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ABSTRACT: The tetranuclear manganese complex [Mn",O;(terpy),(H,0),]-
(ClOy)s (1; terpy = 2,2:6',2"-terpyridine) gives catalytic water oxidation in aqueous

solution, as determined by electrochemistry and GC-MS. Complex 1 also exhibits
catalytic water oxidation when adsorbed on kaolin clay, with Ce" as the primary
oxidant. The redox intermediates of complex 1 adsorbed on kaolin clay upon

addition of Ce'” have been characterized by using diffuse reflectance UV /visible and
EPR spectroscopy. One of the products in the reaction on kaolin clay is Mn", as

determined by parallel-mode EPR spectroscopic studies. When 1 is oxidized in
aqueous solution with Ce'V, the reaction intermediates are unstable and decompose

2 H,0 0, +4 H*

CeIV

to form Mn", detected by EPR spectroscopy, and MnO,. DFT calculations show

that the oxygen in the mono-y-oxo bridge, rather than Mn", is oxidized after an electron is removed from the Mn(IV,IV,IV,IV)
tetramer. On the basis of the calculations, the formation of O, is proposed to occur by reaction of water with an electrophilic
manganese-bound oxyl radical species, *O—Mn,"/", produced during the oxidation of the tetramer. This study demonstrates
that [Mn",04(terpy),(H,0),](ClO,)s may be relevant for understanding the role of the Mn tetramer in photosystem IL

B INTRODUCTION

The tetranuclear Mn cluster in the oxygen-evolving complex
(OEC) of photosystem II (PSII) is the key catalyst for the
oxidation of H,O to O, in plants. The tetramer cycles through
five distinct oxidation states or S states, S;—S,.' The most
oxidized state, S,, is unstable and returns to S, with release of
O,. However, despite intensive studies of the OEC, the detailed
mechanism of water oxidation remains elusive, as well as the
exact structure of the Mn tetramer as it cycles through the S
states. X-ray absorption spectroscopic studies have provided
evidence for the existence of Mn—(u-O),—Mn and Mn—(u-
O)—Mn moieties in the Mn tetramer.” EPR/ENDOR studies>*
suggested that the four Mn ions of OEC are organized in a “3 +
1” fashion. The recent 1.9 A X-ray crystal structure of PSII
confirms these results and establishes the structure of the Mn
ions in the OEC as a CaMn;0, cubane linked to a fourth Mn.’

To mimic the natural active center, many high-valent
multinuclear p-oxo manganese complexes have been synthe-
sized, and of these, high-valent manganese tetramers are of
particular interest as structural models for the OEC.%” The
synthesized tetramers can be divided into six classes according
to the atom connectivity of their Mn,O, core: (a) butterfly,*~"
(b) square,”® (c) adamantane,"*'® (d) cubane,"’"** (e)
basket,”® and (f) linear.>* > Our Mn terpy tetramer®®
[Mn",04(terpy),(H,0),]%* (1; terpy = 2,2":6',2"-terpyridine),
with a pair of Mn—bis(-0x0)—Mn units connected via a
mono-y-oxo bridge, has Mn—Mn distances similar to those
observed in the OEC and is one of only a few examples of a
high-valent oxomanganese tetramer with coordinated
waters.>??”?® Such complexes are of particular interest, because
water is the substrate of the OEC.
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Although many manganese tetramers have been synthesized,
none has been reported to catalyze water oxidation by
electrochemical means or in homogeneous solution by using
sacrificial one-electron chemical oxidants. Recently, Brimble-
combe et al.*’ reported the photon-assisted electrochemical
oxidation of water using a catalyst inspired by the Mn,Ca active
site of OEC, a tetranuclear Mn—oxo cluster ([Mn,O,L¢]*, L =
(MeOPh),PO,"). However, UV light absorption by the Mn
tetramer is required to initiate O, production, which is not the
case in the OEC, and recent results have shown that UV light
induces the formation of catalytic manganese oxide nano-
particles from [Mn,O,L¢]*.*

