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Normal coordinate analyses of di-g-oxo-bridged [Mny"™M(1-0),(ND3)g]?", [Mny ™V (11-0)2(ND3)s 3+, and
[Mn, V'V (1-0),(ND3)g]** dimers were carried out systematically based on force-constants obtained by B3PW91 hybrid
density functional theory (DFT) calculations on a broken-symmetry electronic state. Calculation results indicated that all
Mn-O-Mn/Mn-O stretch vibrations are found at 697-387 cm ™' with the strongest infrared (IR) intensities occurring at
620, 697, and 615 cm™! for Mn, ™M, Mn, ™1V and Mn,"™VV dimers, respectively, which are compatible with experimen-
tal data. These strong IR bands were assigned to the Mn—O-Mn asymmetric stretch 1 (Bs, vibration) for the equivalent
Mn, "™ and Mn,™'V dimers with Dy, symmetry, and the Mn'V-O symmetric stretch (A vibration) for the mixed-
valence Mn,™V dimer with C,, symmetry. Based on the results of calculations, the reported '3O-sensitive IR bands
in the low-frequency S,/S; spectrum in a photosynthetic oxygen-evolving complex (OEC) were assigned to the
Mn"V—O asymmetric stretch (B, vibration) in the di-/t-oxo-bridged Mn, ™V dimer moiety for the S;-state Mn-cluster
core and the Mn—O-Mn asymmetric stretch 1 (B3, vibration) in the di-g-oxo-bridged Mn, V'V dimer moiety in the S,-
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state Mn-cluster core.

The photosynthetic oxidation of water to molecular oxygen
occurs through five intermediate states denoted S, (n = 0-4),
by which a molecular oxygen is released during the S;—(S4)—
So transition. This reaction is catalyzed by an oxygen-evolving
complex (OEC) composed of a tetranuclear Mn-cluster plus
one Ca®* ion located on the lumenal side of the D1 protein
of photosystem II (PSII).!** Although recent X-ray crystallo-
graphic studies at 3.2 to 3.5-A resolution identified electron
densities corresponding to Mn and/or Ca ions in the OEC,>®
individual metal ions could not be resolved; therefore, the
structure of the Mn-cluster in the OEC has not been deter-
mined. Various spectroscopic techniques, including electron
paramagnetic resonance (EPR), X-ray absorption structure
(XAS), and Fourier-transform infrared (FTIR), have been ap-
plied to OEC for characterizing the structural and functional
properties of OEC, and the changes that occur in these proper-
ties during S-state cycling. Especially, the S;-to-S, transition
process has been extensively investigated because the S, state
can be generated from the dark-stable S; state by continuous
illumination of PSII samples at low temperature or in the pres-
ence of PSII inhibitors.

EPR and X-ray absorption near edge structure (XANES)
studies have suggested that the oxidation states of the Mn-clus-
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ter in the S; and S, states are Mny or Mny
and Mny,TVIVIV: op M, IPILILIYV - regpectively. 6= The S,-
state Mn-cluster gives rise to a multiline EPR signal at g =
2 arising from a total spin St = 1/2 ground state of the Mn-
cluster core with at least one strong-antiferromagnetically cou-
pled Mn,™V dimer moiety, which is mainly responsible for
the 18-20 lines hyperfine structure.!!%!! Extended X-ray
absorption fine structure (EXAFS) studies have indicated the
presence of two or three ~2.7-A Mn-Mn distances and one
~3.3-A Mn—Mn and Mn—Ca distance in the S|-state Mn-clus-
ter; these distances change little in the S, state.”'?!3 These
studies suggest that the S;- and S,-state Mn-clusters consist
of two or three di-p-oxo-bridged Mn dimer moieties and
one mono-t-oxo-bridged Mn dimer and Mn—Ca moieties.
Vibrational modes for the Mn—oxo and Mn-ligand interac-
tions should appear in a low-frequency region (800-100
cm™!) in the Mn-cluster, based on reported vibrational assign-
ments for various metal complexes.'* Low-frequency (650—
350cm™') FTIR spectra for the S,/S; difference have been
obtained for PSIT samples from spinach,'>~'® Synechocystis
PCC6803,'°2% and Thermosynechoccous elongatus.>> The
spectra exhibited relatively strong difference bands at 650—
550 cm~! and weak bands at 550-350 cm™!. Deuterium-insen-
sitive and '3O-sensitive bands have been observed at 638, 617,
606, and 594 cm™!', which were assigned to Mn—O—Mn vibra-
tions of the Mn-cluster in T. elongatus.”> Corresponding 8O-
sensitive bands have been observed in the spinach spectra at
625, 609, and 596 cm™!, and the 625 and 606 cm™~! bands ten-
tatively ascribed to Mn—-O-Mn vibrations in the S; and S,
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states, respectively, by assuming a 10-12cm~! downshift of
the bands caused by the '30 isotope.'® Strong infrared (IR)
bands of di--oxo-bridged Mn, ™V and Mn,™'V dimer com-
plexes have been observed at 694—604cm™!,'82429 despite
there being no data for the Mn,™ ! dimer. Therefore, these
bands may originate from vibrational changes of the di-pu-
oxo-bridged Mn dimer moiety due to Mn oxidation upon the
Si-to-S, transition. However, detailed vibrational assignments
for the bands in terms of Mn oxidation are difficult because of
the lack of information on the IR and Raman properties of
di-t-oxo-bridged Mn dimer complexes, which are structurally
identical but differ in the oxidation state of the Mn ions with
the exception of only one resonance Raman study for a di-
JL-oxo-bridged Mn dimer.*°

