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Abstract

The capabilities and limitations of the Becke-3–Lee–Yang–Parr (B3LYP) hybrid density functional are investigated as applied to stud-
ies of mixed-valent multinuclear oxomanganese complexes. Benchmark calculations involve the analysis of structural, electronic and
magnetic properties of di-, tri- and tetra-nuclear Mn complexes, previously characterized both chemically and spectroscopically, includ-
ing the di-l-oxo bridged dimers [MnIIIMnIV(l-O)2(H2O)2(terpy)2]3+ (terpy = 2,2 0:6,200-terpyridine) and [MnIIIMnIV(l-O)2(phen)4]3+

(phen = 1,10-phenanthroline), the Mn trimer [Mn3O4(bpy)4(H2O)2]4+ (bpy = 2,2 0-bipyridine), and the tetramer [Mn4O4L6]+ with
L ¼ Ph2PO�2 . Furthermore, the density functional theory (DFT) B3LYP level is applied to analyze the hydrated Mn3O4CaMn cluster
completely ligated by water, OH�, Cl�, carboxylate and imidazole ligands, analogous to the ‘3+1 Mn tetramer’ of the oxygen-evolving
complex of photosystem II. It is found that DFT/B3LYP predicts structural and electronic properties of oxomanganese complexes in
pre-selected spin-electronic states in very good agreement with X-ray and magnetic experimental data, even when applied in conjunction
with rather modest basis sets. However, it is conjectured that the energetics of low-lying spin-states is beyond the capabilities of the DFT/
B3LYP level, constituting a limitation to mechanistic studies of multinuclear oxomanganese complexes where until now the performance
of DFT/B3LYP has raised little concern.
� 2006 Elsevier Inc. All rights reserved.
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1. Introduction

High-valent multinuclear oxomanganese complexes
have been extensively investigated both experimentally
[1–10] and theoretically [11–24], due to their central role
in catalytic water-splitting. In particular, structural rear-
rangements in multinuclear oxomanganese model com-
plexes have been studied at the density functional theory
(DFT) level, implemented in conjunction with hybrid den-
sity functionals (e.g., the Becke-3–Lee–Yang–Parr
(B3LYP) functional) [11–24], a computational approach
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that has been identified as the most successful methodology
in an overwhelming number of investigations in many
areas of chemical research. However, the quantitative
capabilities and limitations of DFT, as applied to oxoman-
ganese complexes, remain poorly understood. This paper
explores the predictive power of DFT as applied to the
description of synthetic oxomanganese complexes that
have been thoroughly characterized both chemically and
spectroscopically, with emphasis on the analysis of elec-
tronic and structural properties at the DFT/B3LYP level
of theory [25,26]. Subsequently, the DFT/B3LYP method-
ology is applied to the analysis of an oxomanganese model
complex that mimics the inorganic core of the oxygen
evolving complex (OEC) of photosystem II (PSII) [27],
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the natural catalyst responsible for photosynthetic water-
splitting in the thylakoid membranes of cyanobacteria
and green-plant chloroplasts [28,29].

Previous theoretical studies have found that the DFT/
B3LYP methodology typically overestimates Mn–Mn dis-
tances in model complexes with l-oxo bridges, as com-
pared to X-ray data, with typical errors in the 0.10–
0.15 Å range [17,18]. Even more critical is the observation
that B3LYP overestimates Mn–ligand distances along the
Jahn–Teller axis of Mn3+ by as much as �0.23 Å [17,18].
These problems seem to be rather serious, since they are
comparable to typical structural rearrangements due to
oxidation/reduction of the constituent ions (i.e., changes
of Mn–ligand bond-lengths in the 0.1–0.2 Å range). In
addition, it is known that hybrid functionals overestimate
the relative stability of high-spin over low-spin states of
transition metal complexes [30,31], a difficulty that can be
critical in the process of identifying the nature of the
ground electronic state, or in studies of spin-crossover phe-
nomena in transition metal complexes [32–39]. Studies of
well-characterized complexes are therefore essential to
investigate the quantitative limitations of hybrid density
functionals as applied to model open-shell transition metal
compounds.