We now show that 1 can catalyze water oxidation
electrochemically and chemically. Previous studies showed
that the Mn-terpy dimer [(terpy),Mn,""VO,(H,0),]** (2)

31,32

can catalyze water oxidation in aqueous solution and on

kaolin clay**** with various primary oxidants. On kaolin clay,
the predominant O, evolution path occurs by a bimolecular
reaction.*** Prior work has shown that electrochemical
oxidation of 2 induces its dimerization to form 1.*° It has
also been found that 1 and 2 interconvert in a pH-dependent
equilibrium, with 2 favored above pH 2.5 and 1 favored at
lower pH.>® Under the acidic and oxidizing conditions
generated when Ce' is used as a primary oxidant for water-
oxidation catalysis, as in the study of 2 on kaolin clay, two
[(terpy),Mn,""VO,(H,0),]*" units, produced by oxidation of
2, can in principle combine to form the tetramer 1. Therefore,
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the predominant O, evolution path on kaolin clay may in fact
arise from the tetramer 1.

In the current study, the proposed tetramer formation is,
indeed, detected by diffuse reflectance UV/visible spectroscopy
when 2 is adsorbed on kaolin clay. Moreover, when 1 is
adsorbed on kaolin clay, a redox cycle is observed upon
oxidation by Ce". One of the reaction intermediates is Mn'", as
determined by parallel-mode EPR studies. When 1 is oxidized
in aqueous solution with Ce", the reaction intermediates are
unstable and decompose to form Mn", detected by EPR
spectroscopy, and MnO,. Density functional theory (DFT)
calculations were carried out to study the catalytic reaction
mechanism. According to the calculations, the oxygen in the
mono-y-oxo bridge is oxidized after an electron is removed
from the Mn(IV,IV,IV,IV) tetramer, and a *O—Mn,""" oxyl
radical species is formed, which oxidizes water. This study
suggests that 1 may be a useful model for understanding the
function of the Mn tetramer in the OEC.

B EXPERIMENTAL SECTION

Chemicals. [Mn",04(terpy),(H,0),](ClO,)s (1) was synthesized
according to ref 26, and [(terpy),Mn,"VVO,(H,0),](NO,); was
synthesized according to ref 31. Kaolin clay was purchased from Fisher
Scientific. Ce(NO;), solution (1 N) was purchased from Alfa Aesar.
Nitric acid was purchased from J. T. Baker. All solutions were prepared
using Millipore water.

Electrochemistry. Linear scan voltammetry and cyclic voltamme-
try (CV) measurements were performed with a potentiostat (Model
273 potentiostat/galvanostat, EG&G Princeton Applied Research) in a
conventional three-electrode system at room temperature. A basal-
plane carbon electrode (surface area 9 mm?) was used as the working
electrode, a platinum wire as the auxiliary electrode, and a saturated
calomel electrode (SCE) as the reference electrode. The electrolyte
used in the experiments was KNO; (0.1 M). For bulk electrolysis
experiments, the three electrodes were inserted in a homemade cell.
The cell was sealed after adding a small magnetic stir bar to the
reaction solution (S mL, pH 1.50), and then the cell was put in a water
bath to avoid heating by the magnetic stirrer. The headspace of the cell
was 15 mL (not including the volumes of the three electrodes).

GC-MS. GC-MS experiments were carried out with a Hewlett-
Packard 5890 Series II gas chromatography instrument connected to a
Hewlett-Packard 5971A Mass Selective Detector using a capillary
column from Alltech (phase, EC-S; length, 30 m; i.d., 0.25 mm; film
thickness, 0.25 pm).

Optical Studies. Optical spectra were recorded with a Varian
Cary-50 UV—visible spectrophotometer at room temperature. Diffuse
reflectance UV—visible spectra were recorded with a Varian Cary 3E
UV—visible spectrophotometer using a 1 cm path length cuvette. The
suspension solutions were prepared for measurement by mixing 20 mg
of kaolin clay with 3 mL of an aqueous solution of 1 or 2 in a test tube,
and the mixture was then transferred to a cuvette. The mixtures were
stirred with a glass rod before the measurement. A mixture of 20 mg of
kaolin clay and 3 mL of water was used for background measurements.