Structure, electronic/chemical properties, vibrational fre-
quencies, and IR intensities of a molecule can be obtained
quantitatively by density functional theory (DFT) calculations.
Although vibrational frequencies were evaluated based on
DFT calculations in some multinuclear Mn complexes’!*? or
based on empirical force-constants in Mn dimer complexes,>
no ab initio vibrational calculations were performed for di-/t-
oxo-bridged Mn dimers. DFT calculation using a broken-sym-
metry approach can be applicable to describe an electronic
state for antiferromagnetically coupled transition-metal dimer
complexes whose electronic configurations have & and S spin
orbitals opposite to each other.’** Therefore, this approach
has been used to elucidate the structure, electronic properties,
antiferromagnetism, and EPR parameters of various antiferro-
magnetically coupled Mn dimers, including the di-/-oxo-
bridged dimer,>*** and to evaluate potential water oxidation
chemistry in OEC based on the dimer models.37#:43-47

In the present study, we performed B3PW91 hybrid DFT
calculations to obtain force-constants and IR intensities for
di-pt-oxo-bridged Mn,™M Mn,™V " and Mn,™V dimers
using the broken-symmetry approach. Based on the calculation
results, the effects of oxidation state on Mn—O stretch vibra-
tions in the di--oxo-bridged Mn dimers were evaluated sys-
tematically by normal coordinate analyses, and possible vibra-
tional assignments for the observed S,/S; low-frequency FTIR
bands in OEC are discussed.

Computational Methods

All calculations were performed using Gaussian03*® and
Jaguar 5.5% program packages. Geometry optimizations, spin
population analyses, and Cartesian force-constant and IR
intensity calculations for di-{t-oxo-bridged Mn dimers were
carried out without symmetry restriction using the open-shell
hybrid DFT method along with Becke’s three-exchange hybrid
functional®® combined with Perdew—Wang 1991 local and
GGA-II non-local functionals®'”? (B3PW91). The standard
6-314+G(d) basis set for H, N, and O atoms and a double-{
type effective core potential®> (LANL2DZ) for the Mn ion
were used. For the calculations, a di-{t-oxo-bridged octahedral
Mn dimer with ammonia ligands [Mn,(4-O),(NH3)g]"" (n =
2-4) (see Fig. 1) with a Mn, ™1 Mn, ™V or Mn,™V dimer
oxidation state was chosen as the simplest model, because it is
well characterized theoretically>*® and reduces CPU resources
to a minimum. Total charges for the Mn,™™M  Mn,V,
and Mn,™'"V dimers were +2, +3, and +4, respectively. For

Vibrational Analyses of Mn Dimer by DFT

Fig. 1. A model of the di-p-oxo-bridged Mn dimer used
for the calculations.

