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Density functional theory (DFT) calculations, using the Becke−Perdew gradient-corrected functional with a triple-
ú-plus-polarization basis set, have been used to characterize the [(H2O)(H3N)3Mn(µ-O)2Mn(NH3)3(OH2)]q+ (q )
2−5) complexes. This structure has been proposed as a possible model for the oxygen-releasing site of the
photosystem II (PSII) reaction center. We have performed full optimizations to locate stationary points in various
spin states for each of the +2 to +5 charge states. Our calculations indicate that O2 release from the vacuum-
phase +5 charge state complex is barrier inhibited, in contrast to the results of a recent DFT study. We report
several new di-µ-oxo-bridged stationary points with spin multiplicities of S ) 1/2, 3/2, and 5/2 and effective metal
oxidation states of MnIVMnV for the +5 charge state. Finally, calculations employing the ′conductorlike screening
model′ (COSMO), to address the inclusion of solvent effects, indicate that dissociative O2 release from the +5
charge state model complex is inhibited by a major barrier and is therefore apparently highly disfavored.

Introduction

A full understanding of the structure and operation of the
tetranuclear manganese cluster that is believed to form the
core of the photosystem II (PSII) reaction center1-4 remains
elusive despite an intensive concentration of research re-
sources. This camera-shy manganese-containing structure,
which to date is best characterized by a series of 3.5-3.8-
Å-resolution crystal structures of the PSII enzyme,5-7 is
regarded as crucial to the photosynthetic process.

Several models have been proposed for the active site,
involving Mn atoms variously bridged by oxo, peroxo,
hydroxo, carboxylato, and bicarbonato groups, and with

overall metal core configurations ranging from linear to
branched to cubanelike structures.8-13 It is believed that four
distinct photooxidation steps are involved in the conversion
of the lowest (S0) to the highest, oxygen-evolving (S4) oxi-
dation states, with O2 loss being accompanied by the spon-
taneous regeneration of the S0 state. One of the many models
to have been presented for the active site (in which only
two of the four Mn atoms may be sensitive to photooxida-
tion) is the di-µ-oxo bridged species (I ),14

which, with both Mn atoms in identical oxidation states, is
expected to adoptC2h symmetry. A recent study (hereafter
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abbreviated as ARA)14 employing the B3-LYP hybrid density
functional method and the LANLDZ double-ú basis set has
promoted the hypothesis that O2 release from this complex
becomes spontaneous upon its oxidation to the+5 charge
state overall. In response to the current widespread and
intensive interest in the exact mechanism of action within
PSII, we have conducted our own DFT evaluation of the
structural and electronic response of compoundI to repeated
oxidation. The research presented here has used a polariza-
tion-augmented triple-ú basis set throughout, with particular
care given to the limitations ofC2h symmetry in describing
the MnIII /MnIV and MnIV/MnV oxidation state combinations,
as well as the question of stability or instability of the+5
charge state dinuclear complex within both the gas and
condensed phases.

Computational Details

All calculations described in this work were variously performed
on Linux-based Pentium IV 1.7-2.0-GHz computers or on four-
processor nodes of the AlphaServer SC supercomputer housed at
the ANU Supercomputing Facility, using the Amsterdam Density
Functional (ADF) program, version ADF2002,15 developed by
Baerends et al.16 Calculations used the Vosko-Wilk-Nusair
(VWN)17 parametrization of the electron gas in the local density
approximation (LDA) combined with the gradient-corrected func-
tionals of Becke and Perdew (BP).18,19 An evaluation of the
performance for several pure density functionals, via prediction of
the bond lengths within first-transition-row metallocenes,20 has
found BP to be among the most reliable functionals with regard to
the characterization of molecular geometries. The TZP (triple-ú-
plus-polarization) basis sets, featuring Slater-type orbitals, were used
for all atoms. Electrons in orbitals up to and including 1s{N, O}
or 2p {Mn} were treated in accordance with the frozen-core
approximation. Optimized geometries were obtained using the
gradient algorithm of Versluis and Ziegler.21 Solvent field calcula-
tions were performed using the conductorlike screening model
(COSMO)22-24 as implemented within the ADF program suite,25

with dielectric constant (ε) values of 4.0, 10.0, and 78.4 used in

conjunction with the default settings for other solvent-field param-
eters. Calculations on low overall spin states (S ) 0, 1/2, 1) also
routinely employed the broken-symmetry technique (BS),26,27which
introduces an asymmetry in the initial spin densities on two
otherwise symmetry-related atoms (in the present cases, the Mn or
bridging O atoms). The utility of the BS approach to computational
problems of ferromagnetic versus antiferromagnetic coupling has
been reviewed by Ruiz et al.28