EPR Studies. EPR spectra were collected on a Bruker Biospin/
ELEXSYS ES00 spectrometer equipped with a TE012 dual-mode
cavity and an Oxford ESR-900 liquid helium cryostat. All spectra were
collected at 4 K on frozen samples with the following settings:
microwave power, 1 mW; modulation frequency, 100 kHz; modulation
amplitude, 9.22 and S G for parallel-mode and perpendicular-mode
EPR measurements, respectively.

0, Assay. Oxygen evolution from aqueous solutions of 1 in the
presence of Ce™ was measured at 298 K by an oxygen probe (Clark
electrode) connected to a YSI S300A oxygen monitor with digital
readout and interfaced to a computer for data logging. The sample
chamber was maintained at 25 °C with a circulating water bath. In a
typical run, 6 mL of Ce(NO,), solution (1 N) was introduced into the
sample chamber. After equilibration (~5—10 min), 100 yL of an
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aqueous solution of 1 (0.055 umol) was injected into the Ce(NO;),
solution.

DFT Calculations. The B3LYP functional included in the Gaussian
03 package®® was used in the DFT calculations. Minimum energy
configurations were obtained in broken symmetry (BS) states. A
combination of basis sets was implemented in order to perform
efficient, yet sufficiently accurate, calculations. The mixed basis set
includes the LACVP basis set to account for a nonrelativistic
description of electron—core potentials (ECP’s) for Mn, 6-31G(d)
for oxo-bridge oxygens, 6-31G for water oxygens and nitrogens, and 3-
21G for carbons and hydrogens.

B RESULTS AND DISCUSSION

As a solid, 1 forms red-black needles as previously reported,*®
but the aqueous solution is orange-red. This color of 1 in
solution faded much more quickly at high pH than at low pH,
indicating that 1 is unstable under more basic conditions. All
the experiments carried out in this study were, therefore,
performed at low pH to avoid the decomposition of 1 in
solution.

Linear scan voltammetry was used to study the electro-
chemical behavior of 1. Because 1 is unstable at higher pH,
aqueous solutions of 1 were studied at pH values below 2.2
(after pH adjustment with nitric acid). The experiments were
carried out as follows: first a voltammetric scan of a blank
solution at a specific pH was recorded as the background. A
minimal amount of solid 1 was then added to the solution (the
concentration of 1 was determined by UV/visible spectrosco-
py), and the voltammetric scan was recorded again. A scan rate
of 10 mV/s was used in all the experiments. Parts a and b of
Figure 1 show the linear scan voltammetric scans for 1 at pH
2.18 and 1.26, respectively. The potentials for oxidation of 1 at
both these pH values, obtained by comparison with the
background, are the same within experimental error (ca. 1.22 V
vs SCE), indicating that no proton is lost during the initial
oxidation. The catalytic current increases continually from 1.22
to 1.6 V, and no turning point is found, demonstrating that 1
undergoes redox cycling during the electrochemical experiment.
The catalytic current increases with an increase of pH, with a
ca. 2-fold increase (at 1.6 V vs SCE) from pH 1.26 to pH 2.18
when the concentration of 1 is 57 M, suggesting that there is a
deprotonation step in the catalytic reaction. The catalytic
current at pH 2.18 increases with an increase of the
concentration of 1 from 57 uM to 95 uM; however, the
catalytic current at a potential of 1.6 V (vs SCE) increases only
18% when the concentration increases 67%, probably because
the catalytic reaction is limited by the proton acceptor.

