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ABSTRACT: In photosynthesis, the protein-bound natural oxygen-evolving center (OEC)
undergoes multiple oxidation-state transitions in the light-driven water splitting reactions
with a stepwise change in the oxidation potential. Because the protein is vulnerable to
electrochemical oxidation, the multiple oxidation/reduction-state transitions can hardly be
achieved by electrochemical oxidation with a continuous change in the oxidation potential.
An OEC mimic that can undergo four redox transitions has been synthesized (Zhang, C.,,
et al. Science, 2015, 348, 690—693). Here we report an electrochemical FTIR spectroscopic
study of this synthetic complex at its multiple oxidation states in the low-frequency region for
Mn—O bonds. Compared with those of the native OEC induced by pulsed laser flashes, our
results also show the existence of two structural isomers in the S, state, with the closed
cubane conformer being more stable than the open cubane conformer, in contrast to that of
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the native OEC in which the open form is more stable.

Light—driven water oxidation in nature is accomplished by
photosystem II, where it is catalyzed by the oxygen-
evolving complex (OEC), an oxo-bridged Mn,CaO; cluster
that accumulates four oxidizing equivalents and catalyzes the
formation of dioxygen.'~” A photon-induced abstraction of an
electron from the OEC occurs during each of the four state
transitions of the catalytic cycle through five metastable storage
states S; (i = 0—4). Molecular O, is produced during the S;—
(8,)-S, transition.” "

Huge research efforts have been devoted to unveil these
intermediates states in an effort to elucidate the detailed
mechanism for the formation and release of the O, molecule,
using spectroscopic techniques like extended X-ray absorption
fine structure (EXAFS)," electron nuclear double resonance
(ENDOR),16 electron paramagnetic resonance (EPR),17
FTIR,"*™*° Xray crystallography,”** and theoretical model
studies.”* ™’ It has been proposed that in the OEC, a y-oxo Oy
is unusually far from the nearby Mn ions, suggesting weak
binding and higher reactivity. Therefore, O5 was proposed as a
candidate for dioxygen formation.”*"**™** Today, much
information related to the mechanism of biological water
oxidation is available; however, the information available at
present is still insufficient to construct a full picture of the
process of water oxidation with all of the mechanistic details,
and the recent evidence points to the activated catalyst state
requiring inherent structural flexibility.***°

Among the various spectroscopic methods, vibrational
spectroscopy has been used as an investigative tool to study
the structure and mechanism of the OEC,”” providing
information about various aspects during the photocatalytic
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cycles. For example, absorbance changes in the vibrations of a
water molecule in the OEC have been detected in the range of
2500—3700 cm™" using H/D exchange studies.”®”” Those in
the range of 1200—1800 cm™" are attributed to the vibrations
of the protein residues ligated to the OEC,"***** and the low-
frequency region in the range of 200—1000 cm™' has been
attributed to those of the Mn—ligand and Mn—O vibrations.
The low-frequency spectra are very informative in revealing the
structural changes of the OEC during the state transitions. Chu
et al. were able to obtain IR difference spectra of the S,—S,
transition of the OEC in the range of 350—1000 cm™". They
identified a Mn—O—Mn vibration at 625 cm™" in the S, state,
which shifts to 606 cm™ after the transition to the S,
state, 194142