It is important to note that significant effort has been
invested in the development of new functionals as well as
in the re-parameterization of existing ones, although exact
functionals have yet to be discovered [40]. Systematic
benchmarks, typically including only main-group com-
pounds, indicate net-incremental improvements, although
significant breakthroughs have not been reported [41–61].
High-level benchmarks on open-shell transition metal spe-
cies are much less frequently reported [39]. However, the
study of transition metal compounds has been dominated
by the well-established BP86 and B3LYP functionals
[30,31,35,62–80], even when the parameterization of such
functionals has not included any transition metal com-
pound in the reference data set. Therefore, considering that
the electronic structure of transition metal complexes and
main group compounds are qualitatively different, it would
not be surprising if these functionals were to exhibit impor-
tant shortcomings in the description of low-lying spin
states of open-shell transition-metal complexes [80–85]. It
is thus essential to document the capabilities and limita-
tions of these, otherwise successful, DFT methodologies
in order to establish their range of validity and stimulate
the development of more reliable functionals for transition
metal compounds.

The present study is further motivated by several recent
proposals to improve the performance of hybrid density
functionals as applied to transition metal compounds by
adjusting the amount of exact exchange admixture
[31,35,39,86]. Of particular interest is the analysis of
whether such adjustments are necessary to improve the
ability of the method to describe structural and electronic
properties of oxomanganese complexes, including Mn–
Mn distances characterized by X-ray studies and exchange
coupling constants probed by electron paramagnetic reso-
nance (EPR) experiments. These studies are expected to
be particularly relevant to mechanistic studies of the
photo-catalytic water-oxidation reaction at the OEC of
PSII. X-ray spectroscopic measurements reveal changes
of about 0.1–0.2 Å in the Mn–Mn distances of the OEC,
induced by its oxidation/reduction during the catalytic
cycle [87,88]. Computational studies of these redox-linked
structural changes thus represent important computational
challenges, which require the validation of DFT methods
as applied to well-characterized oxomanganese complexes,
including the dark-stable S1 state of the OEC.

Several synthetic oxo-manganese complexes have been
studied by EPR and X-ray spectroscopy in prolonged
and systematic studies to gain fundamental understanding
of the process of O2 evolution [1]. The calculations
reported in this paper include four of these synthetic
Mn-oxo complexes [2,4,5,89], including the di-l-oxo
MnIIIMnIV complexes [MnIIIMnIV(l-O)2(H2O)2(terpy)2]3+

(terpy = 2,2 0:6,200-terpyridine) and [MnIIIMnIV(l-
O)2(phen)4]3+ (phen = 1,10-phenanthroline), the [Mn3O4-
(bpy)4(H2O)2]4+ (bpy = 2,2 0-bipyridine) trimer, and the
[Mn4O4L6]+ tetramer, with L ¼ Ph2PO�2 . Having docu-
mented the capabilities and limitations of the DFT meth-
odology, as applied to these four benchmark complexes,
further calculations are carried out to characterize the
structural stability of the cuboidal [Mn3CaO4Mn]8+ cluster
ion completely ligated with water, OH� and Cl�, a struc-
ture based on the inorganic core of the OEC modeled in
the recent X-ray crystal structure of PSII obtained by
Ferreira et al. [27].

The paper is organized as follows. Section 2 describes
the computational methods and the preparation of the
model systems. Results are presented and discussed in Sec-
tion 3. The structural analysis of benchmark oxomanga-
nese complexes is presented in Section 3.1.1 as compared
to X-ray experiments. Computations of exchange coupling
constants of oxomanganese benchmark complexes are
reported in Section 3.1.2. Section 3.3 presents computa-
tions of biomimetic model complexes with a cuboidal
Mn3CaO4Mn cluster, completely ligated with water, OH�

and Cl� and model ligands that mimic the environment
of the OEC. Section 4 summarizes and concludes.
2. Methods

2.1. Molecular models

The X-ray atomic coordinates of the Mn complexes
were obtained from the Cambridge Crystallographic Data
Center (CCDC) with reference codes FIQFIU [2], YEM-
CIC [4], JEWNII [5], and HIRDIV [89]. All ab initio
computations were performed at the DFT/B3LYP level
of theory by using the programs Jaguar 5.5 [90] and
Gaussian 03 [91]. A combination of basis sets has been
implemented in order to perform efficient, yet accurate,
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calculations. Such a combination of basis sets includes the
LACVP basis set, which is necessary to consider non-
relativistic electron core potentials (ECPs) for the Mn
ions, the 6-31G(d) and 6-31G(2df) basis sets for bridging
O2� ions in order to include polarization functions associ-
ated with l-oxo species, and the 6-31G/3-21G basis set
for the rest of the atoms. Accurate calculations of
exchange coupling constants, however, required the TZV
basis set [92,93].