CV measurements were also carried out. Figure 2a shows the
CVs for 1 at pH 1.84 at a scan rate of 100 mV/s. No significant
change is found after 15 scans, indicating that the catalyst is
stable under these conditions. To determine whether the
catalyst is MnO,, which may be produced during the oxidation
of 1, CV measurements of MnHPO, were carried out; Mn(II)
is known to electrodeposit as insoluble manganese oxides under
oxidizing and acidic conditions.>” The black trace in Figure 2b
is the CV for 310 uM MnHPO, at pH 1.84. The oxidation peak
at 1.25 V vs SCE is due to the oxidation of Mn" to MnO,, and
the two reduction peaks at 0.96 and 0.80 V are due to the
stepwise reduction of MnO, to MnOOH and then to Mn",
respectively.’’ After addition of S0 mM Na,HPO, to the
solution, those peaks disappear (red trace in Figure 2b) because
the formation of MnO, is suppressed in the presence of high
concentrations of HPO,*”. The peaks associated with the
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Figure 1. Linear scan voltammetry of 1 at pH 2.18 (a) and pH 1.26

(b).

reduction of MnO, are absent in the CVs for 1, indicating that
MnO, is not involved in the electrocatalytic reaction.

Bulk electrolysis of 1 (0.35 umol) was performed at
potentials of 1.4 and 1.6 V (vs SCE), respectively (Figure 3).
The current was high at the beginning of the bulk electrolysis
due to surface charging, and then the current decreased quickly.
The number of coulombs passed vs time was recorded when
the catalytic current became relatively stable. The number of
coulombs passed increases almost linearly with time both for
the solution of 1 and for the background solution. The
difference in number of coulombs passed between the solution
of 1 and the background at 1.4 V is much smaller than that at
1.6 V, consistent with linear scan experiments, which show that
the catalytic current is much higher at 1.6 V than that at 1.4 V.
The O, turnover number after a 1 h bulk electrolysis can be
calculated from the number of electrons transferred. Although
four electrons are needed for the oxidation of water to O,, only
one electron is needed per molecule of 1 for the first turnover,
because 1 is a Mn(IV,IV,IV,IV) complex. Therefore, in the limit
when the moles of electrons transferred is larger than the moles
of 1 in solution, the formula for calculation of the turnover
number (TN) is

TN = [m + (n — m)/4]/m
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Figure 2. (a) CV of 1 (113 uM) at pH 1.84 (1S scans). The black
trace is the background CV of water at pH 1.84. (b) CV of MnHPO,,
(310 uM) (black line) and of MnHPO, (310 uM) with addition of
Na,HPO, (50 mM) (red line). The scan rate is 100 mV/s for both
cases.

where 7 is the number of moles of electrons transferred due to
the oxidation of 1 and m is the number of moles of 1 in the
solution. The TN so calculated is 2.8 + 0.5 (average of three
experiments) at a potential of 1.6 V with 0.35 gmol 1. The TN
after a 1 h bulk electrolysis is small because the surface area of
the working electrode is very small (9 mm?).

GC-MS was also used to detect the O, produced after a one-
hour bulk electrolysis by measurement of the ratio of the
concentrations of O, to N, in the headspace of the cell. The
relevant formula is

AA = [(ry = r)]/rg x A

where AA is the amount of O, produced due to oxidation of 1
(1.80 pmol), A is the amount of O, in the headspace of the cell
before electrolysis, which is 145 gmol for 15 mL of headspace,
ro is the ratio of O, to N, in the headspace of the cell before
electrolysis, r, is the ratio of O, to N, in the headspace of the
cell after electrolysis without 1 in solution, and r, is the ratio of
O, to N, in the headspace of the cell after electrolysis with 1 in
solution. The measured r,, r;, and r, values are 0.279 + 0.003,
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Figure 3. Coulombs passed (Q) vs time during the bulk electrolysis of
5 mL of a 0.35 umol solution of 1 and background solutions at pH
1.50.

0.282 + 0.004, and 0.293 + 0.005, respectively (average of
three experiments). The turnover number calculated in these
GC-MS experiments is 3.18 + 0.09, which agrees with the TN
calculated from the number of electrons transferred due to the
oxidation of 1. Control experiments using 1 gmol of MnSO, or
1 umol of the Mn(IILIV) bipyridine dimer”® did not produce
0,.