Because of the lability of the protein-bound OEC that
prevents electrochemical characterization and controlled
modification of its structure and constituents for spectral
assignments, vibrational spectra of synthetic model complexes
are imperative to interpreting the IR and Raman spectra of the
OEC. Several multinuclear Mn complexes have been
synthesized to understand the spectral properties of the
OEC. A summary of the low-frequency vibrational modes
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observed in these compounds is presented in a review by
Babcock et al.** Along these lines,"”~*° in 2015 Zhang et al.*’
synthesized an artificial Mn,CaQ, cluster with a dangling Mn,
atom, which was quite structurally similar with the natural
OEC. Despite the absence of the second p-oxo bridge between
Mn; and Mn, in the structure, the artificial cluster can undergo
four redox transitions and displays low-spin and high-spin EPR
signals at low temperatures in the S, state prepared by
chemical oxidation, similar as those in the natural OEC in
which the two EPR signals and their respective spin states (g =
2 signal, S = '/;; g = 4.1—4.9 signals, S > 3/,) have been
proposed to arise from two OEC conformers differing in the
localization of the Mn®" ion in the S, state (Mn,**Mn,*" vs
Mn,*Mn,**).*” Therefore, the crystal structure of this artificial
Mn,CaO, cluster provides an excellent model for interpreting
the spectroscopic signatures of the native OEC and a
“calibration” for the computational approaches in the spectral
analysis. To compare the IR spectra of the synthetic mimics
with those of the OEC in the S, state, recently Tychengulova
et al. performed normal-mode analysis (NMA) and effective
normal-mode analysis (ENMA) calculations of this synthetic
mimic, providing detailed assignments of the vibrational modes
for the low vibrational frequencies from the MnO cluster and
the higher frequencies from the ligand carboxylates.”” Raucci et
al. simulated oxygen—oxygen bond formation in this synthetic
structure with a modification of some binding ligands
substituted with water molecules.*® Their results suggest that
the key electronic features of the natural OEC reactivity are
well reproduced in the synthetic compound. On the contrary,
in contrast to the lability of the protein-bound OEC subjected
to elctrochemical characterization, this molecular mimic can
facilitate electrochemical preparation of various intermediates
by direct control of the applied redox potentials; thus, it can
provide spectroscopic signatures for the native OEC as well as
the reaction mechanism for O—O bond formation.

In this work, the structural changes in the synthetic
Mn,CaO, cluster are characterized with FTIR difference
spectra with its electrochemically prepared multiple oxidation
states in the low-IR frequency region. In parallel to those of the
natural OEC, our results also suggest that there are two
different conformers in the S, state, i.e, an open and a closed
cubane conformer, with the latter being slightly more
thermodynamically stable than the former, which is the reverse
of that of the OEC.****

Among the five intermediate states of the so-called Kok cycle
during oxygen evolution of the OEC,' the most studied
intermediate state of OEC is the S, state. Two distinct signals
characterizing the S, state have been detected by EPR
spectroscopy and assigned to two interconvertible conformers
by quantum chemistry calculations.””* These two structures
show a 1:1 correspondence with the two EPR signals for the S,
state,” i.e., one for an open cubane structure with a low-spin
ground state (namely the S% state, associated with a multiline
EPR signal at g = 2.0, S = '/,) and the other for a closed
cubane structure with a high-spin ground state (namely the S5
state, associated with an EPR signal at g = 4.1, S = 5/,).30%
The “open” or “closed” cubane structures are defined by the
distance between Mn, and Oj. For example, if this distance is
short enough to form a Mn—O bond, a closed Mn;CaO,
cubane would be formed; otherwise, it remains in an “open”
state as in the S, state. Crystal structures for the intermediate
states detected by an X-ray free electron laser reveal that the
Mn,—O; distance of the OEC is 2.70 A for the S; state, 2.79 A

9831

for the S, state in the open cubane state, and 3.04 A for the S,
state.”* Although there are still no direct structural data for the
Mn,—O; distance in the closed cubane structure of the S,
state, density functional theory (DFT) calculations show a
Mn,—Oj distance of 1.87—1.89 A for the closed cubane in the
S, state in contrast to a value of 3.21 (or 3.07) A for the open
cubane.””*”*" The open cubane structure is more stable by ~1
kcal/mol (~0.04 eV).***®

For the synthetic complex, the S; — S, transition has also
been detected by cyclic voltammetry at a redox potential of
~0.8 V versus the normal hydrogen electrode (NHE), and the
value is close to the estimated potential of the corresponding
native OEC redox transition (>0.9 V).*** In addition, the S,
state of the synthetic complex was further prepared by
chemical oxidation using [Fe(phen);](PF4); (phen, 1,10-
phenanthroline) at a redox potential of +1.1 V versus the
NHE, and two (low and high) spin EPR signals have been
observed at low temperatures, which are similar to the low-spin
(g = 2.0) and high-spin (g > 4.1) EPR signals observed in the
S, state of the native OEC.*”**** Later computer simulation of
the ligand-modified synthetic compound reveals that the S, —
S, transition leads to the preferential oxidation of the Mn,
atom, which is favored by ~3 kcal/mol (~0.13 eV) compared
to that of the Mn, atom. This work further reveals that the
synthetic compound also exists in open and closed conformers
corresponding to whether Mn,(III) is oxidized (open, S3) or
Mn,(II1) is oxidized (closed, S%). The calculated Mn,—Oj
distances for these two structures are 2.29 and 1.90 A,
respectively. The calculation further reveals that the closed
conformer formed during the S; — S, step has a Mn;CaO,
core that is more compacted than that of the S, state and that
of the open conformer in the S, state."”