Table 1. Internal and Normal Coordinates for Mn,O, Core
Vibrations

Mn,O, core vibrations

Internal coordinates Definition®

RI Ar(Mna-Oa)

R2 Ar(Mng—-0,)

R3 Ar(Mnpa—Og)

R4 Ar (MHB —OB )

R5 AS(OA—MHA—OB)

R6 AS(MDA—OB—MHB)

R7 AS(O-Mng—04)

RS AS(Mng—Ox—Mnp)

R9 AT(OB—MHA—OA—MHB)
R10 AT(OA—MHB—OA—MHA)
R11 AT(OpA—Mnp—-Og—Mng)
R12 AT(OA—MHB—OB—MHA)

Normal coordinates

Q1 (Mn-O-Mn s st 1)

Q2 (Mn—-O-Mn as st 1)
Q3 (Mn—-O-Mn s st 2)

Q4 (Mn—-O-Mn as st 2)
Q1’ (Mna—O s st)

(R1 +R2 + R3 + R4)/2
(R —R2+R3 —R4)/2
(R1 —R2 —R3 +R4)/2
(R1 +R2 —R3 —R4)/2
(R1 +R3)/v/2

Q2" (Mny—O as st) (R1 —R3)/v/2
Q3’ (Mng—O s st) (R2 4+ R4)/\/2
Q4" (Mng—O as st) (R2 — R4)/V/2

Q5 (Mn—-O-Mn def) (R5 —R6 +R7 —R8)/2
Q6 (Mn—O-Mn tor) (R9 —R10+ R11 —R12)/2
a) r, 8, and T refer to distance, angle, and dihedral angle,

respectively. Abbreviations for vibrations: as, asymmetric;
s, symmetric; st, stretching; def, deformation; tws, twisting.

normal coordinate analysis, 12 internal and 6 normal coordi-
nates for Mn—O-Mn vibrations were defined as shown in
Table 1, in which Q1-Q6 were used for an equivalent dimer
with Dy, symmetry and Q1’-Q4’, Q5 and Q6 represented a
mixed-valence dimer with C,, symmetry. The eigenvectors
of the normal coordinates for Mn—O-Mn/Mn-O stretches are
illustrated in Fig. 2. The normal coordinates for 8§ Mn—-NHj3;
stretches, 16 Mn—-NHj; bendings, 16 asymmetric and 8 sym-
metric NHj stretches, 16 asymmetric and 8 symmetric NH3 de-
formations, 16 NHj rockings, and 8 NH; twistings are defined
in the Supporting Information. The calculated Cartesian
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force-constant matrix was transformed to that for the molecu-
lar symmetry coordinate. Vibrational frequencies and potential
energy distributions (PED) were calculated using a modified
NCTB program.>*> The calculated vibrational frequencies
were uniformly scaled by a factor of 0.89. No imaginary fre-
quency was found for the Mn, ™M Mn, ™V and Mn, V1V
dimers, confirming the stability of the optimized geometries
(Tables S1-S6).
Results

Optimized Geometries and Spin Populations for Di-pu-
oxo-Bridged Mn Dimers. Table 2 lists the optimized geom-
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Fig. 2. Four eigenvectors for normal modes of Mn—-O-Mn
stretch vibrations for the equivalent Mn dimer and two
eigenvectors of four Mn-O stretch vibrations for the
mixed-valence Mn dimer.
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etry parameters for the di-ft-oxo-bridged Mn,™1 Mn, IV,
and Mn,™"IV dimers on broken-symmetry states and experi-
mental data for di-/t-oxo-bridged Mn dimer complexes, which
contain only nitrogen atoms as ligands (with the exception of
an oxygen atom in a di--oxo-bridge). The calculated Mn—-Mn
and Mn-O distances were similar to those obtained experi-
mentally. Calculated Mn-Mn distances were 2.712, 2.742,
and 2.781 A for the Mn,"™™ Mn,"™V and Mn,"V'V dimers,
respectively, indicating that the oxidation of Mn" to Mn'Y
lengthens the Mn—Mn distance by 0.030-0.039 A. In contrast,
the Mn-O distance for the Mn,™™ dimer (1.815 10\) was long-
er than that for the Mn,!™V"V dimer (1.795 A). The Mn'-O dis-
tance of the Mn,™V dimer (1.862 z&) was longer than that of
the Mn, ™™ dimer (1.815 A), while the Mn"V-0O distance was
shorter in the Mn,™V dimer (1.746 A) than in the Mn,™V-
dimer (1.795 A). The Mn™-N#* distances were much longer
than their Mn—-N® distances, due to the Jahn—Teller effect in
the 3d* orbital configuration for Mn', indicating that the
Jahn—Teller axes of the Mn™ ions were perpendicular to the
Mn,O, plane. The Mn-N® distance in the Mn,™V"IV' dimer
was longer than those in the Mn, ™™ and Mn, ™V dimers.