Previous studies showed that the Mn terpy dimer 2 can
catalyze water oxidation with various oxidants in aqueous
solution®"** and on kaolin clay.**** Because the oxidation of 2
in solution produces the Mn dimer of dimers complex 1,%°
water oxidation may be catalyzed by 1 in the reactions. In this
study, the behaviors of 1 and 2 on kaolin clay were examined by
diffuse reflectance UV /visible spectroscopy. The purple color of
1 at pH 1.5 adsorbed on kaolin clay lasted 5 h in aqueous
solution (pH 1.5). The purple color can last for up to 1 day if
the sample is isolated by filtration and dried in air. Complex 1 is
tightly associated with the clay and cannot be removed by
washing, probably because of ion pairing with the anionic clay.
The diffuse reflectance UV/visible spectrum of 1 on clay is
shown in Figure 4a. The absorption peak at 483 nm is assigned
to 1 adsorbed on clay. The slight red shift of the maximum
absorption wavelength of 1 on kaolin clay compared to that in
solution (red line in Figure 4a) is attributed to its adsorption on
clay. Oxidation of the purple samples of 1 on kaolin clay by
excess Ce'" caused the purple color to disappear at once, but
the color reappeared in seconds as the Ce' was consumed. The
more Ce' added, the longer the time needed for the purple
color to reappear. During the oxidation, a significant amount of
tiny bubbles appeared on the clay, which can be attributed to
O, formed by water oxidation catalyzed by 1.

The diffuse reflectance UV/visible spectra of the oxidation of
1 on kaolin clay support the above observation. A fast scan
from shorter wavelength (550 nm) immediately after addition
of a drop of excess Ce'" shows that A, changes significantly in
the presence of Ce'” (dotted line). The change of 4,,,, is due to
the absorption of an intermediate produced during the reaction
with CelV, because the overall reaction is reversible. After 1 min
when the Ce'” has been consumed, the UV/visible spectrum is
similar in both absorption maximum and intensity to that
before the addition of Ce" (dashed line in Figure 4a). The
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Figure 4. (a) Diffuse reflectance UV/visible spectrum of 1 on kaolin
clay at pH 1.5 (solid black line) and fast scan (scan rate 3000 nm/min)
after addition of 1 drop of excess Ce' (dotted line) and after 1 min
(dashed line). The red line is the UV/visible spectrum of 1 in solution
at pH 1.5. (b) Diffuse reflectance UV/visible spectrum of 2 on kaolin
clay at pH 1.5 (solid black line) and fast scan (scan rate 3000 nm/min)
after addition of 1 drop of excess Ce'” (dotted line) and after 1 min
(dashed line). The red line is the UV/visible spectrum of
[(terpy),Mn,""VO,(H,0),]* in solution at pH 1.5. The background
absorption of kaolin clay in water is subtracted in both cases.

slight blue shift of the absorption peak is due to the overlap of
the absorption of Ce' and Ce™™ at shorter wavelengths. The
experiment was reproducible after the addition of another drop
of excess Ce'. These experiments demonstrate that 1 on kaolin
clay undergoes a redox cycle in the presence of Ce'. For
comparison, the color of the adsorbed terpy dimer 2 is bluish
purple when 2 is adsorbed on kaolin clay at pH 5. However, the
color changed to purple with a maximum absorption
wavelength that is similar to that of 1 on clay when the pH
is adjusted to 1.5 (black solid line in Figure 4b), suggesting that
the Mn dimer 2 also forms the tetrameric dimer of dimers 1 on
clay. According to ref 33, 2 adsorbed on clay is autooxidized to
form (terpy),Mn,"/VO,(H,0), (the red line is the UV /visible
spectrum of the (terpy),Mn,""VO,(H,0), dimer in solution)
and two (terpy),Mn,""VO,(H,0), groups can combine to
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form the tetramer 1.° The diffuse reflectance UV/visible
spectrum (Figure 4b) during the oxidation of the purple species
is similar to that of 1 on clay, suggesting that 1 is the species
present under catalytic conditions. Previous studies showed that
oxidation of 2 on kaolin clay can produce a significant amount
of O,, and the predominant path of O, evolution is via a
bimolecular reaction of 2 adsorbed on kaolin clay.*>**
According to the current study, the predominant O, evolution
process is probably due to catalysis by the tetramer 1, which is
consistent with the proposed bimolecular reaction of 2
adsorbed on kaolin clay.