In contrast to the calculated structural change during the
various oxidative states,”® the IR spectra have been calculated
in the S, state for the synthetic complex. In the assignment of
the calculated IR spectra in the low-frequency region arising
from the Mn,CaO, cluster in the S; state of the synthetic
complex,27 they clearly assign the bands to the vibrational
modes of specific Mn—O bonds, for example, the Mn,—O,
stretching mode at ~608 cm™’, the Mn,—O; stretching mode
at ~643 cm ™', the Mn;—Oj moiety stretching at 669 cm™, the
Mn,—Oj; bond stretching at 560 cm™, and the Mn,—0O, bond
stretching at 490 cm™'. Apparently, these theoretical assign-
ments provide guidance for our currently experimentally
observed IR difference spectra during the S,—S,,; transition.

The redox potential of the Ag/Ag" reference electrode in
acetonitrile in the microelectrochemical cell was calibrated
using ferrocenium/ferrocene (Fc*’°) as the standard (0.71 V in
acetonitrile),”> which leads to an evaluated redox potential of
0.52 V for the Ag/Ag" electrode versus the NHE (see
Supporting Information 1). The cyclic voltammograms (CVs)
of the synthetic complex in acetonitrile measured within both
the normal cells*® and the microelectrochemistry cells both
against the NHE are compared in Figure la. To avoid the
interference from the electrolyte Bu,NFP; in the low-
frequency region, Bu,NBF, was chosen to replace Bu,NFPg
(see Supporting Information 2). To better compare the fine
structures for the redox potential peaks, secondary derivatives,
which have an improved peak resolution generally used in the
spectroscopic analysis,”® are performed on these two CVs as
shown in panels b and c of Figure 1. The redox peaks appear as
negative peaks in the CV for the potential sweep from the
negative to the positive (denoted in Figure 1b), while they
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Figure 1. Comparisons of the cyclic voltammograms and their
corresponding secondary derivatives for the synthetic complex in
acetonitrile within normal (red or black line) and microelectrochem-
ical (blue line) cells. (a) CV with potentials vs the NHE, at a scan rate
of 100 mV/s. (b) Positive potential sweep. (c) Negative potential
sweep. The secondary derivative CVs were obtained by performing
the first-order derivative on the CV curves. After a proper data
averaging to remove the high-frequency noise, the resulting data of
the first derivative were used to perform the secondary derivative,
while the high-frequency noises were also removed by data averaging.

appear as positive peaks for the potential sweep from the
positive to the negative (denoted in Figure 1c). As shown in
panels b and ¢ of Figure 1, the secondary derivative peaks for
CVs measured in both normal and microelectrochemical cells
agree with each other in general. The peak values of the redox
potential peaks appearing in different oxidation/reduction
states during the potential sweep in both directions as well as
the averaged midpoint potentials are summarized in Table 1.
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Table 1. Summary of the Derived Redox Potentials in the
Second Derivative and the Corresponding As-Acquired
Cyclic Voltammograms

redox potential (V) from the second derivative of the CV

sweep direction S_; < S, S <S§ § <8, S8 S8,
- >+ —0.26 0.04 0.65 0.97 1.37
0.76 1.19
+ = — —0.46 —0.01 0.31 0.80 1.29
0.69 1.11
E1/2 microcel -0.36 0.02 0.48 0.89 1.33
0.73 11§
E1/2 nommalecel -0 -0.1 0.80 125 NA

As reported previously, the cyclic voltammogram of the
synthetic complex shows averaged redox potentials in
acetonitrile for S_; — Sy at —0.5V, §; — S, at —=0.1 V, S,
—S,at0.8V,and S, — S; at 1.25 V.*® As shown in Table 1,
the midpoint redox potentials derived by the secondary
derivative on CV exhibit striking fine features for the S, <
S, and S, < S; transitions, for they consist of a doublet peak
with a splitting width of approximately 0.2—0.3 V. We have
shown that these splitting peaks are not arising from either the
solvent or the added electrolytes (Figure S2). Therefore, we
denote these two subtransitions in S; — S, as S; = S; for the
lower oxidation peak with an E,, of 0.48 V and S; — S3 for a
higher oxidation peak with an E, /, of 0.73 V. Accordingly, with
respect to S, — S;, we denote S} — S, with an E,, of 0.89 V
and S5 — S; with an E,/, of 1.15 V. We use superscript
numerals 1 and 2 to denote these two conformers in contrast
to S5 and SP for the native OEC.