Results and Discussion

1. Structural and Electronic Properties of the Opti-
mized Stationary Points. We have characterized several
apparent minima for each of the+2 to +5 overall charge
states of the dinuclear complexes, which correspond to Mn
oxidation states MnIII /MnIII , MnIII /MnIV, MnIV/MnIV, and
MnIV/MnV assuming an oxidation number of-2 on each of
the bridging oxygen atoms. These stationary points were
variously obtained within the geometric constraints ofC2h

or Cs symmetry. Additionally, whenC2h geometry was em-
ployed, relaxation of the electronic configuration was ex-
plored to permitCs-symmetry descriptions of the molecule’s
electronic state, such as the broken-symmetry solution for
weakly antiferromagnetically coupled species. The resulting
stationary points are summarized in Table 1, which also
includes, for purposes of comparison, the calculated relative
energies obtained in the ARA study14 as well as the experi-
mentally observed ranges of Mn-Mn, Mn-O, and O-O
bond lengths reported for representative Mn dinuclear com-
plexes. The latter values are also taken from ARA,14 on the
basis of data contained within the Cambridge Structural
Database.

We stress that the model structure considered here (and
by ARA)14 is necessarily somewhat simplistic and cannot
be expected to represent the complexity that likely resides
within the true PSII active site reliably. Nontheless, rigorous
evaluation of such models is an important effort in seeking
to understand the detailed mechanism of PSII, and to this
end, it remains useful to determine in what respects the model
succeeds or fails in replicating the dioxygen-releasing
properties of the PSII active site.

There are many points of substantial agreement between
our own results and the B3-LYP/LANLDZ calculations of
the ARA study. For example, ARA14 noted that the O-O
distance (between the two oxo bridge atoms), in all of the
stationary points from the+2 to +4 charge state overall, is
invariably longer than 2.28 Å, indicating an absence of O-O
bonding. Our own geometry optimizations reveal that at the
BP/TZP level of theory the shortest O-O distance within
the+2 to +4 charge states is found in the broken-symmetry
(MS ) 0) MnIVMnIV complex, for which our O-O separation
of 2.272 Å is in excellent agreement with the ARA14 value
of 2.283 Å. Both studies also verify that the complexes
featuring MnIII preferentially adopt high-spin rather than low-
spin electronic configurations on the individual Mn atoms.
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The +2 to +4 charge state complexes also exhibit a
consistent preference for antiferromagnetic coupling between
Mn atoms, although the energy of the high-spinS ) 10 -
n/2 (n ) overall charge state) above the broken-symmetry
MS ) 0 or S) 1/2 configuration is always somewhat greater
in our calculations than in the results of the earlier study.
This tendency likely reflects the systematic difference in the
treatment of singlet/triplet splittings by the Becke-Perdew
pure density functional18,19 in the present work versus the
hybrid B3-LYP functional29,30used by ARA.14 It is quite well
established28 that pure DFT methods incorporating the Becke
exchange functional, such as Becke-Perdew, are prone to
overestimate the total energy of high-spin states. Conversely,
the evaluation of the performance of B3-LYP on this issue
indicates a tendency to stabilize high-spin states artificially.31

It is thus reasonable to suggest that the true high-spin/low-
spin splittings for the+2 to +4 charge state species most
probably lie between our values and those of ARA. Only
the+5 charge state, accessible through our calculations but
problematic in ARA,14 shows ferromagnetic coupling to be
slightly favored over an antiferromagnetic interaction. For

this charge state, theS) 5/2 spin-state structure is marginally
lower in energy than theS ) 1/2 (antiferromagnetic)
minimum.

A more detailed perusal of the calculated interatomic
distances reveals some significant differences between our
BP/TZP results and the B3-LYP/LANLDZ geometries of the
ARA study.14 We have previously remarked that the opti-
mized distance between metal atoms in a bridged dinuclear
complex is often particularly sensitive to the theoretical
method employed,32,33 and it is noteworthy that for the
stationary points common to the two studies (many of our
Cs-symmetry stationary points are not featured in ARA)14

the Mn-O34 and O-O distances show reasonable agreement
with experiment but the calculated Mn-Mn distances are
consistently larger than the upper limit of the experimental
range. Our contention is that the optimized structures of these
vacuum-phase complexes are sensitive to the influence of
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distances in MnIIIMnIII and MnIVMnIV stationary points; our own
calculations, in bothC2h and Cs symmetry, clearly show that the
bridging Mn-O trans to the terminal H2O on the same Mn atom is
invariably longer, by up to 0.1 Å, than the other bridging Mn-O
distance for the same metal atom.