To study the reaction of 1 on kaolin clay with Ce', the
reaction products were examined by parallel-mode EPR
spectroscopy. After Ce'” was added to samples of either clay
or clay with adsorbed 1, the mixtures were immediately frozen
at 77 K and then were transferred to the EPR cavity for the
measurements. The parallel-mode EPR spectrum (Figure Sa) of
the reaction product of 1 and Ce' on clay is very similar to the
spectrum reported for a Mn" species generated by photo-
oxidation of Mn"" bound to Mn-depleted photosystem I1.*°
Although parallel-mode EPR spectra are not very diagnostic of
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Figure 5. (2) 4 K parallel-mode EPR spectra of frozen samples of 1 on
kaolin clay and Ce"™ (black line), kaolin clay and Ce" (red line), and
kaolin clay with adsorbed 1 (blue line). (b) 4 K perpendicular-mode
EPR spectra of frozen solutions of 1 and Ce' (solid line) and
Ce(NO;), (dashed line).
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ligands, the signal observed in the reaction of 1 on kaolin clay
with Ce' is likely from a mononuclear Mn"-terpy species. No
such Mn'" species was detected for a sample of clay and Ce' or
clay with adsorbed 1, indicating that a Mn™" species is a product
of the reaction of 1 with Ce". However, the Mn"" species was
not detected when the reaction was carried out in solution (1
was added to a Ce' solution and the mixture was immediately
frozen at 77 K and then transferred to the EPR cavity for the
measurement), probably because the Mn™ species is unstable
in solution and can undergo disproportionation to form MnO,
and Mn".* Figure 5b shows the perpendicular-mode EPR
spectra of frozen solutions of 1 and Ce' (solid line) and
Ce(NOs;), (dashed line) at 4 K. The six-line signal around g = 2
indicates that Mn" was produced after 1 was added to the Ce'
solution.

The formation of MnO, was examined by UV/visible
spectroscopy (Figure S1). After a small amount of 1 was
added to a 10 mM Ce(NO;), solution (the concentration of 1
is 0.027 mM), the concentration of Ce' decreases significantly
over 2 h, which is determined by the significant decrease of the
absorbance at 400 nm. The absorbance of 1 at 477 nm also
decreases somewhat, and the peak shape changes with a
shoulder appearing at about 440 nm. Because the maximum
absorption of MnQ, is at about 440 nm,*' the shoulder could
be due to the absorption of MnO, nanoparticles produced in
the reaction. The formation of MnO, is also confirmed by the
observation of a brown precipitate after 6 h reaction of 1
(saturated concentration) and 1 N Ce(NO;), in solution.

Oxygen evolution from an aqueous solution of 1 in the
presence of Ce'” was measured at 298 K by an oxygen probe
(Clark electrode). O, evolution was detected immediately after
the injection of 0.05S ymol of 1 into 6 mL of 1 N Ce(NOj,),
solution (Figure S2), and the maximum concentration of O,
was achieved in about 2 min. After that, the O, signal decreases
almost linearly with time. The decrease of O, with time could
indicate that an O,-consuming reaction was being catalyzed
after an initial O, evolution reaction. However, the formation of
MnO, in the reaction of 1 and Ce" in solution could block the
diffusion of O, through the channels of the membrane covering
the Clark electrode and cause a decrease of the O, signal.