Figure 2 shows electro-oxidation-induced difference spectra
of various S-state transitions in the low-frequency Mn—O
vibrational region of the synthetic Mn cluster, including S, —
S, (81/So), $1 = S5 (83/81), 81 = 8, (8,/S,), and S5 — S5 (Sy/
S3). Figure 2a reveals that there is almost no obvious spectral
change during the Sy — S, and S; — S} transitions during the
oxidation sweep, while significant spectral changes occur
during the S; — S, and S} — S, transitions characterized by
a bleaching peak around 604 cm™ and an absorption peak
around 622 cm™". The corresponding difference spectra of the
reversed processes, ie., reduction sweep, are shown in Figure
2b. Because of the overpotential at the electrodes, the
difference IR spectra of the various S-state transitions are not
reversed at a given applied potential.

As shown in Figure 2a, the IR absorbance difference spectra
for S; — S; are almost like a baseline during the potential
sweep. To obtain a better IR absorbance difference spectra for
S, — S}, we fixed the oxidation electrode potential at 0.62 V
close to that of S, — S} (0.65 V) to initiate a slow oxidation of
S, = S5, and the IR difference spectra are taken as those
between the end and start of the oxidation process with a quite
long reaction time. The IR difference spectra for the reversed
process are obtained by setting the electrode potential at 0.42
V (S, « S}, 031V).

The corresponding IR absorbance difference spectra
acquired at the fixed potential for the forward and backward
reaction processes in the low- and high-frequency regions are
shown in Figure 3, while those for the middle-frequency
regions are shown in Figure S3.

As revealed obviously in these figures, all of the difference
absorbance peaks within the spectral region from 440 to 1800

cm™! are almost reversible when the electrode reaction is
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Figure 2. IR difference spectra at a fixed electrode potential in the low-frequency region at different oxidation and reduction multistates. (a) During
the oxidation sweep, where the fixed electrode potentials are indicated in parentheses: S;/S3 (1.23 V/1.02 V), S,/S, (0.82 V/0.62 V), S3/S; (0.72
V/0.12V), and S,/S, (0.12 V/—0.28 V). (b) During the reduction sweep, where the fixed electrode potentials are indicated in parentheses: S3/S;
(0.82 V/1.25 V), S,/S, (0.62 V/0.82 V), S;/S; (0.02 V/0.42 V), and S,/S; (—0.28 V/0.12 V).
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Figure 3. IR difference spectra in the low-frequency region for S; — S} (blue) and S} — S, (red) at fixed applied potentials of 0.62 and 0.42 V,
respectively, in the (a) low-frequency and (b) high-frequency regions. The difference spectrum of S; — S} was obtained by subtracting the IR
spectrum collected at the 60th second from the IR spectrum collected at the 2500th second. The difference spectrum of S} — S, was obtained by
subtracting the IR spectrum collected at the 60th second from the IR spectrum collected at the 2900th second.
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Figure 4. IR intensity change kinetics and IR intensity-detected cyclic voltammograms for 604 and 621 cm™" during the S; — S; transition. (a) IR
intensity kinetics and comparison of inverted kinetics at 604 cm™' with as-acquired kinetics at 621 cm™. (b) IR intensity-detected cyclic

voltammograms acquired at 604 and 621 cm™".

reversed from the oxidation to the reduction process, except
for those around 530 and 1713 cm™!, where the former is
tentatively assigned to the one that arises from the solvent or
electrolyte, with the latter arising from the carbonyl group in
the pivalic acid®”*® (1713 and 1740 cm™" can be from a pair of
pivalic acids). A prominent feature in the low-frequency region
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during the S; — S, transition is the emergence of the
absorption bands at around 460 and 622 cm™' accompanied by
a bleaching peak at 604 cm™".