Table 3 lists Mulliken spin populations for the optimized
Mn dimers. Spin populations (|p|) of the Mn™ ions were
4.167 and 4.211 for the Mn,"™ and Mn, "™V dimers, respec-
tively, and those for the Mn" ions were 2.935 and 3.202 in the
Mn,™V and Mn,™'™V dimers, respectively, which are greater
than |p| (<0.128) on hydrogen, oxygen, or nitrogen atoms.
Total spin populations for the Mn, ™ Mn, ™V and Mn,™V1V
dimers was calculated as 0.000, 1.000, and 0.000, respectively,
in consistent with the total spin values St, 0, 1/2 and O for
the pure spin state of a di-p-oxo-bridged Mn dimer whose
Mn ions are strong-antiferromagnetically coupled each other.
The expected value (STZ) was found to be 4.056, 3.785, and
3.044 for Mn,™M Mn,™V " and Mn,™V dimers, respective-
ly. These values were not equal to those for the pure spin state,
but were close to the sum of the formal spin for Mn'"! (§ = 2)
and Mn" (S = 3/2), indicating that the electronic states of
these dimers are weakly overlapped magnetic couplings.> Op-
timized geometries and spin populations of the Mn, ™!,
Mn,"™V " and Mn,™"!IV dimers were similar to those obtained
from other DFT methods.3*8

Table 2. Optimized Geometry Parameters for [Mny(i-O),(NH;)g]"" (n = 2-4)

Bond lengths//o\

Mn,T_Mng ™

MHA lll_MnB v

MnAlV_MnBIV

calc exp“) calc epr) calc expc)
Mna—Mng 2.712 2.674-2.707 2.742(40.030)9 2.643-2.741 2.781(+0.039)® 2.671-2.746
Mns-O 1.815 1.815-1.863 1.862(+0.048) 1.835-1.890 1.795(—0.067) 1.746-1.822
Mnp—N, 2461 2.312-2.469 2.446(—0.015) 2.207-2.362 2.067(—0.379) 1.987-2.018
Mny—N, ¢ 2.176 2.159-2.108 2.156(—0.020) 2.044-2.151 2.150(—0.006) 2.001-2.090
Mng—O 1.815 1.815-1.863 1.746(—0.068) 1.771-1.870 1.795(4-0.049) 1.746-1.822
Mng—Ng® 2.461 2.312-2.469 2.056(—0.405) 2.004-2.093 2.067(+0.011) 1.987-2.018
Mng-Ng*d 2.176 2.159-2.108 2.167(—0.009) 2.027-2.163 2.150(—0.017) 2.001-2.090

a) Experimental range for Mn,™ dimer complexes (HEWJIC, KAWLID, VEZHIR, VEZHOX, RUXZAL, and RUXZEP)
obtained from the Cambridge Structural Database. b) Experimental range for Mn,™V dimer complexes (FOGHAKG,
GAMFEK, GEPSUP, GIXKON, HEWJEY, HEWJOI, SEJXUA, YEMCIC, ZAXNER, and ZUKHES) obtained from the
Cambridge Structural Database. ¢) Experimental range for Mn,™''V dimer complexes (FEBKOM, KEGNUF, SICBAH,
and SOZVEI) obtained from the Cambridge Structural Database. d) Shift from the Mn,™ ™ dimer value. e) Shift from

the Mn,"™V dimer value.
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Table 3. Mulliken Spin Populations for
(NH3)s1"* (n =2-4)

[Mny(1e-0),-

Oxidation states
MHA IH_MHB 1T MI]A 1T —MHB v MHA IV_MnB v

Mulliken spin populations

Mny 4167 4211 3.202
Mng —4.167 —2.935 —3.202
0 0.000 —0.193 0.000
NL™ —0.014 0.010 —0.081
N, —0.099 —0.103 —0.128
N 0.014 0.062 0.081
Np®d 0.099 0.095 0.128
HY 0.000 0.018 0.000
Total® 0.000 1.000 0.000
Total spin values St
sgile d 0.000 0.500 0.000
Speree) 0 1/2 0
Expected values of St2 operator
($2yeale H 4.056 3.785 3.044
(S2ypure 0 3/4 0
spin 4.056 3.035 3.044
contamination’

a) Positive and negative signs indicate populations of alpha
and beta spins, respectively. b) Sum of spin populations for
all hydrogen atoms. ¢) Sum of spin populations for all atoms.
d) Evaluated total spin value for the calculated spin state.
e) Total spin value for the pure spin state. f) Expected value
of S1t2 operator for the calculated spin state. g) Expected value
of St? operator for the pure spin state, SpPUS(SpPU® + 1).
h) (S%>calc _ <S%>pure.