Table 1. Key Energetic and Geometric Parameters Obtained for Various Charge States and Spin States of [Mn2(µ-O)2(H2O)2(NH3)6]n+ from
Calculations Employing the Becke-Perdew Density Functional Approach

distances/Å Erel/kJ mol-1 µspin (Mn/O)

charge state spin state symm Etot/eV Mn-Mn O-O Mn-O this work ARA MnA MnB µ-OA µ-OB

2+ (III, III) BS C2h
a-c -166.399 2.690 2.465 1.797, 1.851 -98 3.74 -3.74 0.03 -0.03

S) 4 C2h
a,d -166.060 2.729 2.485 1.815, 1.875 -65 3.88 3.88 0.13 0.13

BS Cs
e -165.855 2.710 2.463 1.792-1.872 -46 3.74 -3.71 0.01 -0.01

S) 4 Cs
e -165.520 2.754 2.484 1.817-1.898 -13 3.88 3.85 0.15 0.10

BS C2h
b,c -165.384 2.710 2.441 1.804, 1.843 0 0 3.70-3.70 -0.01 0.01

S) 4 C2h
d -165.028 2.747 2.474 1.831, 1.866 34 21 3.85 3.85 0.11 0.11

S) 2 Cs
e -164.652 2.673 2.525 1.834-1.844 71 3.71 0.12 0.08 0.07

S) 2 C2h
a,d -164.512 2.652 2.442 1.756, 1.848 84a 2.01 2.01 0.06 0.06

S) 2 C2h
d -164.027 2.756 2.438 1.785, 1.893 131 176 1.84 1.84 0.21 0.21

expt 2.67-2.70 2.50-2.53 1.83-1.85

3+ (III, IV) S) 1/2 Cs
e -153.300 2.761 2.353 1.773-1.864 -74 3.79 -2.55 -0.14 -0.19

S) 7/2 Cs
e -152.971 2.747 2.437 1.780-1.917 -43 3.95 2.80 0.15 0.20

S) 1/2 Cs -152.745 2.766 2.360 1.769-1.877 -21 3.73 -2.51 -0.15 -0.19
S) 1/2 C2h

b -152.528 2.762 2.345 1.804, 1.820 0 0 3.43-2.34 -0.08 -0.13
S) 7/2 C2h

d -152.280 2.748 2.446 1.805, 1.873 24 21 3.42 3.42 0.13 0.13
S) 1/2 C2h -151.206 2.764 2.308 1.754, 1.846 128 0.65 0.65-0.11 -0.11
expt 2.55-2.74 1.77-1.89

4+ (IV, IV) BS C2h
c,d -135.197 2.834 2.272 1.789, 1.842 0 0 2.77-2.77 -0.02 0.02

S) 3 C2h
e -134.904 2.806 2.371 1.805, 1.868 28 14 2.96 2.96 0.17 0.17

expt 2.57-2.78 2.25-2.54 1.77-1.83

5+ (IV, V) S) 5/2 Cs -111.496 2.888 2.304 1.764-1.930 0 2.80 2.83 -0.10 -0.10
S) 5/2 C2h -111.465 2.921 2.312 1.748, 1.971 3 2.81 2.81-0.09 -0.09
S) 1/2 Cs -111.456 2.945 2.271 1.682-2.096 4 3.01 -1.95 0.02 -0.11
S) 1/2 C2h

c -111.266 2.925 2.272 1.722, 1.973 22 2.85-1.87 0.07 -0.07
S) 1/2 C2h

c,d -111.223 3.213 2.020 1.829, 1.964 26 2.90-2.93 0.46 0.44
S) 3/2 Cs -110.896 2.932 2.240 1.714-1.990 58 3.06 0.18 -0.14 0.03
S) 3/2 C2h

f -110.832 2.852 2.302 1.698, 1.958 64 1.81 1.81-0.15 -0.15
S) 1/2 C2h -110.234 2.871 2.316 1.676, 1.999 122 0.45 0.45 0.13 0.13
S) 7/2 C2h dissocg