According to the IR spectral calculation, the Mn,(III)-O,
bond (1.84 A) has an absorption at 608 cm™,”” and when
Mn,(III) is oxidized to Mn,(IV), the corresponding

https://doi.org/10.1021/acs.jpclett.1c02689
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Figure 5. IR intensity kinetics and IR intensity-detected cyclic voltammograms for 461 cm™'. (a) Comparison of the IR intensity kinetics at 461

cm ™" with that at 623 cm™. (b) IR intensity-detected cyclic voltammogram acquired at 461 cm™.
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Mn,(IV)—O, bond length is decreased to 1.81 A in a
calculated S, state,*® leading to a tighter Mn—O bond.
Therefore, it is expected that the IR absorption peak would
have a certain amount of blue shift when Mn,(III)-0O; is
oxidized to Mn,(IV)—O; during the S; — S; transition. Thus,
we assign the 604 cm™' bleaching band to the Mn,(III)-O,
stretching in the S; state and 622 cm™' to the Mn,(IV)—0; in
the S state of the synthetic complex. To further reveal the
structural correlation between the 604 and 622 cm™! bands, we
inspected the corresponding IR absorption intensity change
kinetics during the S; — S transition as well as the IR
intensity-detected cyclic voltammograms at 604 and ~622
cm™!, respectively, as shown in Figure 4.

During the S; — S; transition, if Mn,(III)—O is converted
to Mn,(IV)—0y, it is expected that the intensity change of the
604 cm™! peak would be inversely correlated to that of 622
cm ™! accordingly. As shown in Figure 4a, the kinetics at 604
and 622 cm™" are indeed inversely correlated, and they are
almost superimposed if one of the kinetics is reversed (see the
inset of Figure 4a). This inverse correlation also appears in
their IR intensity-detected cyclic voltammograms marked by
two rectangle boxes in blue and red within the different applied
potential regions as shown in Figure 4b. Within each box, there
is a curve crossing point located at 0.20 and 1.25 V,
respectively. The patterns of the IR intensity-detected cyclic
voltammograms clearly indicate that the electrode potential-
induced intensity changes for 622 and 604 cm™' bands are
inversely correlated in both the oxidation and reduction
processes. The facts strongly support the assignment of 604
and 622 cm™! to the Mn,(III)—O, and Mn,(IV)—O, bonds,
respectively.

Then we inspected another emerging band at ~460 cm™
during the S; — S} transition. We found that its kinetics almost
follows that of 622 cm™' in Figure Sa, and its cyclic
voltammogram in Figure Sb shares a similar feature at 622
cm™' (Figure 4b, ie., a typical oxidation-induced band
formation). Visser et al. have shown that Mn—O vibrational
modes can also be found in the low-frequency region as in the
range of 520—425 cm™".” Considering this low spectral region
for the Mn—O bond together with its association with
Mn, (III) oxidation, this fact suggests the formation of a new
Mn;(IV)—O bond. It has been shown that the metal—oxo
bond length affects the cluster frequencies with a general trend
that a decreasing Mn—O stretching frequency is correlated to
an increasing bond length.”” With reference to the correlation
between the known Mn—O bond length and the calculated IR
absorption peak, e.g, Mn,(III)—O; with a bond length of
2.014 A correlated with an absorption at 450 cm™, Mn,(IV)—
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O, with a bond length of 1.876 A correlated with an IR
absorption at ~490 cm™', and Mn,(IV)—O; with a bond
length of 1.862 A in S, correlated with an absorption at ~525
em™.,*” this newly formed Mn,(IV)—O with an absorption
band at 460 cm™" would have a bond length close to 1.88 A.
With respect to the proposed model of the S, state for the
natural or synthetic complex,*® the newly formed Mn, (IV)—O
bond would correspond to Mn,(IV)—O; bond formation in
the closed conformers, where the calculated Mn,(IV)—Oyq
bond length for the closed cubane conformer in S} of the
OEC is ~1.89 A>' and that of the artificial synthetic compound
is 1.90 A.*”*® Interestingly, the calculated vibrational frequency
for this Mn,(IV)—Os bond in the OEC is 461 cm™.*
coinciding well with the observed value in the synthetic
complex. Furthermore, Chu et al. have observed an absorption
peak around 468 cm™ when the S, state is oxidized to the S,
state for the OEC."" These facts give further support to our
assignment.