Vibrational Assignments for Di-pt-oxo-Bridged Mn Di-
mers. Mn-O vibrational frequencies for hydrated and deuter-
ated Mn,™™ Mn, ™V and Mn,™'IV dimers were obtained
successfully using the B3APW91 method (Tables 4 and S1-S6).
The frequencies obtained for the Mn—O stretch and NH3 rock-
ing vibrations overlapped and were strongly coupled at 750—
550cm™" in the hydrated dimers [Mn,(/4-O),(NH3)g]"" (n =
2-4) (Tables S4-S6). For the deuterated dimers, the effects of
the Mn valence changes on Mn-O vibrational frequency can
be evaluated easily because the ND3; modes were decoupled
from the Mn-O vibrations. In Table 4, vibrations assigned pri-
marily to Mn—O stretch vibrations with >10% potential energy
distribution (PED) are listed, together with data reported for
several model complexes, and the IR intensities were classified
as strong, weak, and very weak or inactive. DFT calculations
indicated dominant Mn—O stretch vibrations were in the region
of 697-387cm™!. Vibrations for Mn—O-Mn deformation and
torsion were found at 380-70 cm™! and were sensitive to the
oxidation state of the Mn ions (Tables S1-S6), although these
vibrations were essentially IR inactive.

In the Mn, ™™ dimer, the Mn—O-Mn asymmetric stretch 1
and 2 (Bs, and B, vibrations) occurred at 620 and 575 cm™!
with strong and weak IR intensities, respectively, and IR-inac-
tive Mn—O-Mn symmetric stretch vibrations (Ag and Byg vi-
brations) occurred at 592 and 436cm~!. These Mn-O-Mn

Vibrational Analyses of Mn Dimer by DFT

stretches were downshifted by 21-31cm™' in Mn-'80-Mn
to 600—400 cm~!, although no TR or Raman data for a di-jt-
oxo-bridged Mn,™™ dimer complex has been reported. In
the Mn™!V dimer, Mn-O stretch vibrations occurred at 697,
629, 542, 443, and 387 cm~!. The strongest 697 cm~! vibra-
tion was assigned predominantly to the MnV—O symmetric
stretch (A; vibration), which was downshifted by 32cm™!
by '80 substitution. Notably, the IR spectra reported for di-
i-oxo-bridged Mn,™!V dimer complexes contained a strong
IR band at 694-679 cm™!, depending on the ligand.>>2" Fur-
thermore, spectra of the complexes in 53 or 51% enriched
H,'80 showed an additional band at frequencies lower by 12
or 9cm™!,2%%7 coinciding with the 15-cm™! downshift predict-
ed by the calculation for (Mn,'°0'80) in the Mn,™V dimer.
Therefore, the IR band reported in the di-ft-oxo-bridged
Mn,™V dimer complexes may be assigned to the Mn'V-O
symmetric stretch. Calculations indicated other weak-intensity
IR active vibrations that were assigned to Mn"V—O asymmetric
and Mn"-O symmetric stretches (B, and A| vibrations) at 629
and 542 cm™!, respectively, in the Mn,™!V dimer. However,
spectra reported for the complexes contain no prominent IR
band, except for vibrations at 694-679 cm~!. These bands
may show very weak IR intensities depending on Mn,0,
geometry and ligands. IR-inactive Mn""-O asymmetric stretch
vibrations (B, vibrations) occurred at 443 and 387cm™!,
which were downshifted by 9cm™' upon '30 substitution.
The overall features of Mn—O-Mn stretch vibrations for the
Mn,™V'IV dimer were similar to those for the Mn,™™ dimer,
as expected from their structural symmetry, although their
individual IR positions and activities were somewhat different.
A strong IR band was observed at 692-604 cm~! in the di-u-
oxo-bridged Mn,'V''V  dimer complexes.?*?>?830 Table 4
shows that Mn—O-Mn asymmetric stretch 1 (B3, vibration,
615cm™!) was the major IR-active vibration, while Mn-O—
Mn asymmetric stretch 2 (B,, vibration) with contribution
from NDj; rocking vibrations was found at 580 cm~ !, but with
much weaker intensity for the Mn,™'IV dimer. The predomi-
nant vibrations for Mn—-O-Mn symmetric stretch 1 and 2 (A,
and B, vibrations) were found at 629 and 478 cm™!, but these
were IR inactive. Therefore, the reported band is likely to be
due to the Mn—O—Mn asymmetric stretch 1 (B3, vibration).