Prior work by Tagore et al.** shows O, evolution from a
homogeneous aqueous solution of 2 in the presence of Ce'.
Their data support water oxidation as the source of the evolved
oxygen, and a high-valent multinuclear manganese species is
required for oxygen evolution. However, the low pH conditions
necessary for the use of Ce'" prevent catalytic turnover due to
the predominance of decomposition pathways. The key
disadvantage of the use of Ce' as the primary oxidant is its
inability to reoxidize low-valent mononuclear manganese
species, generated during the oxygen-evolution reaction at
low pH, to high-valent, oxo-bridged multinuclear manganese
species. As a result, 2 cannot support a catalytic cycle at low
pH. Our study of the reaction of 1 with Ce" in solution
supports those conclusions.

To further understand the reaction mechanism, DFT
calculations were performed. Figure 6 shows the structure of
complex 1, in the minimum energy configuration (total spin S
= 0) obtained at the DFT/B3LYP level of theory. The analysis
of Mulliken spin populations of Mn(1), Mn(2), Mn(3), and
Mn(4) indicates spin populations of 2.773, —2.684, 2.677, and
—2.782 au, respectively. This description corresponds to
antiferromagnetic coupling of four high-spin Mn(IV) ions,
each with S = 3/ » giving a total spin of 0 for 1 in the ground
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Figure 6. Structure of complex 1, in the minimum energy
configuration (total spin S = 0) obtained at the DFT/B3LYP level
of theory.

state, in agreement with EPR data.*® The bond lengths
obtained by DFT calculations are very similar to those found
in the experimental X-ray diffraction work (Table 1), suggesting

Table 1. Comparison of Selected Bond Lengths (A) of 1
Obtained by DFT Calculations with Experimental X-ray
Diffraction Data®®

bond X-ray structure structure by DFT
Mn(1)—Mn(2) 276429 278431
Mn(1)-0(1) 2.018 00 202209
Mn(1)-0(2) 175435 1.748 62
Mn(1)-0(3) 1.787 64 1.784 89
Mn(2)-0(4) 1.769 03 1.788 65
Mn(1)-N(1) 1.990 12 204421
Mn(1)-N(2) 202227 2013 61
Mn(1)-N(3) 2.029 48 204923
Mn(2)—-N(4) 2.034 41 2,035 36
Mn(2)-N(5) 1.986 29 2,009 99
Mn(2)—N(6) 2.036 03 2.033 69

that the DFT/B3LYP method and the basis sets used in the
calculation are reasonable. The calculated charges of selected
atoms of 1 are shown in Table 2. The charge at each Mn' is
about 1.5, indicating that most of the charge of Mn' is
delocalized over the ligands.

Because the electrochemistry experiments indicated that no
proton is lost during the initial oxidation of 1, the structure of
complex 1 after the removal of one electron, in the minimum
energy configuration (total spin S = '/,), was obtained at the

Table 2. Calculated Charge at Selected Atoms before and
after Removal of an Electron from 1

atom before after
Mn(1) 1.491 1.520
Mn(2) 1.504 1.465
Mn(3) 1.512 1472
Mn(4) 1483 1.512
o4) —0.694 —0.369
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DFT/B3LYP level of theory (Figure 7a). The analysis of
Mulliken spin populations indicates antiferromagnetic cou-

Mn(1)

d,

Mn(. 0(4)
0(3)

<

%

J

Figure 7. (a) Structure of complex 1 after the removal of one electron,
in the minimum energy configuration (total spin S = '/,), obtained at
the DFT/B3LYP level of theory. (b) Structure of the radical *O—
Mn,""V species, in the minimum energy configuration (total spin S =
5/,), obtained at the DFT/B3LYP level of theory.

plings between Mn(1) and Mn(2) and between Mn(3) and
Mn(4) with spin populations of 2.884, —2.880, —2.872, and
2.898 au for Mn(1), Mn(2), Mn(3), and Mn(4), respectively,
which corresponds to four high-spin Mn(IV) ions, each with S
= 3/,. Because the calculation indicates that all four Mn atms
are Mn" after removal of one electron from 1, the calculated
oxidation is not metal centered. Rather, the calculated spin
density for the oxygen in the mono-y-oxo bridge is 0.9705,
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indicating that the bridging oxygen is oxidized. The calculated
charge distribution (Table 2) shows that the charge at each Mn
is about 1.5, which is similar to those before the electron
removal, but the charge at the oxygen in the mono-y-oxo
bridge (—0.369) is much less negative than that before the
electron removal (—0.668), confirming that the oxygen is
oxidized. The Mn—O bond lengths (2.110 A) for the mono -
oxo bridge are much longer than those before the electron
removal (1.789 A), suggesting that those Mn—O bonds are
easily broken after the electron removal.