We further inspected the IR difference absorption spectra for
the S} — S3 and S; — S, transitions in Figure 2a and found
that the spectral features are almost similar to those for the S,
— S, transition (Figure 3a) except for the absorption peak at
622 cm™" in the S} — S? transition is blue-shifted to 630 cm™
in the reversed process as shown in Figure 2b. The oxidation-
induced formation of the 460 and 622 cm™ bands is further
confirmed by the chemical oxidation of the synthetic complex
by [Fe(phen),] (PF),* (Figure S4).

For the native OEC, the S, state has been proposed to have
two different interconvertible structures, i.e., an open cubane
structure denoted as S5 [Mn,(IV)] and a closed cubane
structure denoted as S5 [Mn,(IV)]. The two structures have
similar energies, with the open cubane structure being more
stable by ~1 kcal/mol.***~* A very similar result has been
obtained via the DFT calculation of the ligand-modified
synthetic complex by Raucci et al;** their results reveal that
the S; — S, transition leads to the preferential oxidation of the
Mn,(I1I) atom favored by ~3 kcal/mol in terms of free energy.
Furthermore, the Mn; oxidation leads to a cubane structure
that is more compact than that obtained when Mn, is
oxidized.**

Obviously, our observed facts at an electrode potential of
0.62 eV, a value slightly below the averaged peak potential for
S, — S, are consistent with the theoretical study in the
following respects. (1) An IR absorbance decrease at the peak
of 604 cm™ induced by the slow oxidation suggests the
oxidation of Mn,(III)-0; to Mn;(IV)—0,. (2) The
accompanying appearance of the 622 cm™ band is attributed
to the formation of Mn,(IV)—0O, from Mn,(IlI)—0O,, where
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Table 2. Typical Low-Frequency Vibrational Modes and Their Possible Assignments of the Synthetic Complex and OEC

OEC

Synthetic Mn,CaO, Cluster
IR absorption peak Assignment IR absorption peak
(S,/8) (5/8))
460 cm™ (+) Mn, (IV)-O, 468 cm™! (+)*
604 cm! (-) Mn,(Il)-O, 606 cm! (+)%*
622 e’ (+) Mn (IV)-O, 625 cm' (=)

Assignment

Mn, (IV)-O,-Mn,(IV) in S, for 461 cm™"
Mn,(IV)-O,-Mn,(IV) in S ° for 466 cm™*

o)
Mn(IV)-O-Mn(IV)* or Mn(IV)< >Mn(IV)"" ins,
0

0
Mn( I )-O-Mn(IV)* or Mn(m)< >Mn(IV)“"in S,
0

the corresponding spectral blue shift in the absorption peak
can be ascribed to a more compact arrangement of the Mn
core leading to a decreased bond length. (3) Importantly, the
simultaneous emergence of a new band at 460 cm™'
corresponds to the formation of the Mn;(IV)—Os bond in a
closed cubane configuration. The only discrepancy is that S, —
S} in our experiment corresponds to an oxidation-induced
formation of a closed cubane conformer, which is equivalent to
S® in the native OEC. This indicates that the oxidation of
Mn, (IIT) is more preferable than that of Mn,(III), which leads
to the formation of a closed cubane in the synthetic complex.
With reference to the DFT calculation and the counterpart in
the native OEC, the S} conformer can be assigned as the open
cubane conformer, and the Sj state would be more favorable
by an energy difference of ~0.25 €V than S3. This tendency is
reversed in contrast to that of the theoretical study of the
ligand-modified synthetic complex, as well as to S and S} in
the OEC. Such a discrepancy can be attributed to the
structural difference in the model used in the DFT calculation.
Comparison of the IR difference spectra of S, — S; with those
of §; = S, in Figure 2 reveals that the features of the
corresponding difference spectra for both transitions are quite
similar, i.e., the bleaching at 604 cm™ accompanied by an
increased intensity at 460 and 622 cm™!, respectively. In the
laser flash-induced® and chemical oxidation-induced*’ §S,-
minus-S; spectrum (S,/S,;), Chu et al. also found the intensity
changes in the low-frequency IR modes, i.e., positive bands at
631 and 468 cm™’, respectively. They observed positive bands
at 621 and 488 cm ™, respectively, in the laser flash-induced S;-
minus-S, difference spectrum. These spectral features are in
accordance with what we have observed for the synthetic
complex,”” which may suggest that even for the OEC, it is
possible that a closed cubane structure in the S, and S; states
can be formed in the solution phase.