Discussion

In this study, vibrational analyses of di-p-oxo-bridged Mn
dimers with three oxidation states were carried out systemati-
cally by B3PWO1 hybrid DFT calculations to investigate the
effect of Mn oxidation on the Mn—O-Mn/Mn-O stretch IR
bands of the Mn dimer. The calculation results indicated that
the strongest IR absorptions were assigned to the Mn-O-
Mn asymmetric stretch 1 (B3, vibration) at 620 cm~! for the
Mn,™™ dimer and at 615cm™! for the Mn,™V dimer, and
the Mn'V—O symmetric stretch (A vibration) at 697 cm~! for
the Mn,"™V dimer. The strongest band appears at a much
higher frequency in the Mn,™V dimer than in the Mn,™
and Mn,™'IV dimers. The frequencies and extent of the '80-
isotope downshifts of theses bands produced by the calcula-
tions are generally compatible with those of the observed
IR bands in the di-p-oxo-bridged Mn,™V dimer*-?’ and
Mn,™V'IV dimer?*?32% complexes, although no data was availa-
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Table 4. Vibrational Frequencies, Isotope Shifts, and Assignments of Mn—-O Stretch Vibrations of [Mn,(j4-0),(ND3)g]"" (n = 2—4)

Y Frequencies/cm™!
calc? exp®

Assignments (PED, %)Y

Mn, 1

vl 620(306s)){—15}9[—311"
V2 592(00){—15}[—31]

V3 575(147w){—10}[—21]

vd  436(190){—10}[—25]

an 1ILIV

vl 697(214s){—15}[—32] 679(—9),2 686,
688(—12),) 6949

V2 629(109w){—15}[—22]

V3 542(157w){—15}[—27]

V4 443(50){—4}[-9]

V5 387(2i){—4}[—9]

anl\/,lv
vl 629(0i){ —12}[—26]
V2 615(503s){—10}[—23] 6049 609,) 619,™
642" 6929
V3 580(74w){—6}[—11]
V4 478(0i){—9}[—17]
625(—12)P
606(—10)P

Mn-O-Mn as st 1 (98)
Mn-O-Mn s st 1 (81), Mn—O-Mn def (15)
Mn-O-Mn as st 2 (79)
Mn-O-Mn s st 2 (80)

Mn'V-0 s st (90)

Mn'V-0 as st (75)

Mn™-0 s st (77), Mn—-O-Mn def (15)

Mn'™-0 as st (34), as Ng®D3 rock (16), Mn'"V—0 as st (15)
Mn"—0 as st (41), as No®IDj5 rock (28), as Ng®Dj; rock (16)

Mn—-O-Mn s st 1 (71), Mn—-O-Mn def (14)
Mn-O-Mn as st 1 (86)

Mn-O-Mn as st 2 (51), s Na*Dj3 rock (13), as Ng** D3 rock (13)
Mn—-O-Mn s st 2 (65), as NA®Dj3 rock (14), as Ng®Djs rock (14)

Mn'V-0 as st of S; state Mn,™"V moiety in OEC
Mn-O-Mn as st 1 of S, state Mn,!V"'Y moiety in OEC

a) Potential energy distributions (%) are given in parenthesis. b) Calculated frequencies were uniformly scaled by a factor of 0.89.
c) Observed strong IR band and '30 shift in parenthesis of di-ft-oxo-bridged Mn dimer complexes. d) IR intensity in parenthesis
calculated in kmmol~'; s, w, and i represent expected strong, weak, and inactive or very weak IR intensities, respectively. e) Shift
of Mn-"°0'"80-Mn from vibrations in Mn—'°0,—Mn dimer given in brackets. f) Shift of Mn-'80,-Mn from vibrations in Mn—'0,—
Mn dimer given in square brackets. g) [Mny"™"V(1-0),(14-aneNy),1%+.27 h) [Mny "™V (1-0),(phen), 3 +.20 i) [Mny ™V (1-0),-
(bipy)a]**.% j) [Mny"™Y (1-0)s(tren), P+ .20 k) M"Y (1-O)s(salen)a]*+.22 1) [Mng™ !V (14-O)a (salipn)a ]*+.22 m) [Mny™ !V (14-0),-
(salbn)> 1**.% n) [Mn,™ IV (-0), (busaltm), [*.2* 0) [Mn, ™'V (14-0), (phen)s ]*+.2 p) Observed Mn—O—Mn vibrational band and '*0
shift in parentheses in the low-frequency S,/S; spectrum of spinach PSIL'® Abbreviations for vibrations: as, asymmetric; s, symmet-
ric; st, stretching; def, deformation; rock, rocking; bend, bending.