On the basis of the DFT calculations, a sequence of reactions
leading to formation of O, is proposed as shown in Scheme 1.

Scheme 1. Proposed Reaction Sequence for Catalysis of
Oxygen Evolution by 1 on the Basis of DFT Calculations®

0 0
H,0 Mn‘V< ™~ Mn'Y o) an/ N MnV— OH
o - \o
e'/\ H,0
0
HzO—Mn'V/O\ MnY—OH, + «0 Mn]V/ \Mn'V—OHz
\O/ \O/
PN
H,0 + *O Mn'V\ Mn!'V—OH,
o) -~
|
N
H—O—O—Mn'”\ /Mn'V—OH2
o)

|

H™+ 0, + M+ Mn"

“terpy ligands are omitted for clarity.

After the removal of one electron from 1 in the presence of
water, one Mn,"/"V dimer and one *O—Mn,""""V oxyl radical
species are formed. The *O—Mn,"/"V oxyl radical species is
proposed to oxidize water to produce a peroxo intermediate
that can then further react to produce O,, Mn', and Mn', At
an electrode surface, the peroxo intermediate is expected be
rapidly oxidized to produce O, and the Mn,""V dimer. By
combination of two Mn,""V dimers to form 1, the initial
catalyst would be regenerated. On kaolin clay, the peroxo
intermediate may be stabilized so that further oxidation by Ce'"
could occur to generate O, and the Mn,™""Y dimer, followed by
the combination of two Mn,""/"V dimers to re-form 1.
DFT calculations were also performed on the *O—Mn,""/V
oxyl radical species. Figure 7b shows the structure of this
species, in the minimum energy configuration (total spin S =
%/,) obtained at the DFT/B3LYP level of theory. The
calculated spin populations of O(1), Mn(1), and Mn(2) are
—0.6512, 2.5900, and 2.7112, respectively, indicating anti-
ferromagnetic coupling between O(1) and Mn(1). The
Mn(1)—O(2) bond length (2.0318 A) is longer than usual
for a Mn—O single bond, presumably due to the unpaired
electron on O(1). The calculated charge on O(1) (—0.291) is
much less negative than for other oxygens (—0.607 (02),
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—0.644 (03), —0.742 (04)), so that O(1) can access the
oxygen of water and oxidize water to form a peroxo species.

This study supports a recent quantum mechanics/molecular
mechanics (QM/MM) study of the catalytic cycle of water
splitting in PSIL, which suggests that water is oxidized by the
electrophilic oxyl radical Mn"V—O* species formed in the S,
state,"> and recent work on other water-oxidation catalysts that
invoke metal-oxyl species in water-oxidation catalysis.**
Although the question of whether the fourth oxidation
equivalent resides on a ligand (or on a Mn center) in the
OEC is still strongly debated, our model compound study
suggests that the 4-O ligand is more easily oxidized than Mn'"
in 1.

B CONCLUSIONS

The Mn-terpy tetramer [Mn',O;(terpy),(H,0),](ClO,)s (1)
can catalyze water oxidation at an electrode or on kaolin clay.
However, the reaction intermediates in solution are unstable
and decompose to produce Mn" and MnO, when the reaction
is carried out in aqueous solution with Ce' as the oxidant.
DFT calculations suggest that O, is formed by reaction of water
with an electrophilic manganese-bound oxyl radical species
generated during the oxidation of the tetrameric Mn complex 1.
The tetranuclear complex 1 is a useful model for understanding
the role of the CaMn,Os cluster of the OEC in PSII, and a
study of this model compound may contribute to under-
standing the reaction mechanism of the Mn tetramer in PSIL
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