We also noted that in the S; — S} oxidation kinetics, the
broad absorption band for the carboxylate asymmetric
vibrational mode around 1550 cm™' follows that of 604
cm™" as shown in Figure SS, suggesting the effect of the change
in the valence state in Mn, on the carboxylate ligand. It has
been reported that the asymmetric and symmetric vibrational
frequencies of carboxylate and their difference are affected by
the two coordinated cations and their respective valence states.
Because of the spectral overlap of the different carboxylate
ligands, their intensity changes in the synthetic complex during
oxidation process can be very complicated (Figure S3b). With
reference to the calculated frequencies, the 1550 cm™ band
can be tentatively assigned to that of Z2,”” which bridges Mn,
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and Mn,. Although we did not intend to resolve either the
frequency shifts or the respective intensity changes for various
carboxylate ligands, we include the corresponding cyclic IR
intensity change graphs and difference spectra during state
transitions in Figures S3b and SSb.

For the OEC, earlier experimental data provide evidence
that the closed cubane conformer should be an intermediate
state toward the formation of the S, state,*”*"®* though the
structure of the S; state was finally found to be consistent with
a Mn,CaO; cluster arranged in an open cubane fash-
on.' 7?9353 Apparently, our results indicate a stable and
closed cubane structure in the S; state for the synthetic
complex, which is different from that in the OEC. We attribute
such a difference to their structural difference, because there
are no water molecules as the ligands in the synthetic complex,
while the binding water molecules play an important role
during the structural rearrangement for the OEC.**~*°

We noted that our observed IR peak intensity changes for
622/604 cm™! versus the redox potential during the S; to S,
transition are just the opposite of those observed in the OEC.
Chu et al. were able to obtain IR difference spectra of the S, to
S, transition of the OEC in the range of 350—1000
m~L'"*'9* They identified a Mn—O—Mn vibration at 625
cm™!in the S, state, which shifts to 606 cm™! in the S, state.’®
A downward shift for a transition is supposed to correspond to
a Mn(IlI) to Mn(IV) oxidation. Later upon BC isotope
labeling, Kimura et al. found that the 616(—) and 605(+) cm™!
band peaks were downshifted by 2 cm™!, indicating that these
bands correspond to the vibrational modes of carbon-
containing groups. Although these bands cannot be unequiv-
ocally assigned, they suggested that both modes derived from
the carbon-containing groups [carboxylato(s) or atoms derived
from an amino acid side chain] and the Mn—O—Mn modes
are cumulatively induced in this region.”* It has also been
suggested that the y-oxo atom in the Mn—O—Mn moiety
responsible for the vibrational mode at 604/606 cm™' is a
substrate oxygen, tentatively assigned to the Og u-ox0.°>*
Other causes can be the changes in the symmetry of the OEC
structure upon oxidation, and it is possible that these two
bands are not the same vibrational modes and are from entirely
different symmetry representations. On the basis of normal-
mode analysis of the synthetic dioxo-bridged manganese
dimers with their configuration simplified as a Mn,0,
diamond, Hasegawa et al. further suggested that the S; band
at 625 cm™' and the S, band at 606 cm™" are assigned to the
Mn(IV)—O asymmetric stretch (B, symmetry) in the dioxo-
bridged Mn(III)Mn(IV) dimer moiety in the S;-state Mn
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cluster core and the Mn—O—Mn asymmetric stretch (Bj,
symmetry) in the dioxo-bridged Mn(IV)Mn(IV) dimer moiety
in the OEC, respectively.” Therefore, the suggestion that the
band shifts from 625 to 606 cm™" during the S, to S, transition
may be an oversimplification.” A comparison of the typical
low-frequency vibrational modes and their possible assign-
ments between the synthetic complex and OEC are listed in
Table 2.