ble for the di-p-oxo-bridged Mn,™ M dimer complex. Exper-
imental data for di-jt-oxo-bridged Mn dimer complexes with
identical ligands but different oxidation states are required
for a detailed evaluation of the present DFT calculations.
The calculations indicated that the appearance of Mn—O-—
Mn asymmetric stretch 2 bands for the Mn, ™ and Mn, TV
dimers and Mn™-O symmetric and Mn'V-O asymmetric
stretch bands for the Mn, ™!V dimer were of weak IR intensity.
Some Mn-O IR bands observed at 510-425cm™! in adaman-
tan-like Mn4Og complexes>® may be related to the weak bands
produced by the calculations. Resonance Raman spectra of di-
Ju-oxo-bridged dimer complexes with the 2-(2'-pyridyl)benz-
imidazole ligand contained one strong resonance band at
695-694 cm~!, both in Mn, ™V and Mn,™V'V oxidation states,
which was downshifted by 29 cm™' due to 'O substitution.*
As shown in Table 4, the observed downshift was close to that
calculated for Mn—O stretches from the Mn,™V dimer and
Mn-O-Mn stretches for the Mn,'V!V dimer, which include
no ligand vibrational modes. Considering the inverse relation
between IR and Raman activity, the Mn!V-O asymmetric
stretch (B, vibration) at 629 cm™" in the Mn,™!V dimer and
Mn-O-Mn symmetric stretch (A, vibration) at 629 cm~ ! in

the Mn,™V'!V dimer could be possible candidates for the reso-
nance Raman band observed. Some differences between the
calculated (629 cm™') and observed (695-694 cm™!) frequen-
cy may be due to a difference in ligands.

Low-frequency S,/S; light-induced FTIR difference spectra
of OEC have been reported at 650-350 cm ™!, where relatively
strong difference bands were observed at 650-550cm™' with
weak difference bands at 550-350cm~!.!623 The low-fre-
quency S,/S; difference spectrum was due mainly to changes
in the Mn-cluster cores involving bridging oxygen atoms upon
Mn oxidation, despite contributions from changing interactions
between the Mn-cluster and its ligands, including substrate wa-
ter, amino acid side groups, and peptide backbones. It was pro-
posed that '8O-sensitive 625 and 606cm™' bands with weak
and strong IR intensities are attributable to S; and S, state Mn—
O-Mn vibrations, respectively.'® The S; and S, state Mn-clus-
ter cores are thought to consist of two or three di-/-oxo-bridg-
ed Mn dimer moieties and a mono-{t-oxo-bridged Mn di-
mer.” %13 The oxidation states of the S; and S, state Mn-clus-
ter cores are MngTHIV-IV o My JLILILIE o g Vg JLIVIVIV ()
Mn,"HILILY. respectively,'6~2 but the Mn-Mn and Mn-O/N
distances in the Mn-cluster core change little during the S;-
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Fig. 3. IR band changes of Mn—-O-Mn and Mn-O stretch
vibrations of the di-t-oxo-bridged Mn dimer upon Mn ox-
idation from Mn to Mn'" based on calculation results:
(a) oxidation from Mn, -1 (negative bands) to Mn, TV
(positive bands); (b) oxidation from Mn,™!V (negative
bands) to M,V (positive bands); (c) S,/S; FTIR differ-
ence bands for Mn—O-Mn vibrations in OEC;'¢ the S; and
S, bands correspond to negative and positive bands, re-
spectively. See Table 4 for calculation results.

to-S, transition,”!>!3 indicating that skeletal and coordination

structures of the Mn-cluster core are well preserved in spite of

an oxidation of the Mn ion during the transition.

According to the group frequency concept in vibrational
spectroscopy, it is not an extravagant idea that the spectrum
for the di-p-oxo-bridged dimer moiety appears in that of the
Mn-cluster in OEC. Therefore, the observed Mn—O-Mn vibra-
tional bands in the light-induced S,/S; FTIR difference spec-
trum may be interpreted by the spectral changes induced by the
valence changes from M, ™M to Mn, ™V or from Mn, ™V to
Mn,™V'V in the di-/t-oxo-bridged dimer moiety. Then, we tried
to assign the reported low-frequency S; and S, bands to the
modes of the di-p-oxo-bridged Mn dimers obtained by the
present DFT calculations.