S) 7/2 Cs dissocg

a This optimized geometry possessed the two H2O ligands in a loosely bound configuration (each formally bound to two NH3 ligands rather than to Mn).
b The results identified here are for a geometry optimization inC2h symmetry, but with a wave function possessingCs symmetry.c Identical results were
obtained when geometric symmetry was relaxed fromC2h to Cs. d Identical results were obtained when geometric and electronic symmetry were relaxed
from C2h to Cs. e This optimized geometry possessed one H2O ligand in a loosely bound configuration, formally coordinated to two NH3 ligands.f Identical
results were obtained when electronic symmetry was relaxed fromC2h to Cs. g Within this spin state, dissociation resulted from all starting geometries used;
no S ) 7/2 local minimum could be obtained on the+5 charge state surface.
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Coulombic distortion, which, within the crystalline environ-
ment, is mitigated by counterion effects. Because the
intermetallic interaction is generally that with the greatest
degree of flexibility and also because the metal atoms are
the principal positive charge centers within the dinuclear
complex, the elongation of the metal-metal axis is an almost
unavoidable consequence of the lack of stabilizing counter-
ions in the multiply charged structures on which the geometry
optimization calculations are performed.33 In this context, it
should be noted that our BP/TZP optimized Mn-Mn
distances for the MnIIIMnIII , MnIIIMnIV, and MnIVMnIV

complexes are always within 0.06 Å of the experimental
upper limit for di-µ-oxo bridged Mn complexes with the
same metal oxidation state combination, whereas the
B3-LYP/LANLDZ optimized values14 are 0.09-0.11 Å
(MnIIIMnIII ), 0.10 Å (MnIIIMnIV), and 0.12-0.16 Å
(MnIVMnIV) beyond the reported experimental range. This
minor, but nonetheless consistent, difference in bond length
estimation by BP/TZP versus B3-LYP/LANLDZ may there-
fore reflect a propensity of the latter method to underestimate
the strength of the condensed-phase Mn-Mn interaction.

The identified tendency of B3-LYP/LANLDZ for
Mn-Mn elongation, which may well accurately represent
the geometry of the polycharged dinuclear complex in the
gas or vacuum phase, is nonetheless problematic because it
has a direct influence on the question of the complex’s
stability as a function of increasing charge state. This is
amply demonstrated by the observation that for the+5
overall charge state (corresponding to a MnIVMnV complex)
no stationary point corresponding to an intact dinuclear
complex could be obtained at the B3-LYP/LANLDZ level
of theory,14 whereas we have successfully characterized
several such stationary points in various spin states and with
either Cs or C2h geometric symmetry imposed. The ARA
study14 concluded that “the MnV oxidation state cannot be
attained within a Mn2O2 ring” and implied that oxidation to
the+5 charge state produced a complex of MnIVMnIV with
an O2

3- bridge. In our own calculations, we have found that
theS) 1/2 and5/2 spin states, which would be expected from
antiferromagnetic or ferromagnetic coupling of MnIV and
MnV, dominate the lowest-energy+5 charge state stationary
points (and moreover lack any significant development of
spin density on either bridging oxygen atom, contrary to
expectations for an O23- bridge). In contrast, theS) 7/2 spin
state, corresponding to a ferromagnetic coupling of MnIV,
MnIV, and O2

3-, does not appear to possess any viable
dinuclear geometries in eitherC2h or Cs symmetry.

It is pertinent to ask why theS) 1/2, 3/2, and5/2 spin-state
surfaces support local minima in which the dinuclear unit is
intact at our BP/TZP level of theory but not at the B3-LYP/
LANLDZ level of theory employed in the ARA study.14 We
hypothesize that this is likely a consequence both of the
different functionals (BP versus B3-LYP) and of the different
basis set sizes (triple-ú plus polarization versus double-ú).
Although the effect of switching functionals cannot be
asssessed using ADF15 (because this code does not feature
hybrid functionals such as B3-LYP), we have performed test
calculations to gauge the influence of basis set size. For the

Cs-symmetryS) 1/2 and5/2 minima on the+5 charge state
surface, optimization using the ADF DZ (double-ú) basis
set yielded geometries in which the most significant diver-
gence from the TZP-optimized structures (Table 1) was the
extension of the Mn-Mn separation by 0.10 Å in both
instances. We interpret this to suggest that these minima are
less resistant to Coulombic stress in calculations with a more
modest basis set. The trend in+5 charge state Mn-Mn
distances (increasing separation with smaller basis set size)
is qualitatively consistent with the trend in Mn-Mn separa-
tions seen for those+2, +3, and+4 charge state species
common to both the present work and the ARA study.14

We have also attempted to verify the status of theCs

symmetryS ) 1/2 and 5/2 stationary points as minima by
performing vibrational frequency calculations on these
geometries. These calculations in fact showed two imaginary
vibrational frequencies for each of the input geometries;
however, the magnitude of these imaginary frequencies was
low (ni ≈ 100 cm-1) in each instance, and these rotational
modes were found to be associated with the torsional motion
of the ammonia H atoms. We interpret the frequency results
to indicate that the trueS) 1/2 and5/2 minima may lackCs

symmetry: further investigation of this issue is likely to
prove extremely time-consuming because on the computa-
tional platforms used here the characterization of vibrational
frequencies (even with retention ofCs symmetry) required
calculations of several weeks’ duration each.