The synthetic Mn,CaO, cluster of Zhang et al. resembles the
native OEC not only in the ground-state structure but also in
the multiple intermediate states. Because of its chemical
stability under electrochemical oxidation and free of spectral
interference from the amino acid side chains in IR spectra in
contrast to the natural OEC, it provides a model complex for
tracing the structural flexibility and rearrangement during the
various state transitions for an electrochemical FTIR
spectroscopic study. In addition to the spectroscopic method,
other experimental methods with more straightforward
information regarding the structural change will be necessary
in the future. Our current findings are summarized as follows.

(1) Two oxidation—reduction potential peaks have been
observed during the S; to S, transitions, i.e, a midpoint
reduction potential at 0.48 V in acetonitrile (NHE) for the S;
— S} transition, where S} is assigned as a closed cubane
conformer, and at 0.73 V for the S, — S3 transition, where S3 is
assigned as an open cubane conformer. On the basis of the
assignment of the IR difference spectra, these two conformers
are structurally similar to those two different conformers in the
S, state in the OEC; i.e., S} corresponds to S (high spin,
closed cubane), and S3 to S5(low spin, open cubane). The
schematic structural diagrams for two S, conformers for the
synthetic complex and OEC are shown in Figure 6. However,
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Figure 6. Structures for two S, conformers of both the OEC and the
synthetic complex. (a) Closed cubane conformer (S}) and open
cubane conformer (S5) of the OEC. (b) Closed cubane conformer
(S5) and open cubane conformer (S3) of the synthetic complex.

A
VT

5 1 ()0 1
Mn#{closed, more stable)

for the synthetic complex, the closed cubane conformer is
more stable than the open cubane conformer by ~025 eV
from our data; this is possibly because of their structural
difference, because the synthetic complex does not contain any
water molecules as the ligands.
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(2) The respective oxidation—reduction potential for S —
S, occurs at 0.89 V (NHE), and that for S} — S; at 1.15 V
(NHE).

(3) During the S, — S; transition in the low-frequency
region, we observed a decrease in intensity at 604 cm ™" that is
correlated to the increase in intensity at 622 and 460 cm™", and
such a tendency continues for the S, to S; transition. With
respect to the DFT-calculated vibrational modes for the
synthetic complex, the 604 cm™ band is assigned to the
Mn, (IV)—0, bond in the S, state, the 622 cm™ band to the
Mn, (IV)—0, bond in the S, state, and the 460 cm™" band to a
newly formed Mn,(IV)—O; bond in the closed conformer of
the S, state.

(4) In the S, state, the open and closed cubane conformers
are converted to the closed cubane structure.

B EXPERIMENTAL SECTION

The preparation of the synthetic complex
[Mn,Ca0,(Bu‘CO,)s(Bu'CO,H),(C;HN)] has been re-
ported previously.*® Electrochemical reactions were performed
using an electrochemical workstation (CHI600E, from CH
Instruments). The electrochemical cell is a homemade airtight
three-electrode spectroelectrochemical cell. A Pt gauze (Pt
wire, ® 0.05 mm) was used as the working electrode. The
counter electrode was a Pt wire (® 0.05 mm). A Ag wire (®
0.10 mm) was used as the quasi-reference electrode. The
apparatus consists of a three-electrode spectroelectrochemical
cell, IR transparent windows of the spectroelectrochemical cell
were two commercial diamond plates (® 10 X 1 mm)
produced by chemical vapor deposition (CVD). A perfluor-
oether O-ring (50 pm thick) was placed between the two
diamond plates. Prior to each experiment, 2 mL of an
electrolyte solution (0.1 M Bu,NBF, in ultradry 1,2-dichloro-
ethane) was purged with pure argon gas for 20 min. Before
flowing into the electrolyte solution, argon gas first bubbled
through ultradry 1,2-dichloroethane to minimize evaporation
and small concentration changes in the electrolyte solution. In
a glovebox under a constant purge of argon gas, the synthetic
Mn,CaO, complex was dissolved in a well-degassed electrolyte
solution to a concentration of S mM and then sealed in the
spectroelectrochemical cell. The FTIR spectrometer was a
model VERTEX 80V instrument (Bruker) equipped with a
DTGS detector working at room temperature. The compart-
ment for spectral measurement was vacuumized. For each
spectrum, a 128-scan interferogram was collected in a single-
beam mode with a 4 cm™ resolution.
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