Figure 3 shows the calculated IR difference spectra upon
oxidation of Mn,™™ to Mn,™V (a) and Mn,™V to Mn,V'1V
(b) for the Mn—O-Mn/Mn-O stretch vibrations in the di-pt-
oxo-bridged Mn dimers. The IR intensities are represented
by bars of varying lengths as classified in Table 4. The positive
and negative bands correspond to Mn,™V and Mn,™M di-
mers in spectrum (a), while the positive and negative bands
in spectrum (b) correspond to Mn,™V'IV and Mn,"™V dimers.
Spectrum (c) shows Mn—O-Mn vibrations for the S; and S,
state Mn-cluster at 625(—) and 606(4) cm™! proposed from
the S,/S; FTIR difference spectrum of OEC.'® The S, band
was downshifted by 19cm™' compared to the S; band. This
change can be reproduced by combining the negative 629
cm™! and positive 615cm™! bands for the Mn,'V-!V /Mn, 11V
difference, as shown in spectrum (b); other combinations of
bands could not easily reproduce the S; and S, bands. There-
fore, the S; band at 625cm~! and S, band at 606cm™! are
assigned to the Mn'Y—O asymmetric stretch in the di-/t-oxo-
bridged Mn,™V dimer moiety and the Mn—O-Mn asymmetric

Vibrational Analyses of Mn Dimer by DFT

stretch 1 in the di-t-oxo-bridged Mn, ™'V dimer moiety in the
Mn-cluster core, respectively.

The Mn,™V"IV /Mn, ™V difference spectrum shows weak IR
intensity bands at 580(+) and 542(—) cm~!. The reported S,/
S; FTIR difference spectrum showed several '8O-sensitive
bands in this frequency region that were difficult to assign to
the S; or S, state due to other overlapping bands. The 625
and 606 cm~! bands were downshifted by 10-12cm™! upon
180 substitution.!® This shift is consistent with the theoretical
values obtained upon replacement of one of the bridging oxy-
gen atoms by '80. The 10-12cm™" downshift is understanda-
ble even when both of the bridging oxygen atoms are replaced
with 180, as long as the contribution of the Mn—O stretch to the
bands (PED) is <50%. However, this is an unlikely scenario
because the S, /S, difference spectra at 630-600 cm™' are min-
imally affected by 'SN labeling of PSII and only slightly af-
fected by '*C labeling,® indicating that the 630-600cm™!
bands are due mainly to Mn—O vibrations. It is worthwhile
to note in this context that the Mn—O stretch vibrations for
mono-/t-oxo-bridged Mn dimer complexes appear at 712-717
and 559-566 cm~!. 477 As no prominent bands existed for the
S,/S; difference in the OEC spectra in the 712717 cm™! re-
gion,!” the contribution of vibrations from mono-/t-oxo-bridg-
ed Mn moiety to the S,/S; difference spectrum in the region of
700-570cm™! can be excluded.

In conclusion, the present DFT calculations identified sever-
al Mn—O-Mn/Mn-O stretch vibrations at 697-387 cm~! with
strong, weak, and very weak/inactive IR intensities for the di-
p-oxo-bridged Mn, ™M Mn, "™V " and Mn,™'V dimers and
their positions were dependent on the oxidation state of the
Mn ions in a manner compatible with the reported IR bands
in some Mn complexes. We conclude that the 'O-sensitive
S, band at 625cm~! and S, band at 606cm~! deduced from
the low-frequency S,/S; FTIR difference spectrum of OEC!'®
are assignable to the Mn'V-O asymmetric stretch (B, vibra-
tion) in the di-g-oxo-bridged Mn,"™V dimer moiety in the
S; state Mn-cluster core and the Mn-O-Mn asymmetric
stretch 1 (B3, vibration) in the di-ft-oxo-bridged Mn,™V'™V
dimer moiety in the S, state Mn-cluster core, respectively.
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Supporting Information

The Supporting Information contains full vibrational assign-
ments for di-p-oxo-bridged Mn dimers, [Mny(u-O),(ND;3)g]"*
and [Mny(u-0)2(NH3)g]"" (n = 2—4), based on B3PW91 hybrid
DFT calculations, and the definitions of normal coordinates for
NHj vibrations. This material is available free of charge on the
web at http://www.csj.jp/journals/bcsj/.
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