Note that our location of several stationary points upon
the +5 charge state surface does not, in itself, discount the
mechanism of spontaneous complex dissociation and O2

release. Photoionization of the+4 charge state can be
considered to be a vertical process, which may initially
deposit the nascent+5 charged complex upon a region of
the potential energy surface in which fragmentation is then
spontaneous. To evaluate this possibility critically, we have
performed a more detailed study of the+5 charge state
surface as described in the following section.

2. Linear Transits. The ARA study14 used a rigid model
system to investigate the electronic and energetic trends
associated with spontaneous O2 release from [(H2O)(H3N)3-
Mn(µ-O)2Mn(NH3)3(OH2)]5+. In their calculations, the ge-
ometry, aside from the central Mn2O2 bridge, was frozen at
the values optimized for the BS+4 charge state complex;
Mn-O was constrained, and the O-O distance was sys-
tematically varied from 2.3 to 1.1 Å. They reported the
identification of a deep well, at Mn-O ) 3.0 Å and O-O
≈ 1.3 Å, which they identified as a transient MnII/MnIII

couple connected via a loose molecular dioxygen bridge. In
an effort to replicate these results (but concerned over some
of the finer points of geometry distortion that appear to result
from the constraints used in the earlier study), we performed
similar calculations on the (S ) 1/2) +5 charge state using
BP/TZP with fixed Mn-Mn distances and variation of the
O-O separation. In keeping with the B3-LYP/LANLDZ
results,14 we found that weakening the Mn-Mn interaction
through elongation did indeed result in the adoption of a
shorter O-O distance (Figure 1); atr(Mn-Mn) ) 5.0 Å,
the lowest energy among the sequence of frozen geometries

Petrie and Stranger
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was found atr(O-O) ≈ 1.3 Å. However, our BP/TZP
calculations found a comparatively modest energy difference
of ∼ 80 kJ mol-1 between the “minimum” with a large O-O
separation at the (+4 charge state optimized) Mn-Mn
distance of 2.82 Å and the “minimum” with a short O-O
separation atr(Mn-Mn) ) 5.0 Å, whereas the B3-LYP/
LANLDZ calculations14 suggest a much greater energy
release (∼400 kJ mol-1) upon Mn-Mn elongation over a
similar distance range. A similar trend, for contraction of
the optimum O-O distance with increasing Mn-Mn separa-
tion, was also apparent in additional calculations on theS)
5/2 and7/2 spin states (Figure 1).

Rigid potential energy scans, such as the examples
discussed above, can give an erroneous indication of the
energetic factors associated with dissociation. Many of the

complex’s geometric parameters are constrained at constant
values, whereas the Mn-Mn or Mn-O distance is incre-
mentally increased, thus effectively denying the complex
substantial opportunity for relaxation through the modes so
constrained. To address this concern, we have performed a
more relaxed series of linear transit calculations in which
the Mn-Mn distance is again incrementally increased while
permitting other bond lengths, bond angles, and dihedral
angles to be optimized within the overall constraint ofC2h

symmetry.
The two lowest-energy configurations found for the

MnIVMnIV +4 charge state complex are BS (MS ) 0) andS
) 3. Therefore, dissociation of a+5 charge state via the
one-electron oxidation of the+4 complex should initially
involve theS) 1/2 or 5/2 spin states, which are generated by
the removal of a valence d electron from MnIV or the same
spin states, andS ) 7/2, which are formally accessible by
oxidation of an O2- bridge atom.14 In the relaxed potential
energy scans, which we have performed, there are numerous
problems associated with changing electronic occupation as
the Mn-Mn distance is varied. These changes in occupation,
which are identified as avoided crossings in the ARA study,14

