the first non-doublet excited state can
be fine-tuned with small changes in the overall geometry of the clus-
ter, as evidenced by the variable temperature EPR of 3-ox and 4-ox
(Fig. 7). These findings suggest that geometrical changes much
smaller than the ones proposed for PSII with respect to the metal
and oxo/hydroxo motifs could have substantial effects on the EPR
signals. Therefore, the deduction of the geometry of OEC S-state in-
termediates based on EPR spectroscopic features need to be com-
plemented with appropriate structural determination. Given that in
the present series of compounds, even a change in the nature of a
single carboxylate ligand affects the state energies and EPR signals,
it is expected that features such as the protonation state of aquo lig-
ands, bridging oxos, and nearby His residues will greatly affect the
electronic structure of the OEC.

1100

Table 1. Summary of the effective gand *Mn HFI tensors for 3-0x,
and the S, states of 7' elongatus and spinach PSIL***” Note: all hy-
perfine tensor frames collinear with g-tensor frame.

g A; (MHz)
A A A A
3-0x x 1944 376 233 253 193

y 1964 297 198 283 222

2.002 272 260 149 131

iso 1970 318§ 230 228 198

T. elongatus X 1971 350 249 202 148
y 1.948 310 227 182 162

Z 1.985 275 278 240 263

iso 1968 312 251 208 191

Spinach X 1.997 310 235 185 170
y 1.970 310 235 185 170

z 1965 275 275 245 240

iso 1977 298 248 205 193

In conclusion, a series of Mn"Mn;" O, cuboidal complexes has
been synthesized and characterized by XRD, electrochemistry, XAS,
SQUID magnetometry, variable temperature CW-EPR, and pulsed-
EPR. To our knowledge this is the first set of experimental studies
that directly addresses the effect of systematic changes of supporting
ligands on the EPR behavior of clusters in the redox state of the S,
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Figure 8. Experimental spectra of 3-ox (black traces) and simulation (dashed red traces). a) Q-band electron spin echo (ESE) EPR. b) Q-band **Mn
Davies ENDOR recorded at five magnetic field positions indicated in a). Acquisition parameters: Temp. = 3.8 K, MW freq. = 34.115 GHz, muw = 40
ns, 7rr = 3 s, trr = 2 s, T = 400 ns. c) D-band ESE-EPR. Acquisition parameters: Temp. = 5.2 K, MW freq. = 130 GHz, muw = 90 ns, T = 300 ns. d) X-
band CW EPR. Acquisition parameters: Temp. = 5 K, MW freq. = 9.359 MHz, power = 2 mW, modulation amplitude = 4 G. See Table 1 for global fit

parameters.
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state of the OEC. With implications in the interpretation of the OEC
spectroscopic properties, our benchmarking results show that the
electronic structure of tetranuclear Mn complexes is highly sensitive
to small geometric changes and the nature of the bridging ligands.
Even in the absence of large oxo movements proposed to account
for the HS and LS signals of the OEC, we find that the EPR feature
of essentially isostructural compounds can move from LS to a mix-
ture of LS and HS to HS signals. Therefore, interpretation of EPR
signals in terms of structural implications must be done very cau-
tiously. Ideally, complementary structural information will be ob-
tained to corroborate spectroscopic assignments.
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