produce discontinuities on the potential energy surface
(Figure 2). The data depicted for theS ) 1/2 spin state
demonstrates that in the vacuum phase there is undeniably
a considerable driving force toward Mn-Mn separation, with
ther(Mn-Mn) ) 6.6 Å partially optimized geometry almost
300 kJ mol-1 lower in energy than the local minimum at
r(Mn-Mn) ) 2.8 Å. This dramatic reduction in total energy
can be attributed to the Coulombic relaxation with increased
separation of the two Mn charge centers. Nevertheless, there
is a distinct activation-energy barrier (of∼10 kJ mol-1) to
dissociation. Potential energy curves for theS ) 3/2 and5/2
spin states show a broadly similar topography, with low
barriers to highly exothermic dissociation. The modest barrier
height in our BP/TZP calculations suggests that within the
vacuum phase the+5 charge state stationary points identified
in Table 1 have, at best, a tenuous existence, and it is
therefore not surprising that the ARA study,14 employing a
different DFT method and a smaller basis set, did not locate
any minima on the+5 charge-state surface.

3. Calculations Incorporating Dielectric Field Correc-
tions. It is well known that calculations on small, highly
charged species can be difficult to interpret, insofar as the
severe destabilizing influence of Coulombic repulsion on
species in vacuum-phase ab initio or DFT calculations does
not accurately reflect the much milder influence of Cou-
lombic effects within condensed-phase environments.

In the B3-LYP/LANLDZ study,14 considerable weight was
placed upon the putative stabilization of the nominal
MnIIIMnIII (O2

-) structure compared to the MnIVMnIV(O2
3-)

species of the same overall+5 charge state. As represented
by single-point calculations with, respectively,{r(Mn-O)
) 2.50 Å, r(O-O) ) 1.42 Å} and {r(Mn-O) ) 1.85 Å,
r(O-O) ) 1.99 Å}, ARA found the (O2

-)-bridged species
to be approximately 300 kJ mol-1 lower in energy than the
(O2

3-)-bridged configuration. This relative ordering was
maintained in calculations incorporating a dielectric environ-

Figure 1. Rigid potential energy scans for theS ) 1/2, 5/2, and7/2 spin
states of the+5 charge state complex. TheS ) 1/2 geometric parameters,
except for the Mn-Mn and O-O distances, were kept fixed at the values
optimized for the BS+4 charge state complex, whereas analogous
parameters for theS) 5/2 and7/2 scans were fixed at theS) 3 +4 charge
state optimized values. Each graph depicts the energetic dependence on
the O-O separation, whereas the Mn-Mn distance is constrained according
to the value shown in the legend. Energies within each scan are expressed
relative to the O-O separation local minimum found at the (+4 charge
state-optimized) Mn-Mn distance of 2.81 or 2.82 Å.
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ment (usingε ) 78.4),14 but in this instance, the energy
difference between the two identified geometries was only
∼40 kJ mol-1. A point of concern is that this solvent-field-
corrected energy difference is small when compared against
the uncertainties arising from the use of severely constrained
complex geometries. (Adjustment of the Mn-O and O-O
separations was not accompanied by any relaxation of the
remaining components of the complex.)

To address this issue, we have used the COSMO22-24

protocol implemented within ADF2002.25 This model allows
the incorporation of a solvent field in a manner comparable
to that effected in the Gaussian 94 program suite used by
ARA. Calculations employing alternatively the dielectric
constant valueε ) 78.4 appropriate to water or the less
severe values ofε ) 4.0 and 10.0, which are broadly
representative of the range of condensed-phase corrections
appropriate to a bulk protein environment,35 were pursued
toward two distinct goals. First, we performed full optimiza-
tions (within the dielectric field) of the lowestCs-symmetry

stationary points of spin statesS ) 1/2, 3/2, and 5/2 for the
+5 charge state to determine the viability of the vacuum-
phase geometries for these species within a more realistic
environment: results forε ) 4, 10, and 78.4 are presented
in Table 2 and discussed below. Second, we employed
partially optimized (vacuum-phase) geometries for species
of charge state+5, spin stateS ) 7/2, C2h symmetry, and
with incrementally varied Mn-Mn separations (ranging from
r(Mn-Mn) ) 3.6 to 5.6 Å) to assess the solvent-corrected
potential energy surface relating to O-O bond formation
within, and O2 loss from, the+5 charge state complex.

The field-corrected optimized geometries (summarized in
Table 2) are not greatly different from those obtained through
vacuum-phase (ε ) 1) calculations. The imposition of a
dielectric environment leads to a generally negligible change
in the Mn-Mn distance for the+5 charge state minima.
The change seen for the O-O distance is more marked, with

(35) Schutz, C. N.; Warshel, A.Proteins: Struct., Funct., Genet.2001,
44, 400.

Figure 2. Relaxed, vacuum-phase (ε ) 1) potential energy scan for theS ) 1/2 spin state of the+5 charge state complex. Discontinuities in the curves
represent avoided crossings between different electronic states of the same spin multiplicity, consistent with differing occupations of the molecular orbitals
derived from Mn valence d and 2(s,p)µ-oxo bridge atoms. Curves shown in black and half-tone highlight different states having different O-O bridging
distances (identified, in angstroms, as the numbers associated with various partially optimized geometries along the PE curves) at the same Mn-Mn distance.

Table 2. Assessment of Solvent Effects for Key Charge States and Spin States of [Mn2(µ-O)2(H2O)2(NH3)6]n+, from COSMO Calculations Employing
the Becke-Perdew Density Functional Approach

charge state spin state symm property ε ) 1.0 ε ) 4.0 ε ) 10.0 ε ) 78.4

4+ (IV, IV) S) 3 C2h Mn-Mn distance/Åa 2.806 2.867 2.905 2.948
O-O distance/Åb 2.371 2.454 2.490 2.517
IE/eVc 23.41 7.52 4.31 2.51

5+ (IV, V) S) 5/2 Cs Mn-Mn distance/Åa 2.888 2.869 2.885 2.908
O-O distance/Åb 2.304 2.381 2.406 2.429

5+ (IV, V) S) 1/2 Cs Mn-Mn distance/Åa 2.945 2.905 2.926 2.934
O-O distance/Åb 2.271 2.377 2.416 2.445
Erel/kJ mol-1d 4 14 0 3

5+ (IV, V) S) 3/2 Cs Mn-Mn distance/Åa 2.932 2.904 2.922 2.938
O-O distance/Åb 2.240 2.344 2.368 2.428
Erel/kJ mol-1d 58 80 77 62

a Optimized distance between Mn atoms within the identified local minimum at the dielectric constant value (ε) indicated.b Optimized distance between
bridging O atoms within the identified local minimum at the dielectric constant value (ε) indicated.c Ionization energy, in electronvolts (1 eV) 96.486 kJ
mol-1), at the dielectric constant value (ε) indicated. This quantity is the energy required to generate theS) 5/2 [Mn2(µ-O)2(H2O)2(NH3)6]5+ species from
the S ) 3 +4 charge state structure.d Calculated total energy expressed relative to that of theS ) 5/2 +5 charge state local minimum at the dielectric
constant value (ε) indicated.
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consistent increases in this parameter forε ) 4, 10, and 78.4
seen for each of theS ) 1/2, 3/2, and 5/2 spin states. This
trend in the separation between bridging oxygen atoms
strongly suggests that the stationary points located upon the
+5 charge state are genuine minima that appear quite
resistant to O-O bond formation. Relative energies for these
three spin states are conserved fairly well across the four
dielectric field strengths (ε ) 1, 4, 10, and 78.4) surveyed
in our calculations, indicating that the surrounding environ-
ment likely has little effect on the magnetic properties of
the dinuclear complex.

The comparison of the+5 charge state structural energetic
values with that of the+4 charge state (represented in Table
2, for reasons of computational expediency, by the ferro-
magneticS ) 3, C2h-symmetry minimum which lies ap-
proximately 30 kJ mol-1 higher in total energy than the
broken-symmetry minimum for this charge state) is instruc-
tive. As shown in Table 2, the inclusion of a comparatively
modest dielectric field (ε ) 4) is sufficient to reduce the
energy separation between+4 and+5 charge-state species
(that is, the ionization energy of the+4 charge state) from
∼23-24 to∼7.5 eV, with further significant reductions when
ε is ramped up to 10 and then to 78.4. This dramatic
reduction in the energy separation between reduced and
oxidized forms of the dinuclear complex is a forceful
indication of the magnitude of the Coulombic stress against
which our vacuum-phase+5 charge state geometries are
nevertheless stable and an indication also of the perils in
inferring from such vacuum-phase calculations the dissocia-
tive tendencies of multiply charged species under more
realistic condensed-phase conditions.

Our solvent-corrected exploration of the dissociative ten-
dencies of the+5 charge state structure is also very inform-
ative. Here, theS ) 7/2 spin state is investigated for two
reasons: First, in our vacuum-phase calculations described
in the preceding sections, theS ) 7/2 configuration was the
only spin state found to lead to spontaneous dissociation of
the dinuclear core. Second, this configuration disfavors a
MnIVMnV(O2-)2 electronic occupation because of the neces-
sity to accommodate seven unpaired electrons. In contrast,
feasible MnIVMnIV(O2

3-), MnIIIMnIV(O2
2-), MnIIIMnIII (O2

-),
and MnIIMnIII (O2) occupations for theS) 7/2 spin state can
all be satisfactorily assigned; therefore, this spin state is
expected to provide a useful diagnostic for the propensity
of the+5 charge state to promote O-O bonding upon com-
plex fragmentation: if theS) 7/2 spin state, which is more
electronically susceptible to oxo-bridge oxidation than the
S ) 1/2 and5/2 spin states, is resistant to O2 evolution then
we can reasonably infer thatS ) 1/2 and5/2 spin states are
likely rather more resistant. Note that, for these calculations,
we have used vacuum-phase partially optimized geometries
within the solvent-field-corrected single-point calculations
because of the very high demands on CPU time required
for geometry optimization calculations involving COSMO
corrections. However, the comparison of optimized geom-
etries in Table 2 suggests that there should be comparatively
little error introduced by the use of vacuum-phase, rather
than solvent-corrected, geometries in theε > 1 calculations.

We find, when dielectric effects are included, that the
energy profile seen for complex dissociation is effectively
inverted (Figure 3). Even at our lowest solvent-field correc-
tion of ε ) 4, the attenuation of the Mn-Mn distance from
3.6 to 5.6 Å bears an energetic cost of∼70 kJ mol-1,
implying a barrier to complex dissociation and O2 release
of at least this magnitude. Larger activation-energy lower
limits of ∼110 and 130 kJ mol-1 are suggested by theε )
10 and 78.4 scans, respectively.

A more reliable indication of the energetic requirements
for +5 charge state complex dissociation may in fact be
obtained by comparing the total calculated energies of theS
) 5/2 apparent global minimum on the dielectrically corrected
PES and of theS ) 7/2 r(Mn-Mn) ) 5.6 Å partially
optimized geometry, which represents the highest point
surveyed for the dissociative (O2-releasing) pathway. Forε
) 4, these energies are respectively-7.104 and-6.971
hartrees (1 hartree) 2625.5 kJ mol-1), demonstrating that
the TS to dissociation (which we have not, of course, even
reached in our scans) is at least 350 kJ mol-1 above the
apparent+5 charge state global minimum. Forε ) 10 and
78.4, the corresponding energy elevation is at least 480 and
610 kJ mol-1, respectively. These comparisons suggest that
regardless of our uncertainty of the appropriateε value within
the protein environment the complex’s dissociation in the
condensed phase is a pathway of considerable energetic cost
requiring substantial unfavorable concerted motion of the
relevant structural fragments. According to our calculations,
therefore, the [(H2O)(H3N)3Mn(µ-O)2Mn(NH3)3(OH2)]n+ sys-
tem cannot be considered a reliable model for the PSII active
center.

Concluding Remarks

A recent theoretical study has suggested that the spontane-
ous dissociation and O2 evolution of a di-µ-oxo bridged,
dinuclear manganese complex in the+5 charge state is a
model for the active features of the oxygen-evolving complex
(OEC) within PSII. Our pure DFT calculations do not support

Figure 3. Comparison of vacuum-phase (ε ) 1) and condensed-phase (ε

) 4, 10, 78.4) potential energy curves for Mn-Mn elongation in the+5
charge state complex havingC2h symmetry andS ) 7/2. Geometries used
in all constituent single-point calculations were those obtained from a BP/
TZP relaxed linear transit calculation in the vacuum phase.
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this suggestion. We find that, within the vacuum phase
(which is intrinsically much less tolerant of compact highly
charged molecular structures than the dielectrically blanketed
environment of the condensed phase, whether solvated or
within the bare protein), the+5 charge state of the identified
Mn2 complex possesses several local minima that correspond
to metastable geometries of spin statesS ) 1/2, 3/2, and5/2.
Only the S ) 7/2 configuration of the+5 charge state
complex is found to dissociate spontaneously within the
vacuum phase. Furthermore, even this instability is found
to be rectified by the inclusion of a comparatively modest
(ε ) 4) dielectric constant in COSMO solvent-field-corrected
calculations, which suggest that within the condensed phase

the +5 charge state dissociation and oxygen evolution are
inhibited by a barrier of several electronvolts. We conclude
that it is highly unlikely that the evolution of O2 proceeds
from two µ-oxo bridge atoms within a dinuclear Mn subunit
of the OEC.
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