Fully optimized molecular structures were obtained
through minimum-energy geometry optimizations at the
DFT/B3LYP(LACVP,6-31G(2df),6-31G(d),6-31G,3-21G)
in a broken symmetry (BS) state. In this state the a and b
densities are allowed to localize on different atomic centers,
providing a multiconfigurational character to the spin-
state. Calculations of electronic and structural properties
of the fully relaxed structures allow direct comparisons
with experimental measurements, including the analysis
of geometrical parameters such as bond lengths, bond
angles and dihedral angles, and electronic properties such
as spin populations, exchange coupling constants and elec-
trostatic potential (ESP) atomic charges. Ionic spin states
were characterized according to the analysis of Mulliken
atomic spin density populations.

Preparation of the models was subject to the constraints
of total charge and total spin multiplicity, consistent with
experimental data. Different arrangements of individual
spin states were analyzed (subject to the constraints of total
charge and spin multiplicity) by relaxing the molecular
structures from appropriate initial-guess spin-electronic
states, based on ligand field theory [94]. Direct compari-
sons with both experimental magnetic and X-ray diffrac-
tion data allow one to evaluate the capabilities of the
DFT/B3LYP methodology with regards to both electronic
and structural properties, beyond the minimum energy cri-
teria. Furthermore, the comparative analysis of both com-
plete molecular structures and simplified models allows one
to evaluate the capabilities and limitations of simplified
model systems that might significantly reduce the computa-
tional cost of the calculations, and the effect of large and
bulky substituents on the minimum energy geometries of
the complexes.
2.2. Exchange coupling constants

Calculations of exchange coupling constants were based
on the BS approach, a methodology that has already been
applied in conjunction with density functional theory
methods to studies of other metal clusters [19,20,95–98].

The exchange coupling constants Jij between centers i, j

associated with the Heisenberg Hamiltonian

Ĥ ¼ �
XN

i;j

J ijŜi � Ŝj ð1Þ

are defined according to the BS approach as follows:
J ij ¼
EðijÞBS � EðijÞHS

2SiSj þminðSi; SjÞ
; ð2Þ

where Si is the spin corresponding to metal center i and
EðijÞBS ; EðijÞHS correspond to the magnetic energy contributions
from the pair of metal centers i and j, assuming weak cou-
pling with Si < Sj, in the BS and high-spin (HS) configura-
tions. Here, HS corresponds to equally oriented spins.
Since N is the number of centers, there are N(N � 1)/2 dif-
ferent Js (assuming weak coupling).

In order to perform ab initio calculations of J, it is con-
venient to define different spin configurations that differ
only in the orientation of the spin of one center with respect
to the HS configuration. In this case, if the spin of center k

of configuration SCk is flipped with respect to the HS con-
figuration, the energy difference is

EHS � ESCk ¼
XN

j 6¼k

EðjkÞ
HS � EðjkÞ

BS

¼ �
XN

j 6¼k

J jkð2SjSk þminðSj; SkÞÞ; ð3Þ

where k = 1, . . .,N.
Considering that there are N + 1 relevant spin configu-

rations (one with the highest spin, and N with the spin
flipped in only one center), the coupling constants can be
readily obtained, since the number of equations is equal
or greater than the number of unknown Js.

3. Results and discussion

Results are presented in two sections. First, Section 3.1
reports the structural and electronic analysis of synthetic
mixed-valent multinuclear oxomanganese complexes at
the DFT/B3LYP level of theory, including complex 1:
[MnIIIMnIV(l-O)2(H2O)2(terpy)2]3+, complex 2: [MnIII-
MnIV(O)2(phen)4]3+, complex 3: [Mn3O4(bpy)4(H2O)2]4+

and complex 4: [Mn4O4L6]+ ðL ¼ H2PO�2 Þ. The analysis
of electronic structure includes computations of exchange
coupling constants and comparisons to magnetic measure-
ments. After exploring the capabilities and limitations of
the DFT/B3LYP methodology, as applied to benchmark
model complexes, Section 3.3 analyzes the electronic and
structural properties of biomimetic models of the OEC of
PSII.

3.1. Benchmark oxomanganese complexes

3.1.1. Structural characterization

Fig. 1(a) shows the structure of complex 1, [MnIII-
MnIV(l-O)2(H2O)2(terpy)2]3+, in the minimum energy con-
figuration obtained at the DFT/B3LYP level of theory, and
the simplified model complex obtained by simplifying the
terpyridine ligands (b). The analysis of Mulliken spin-pop-
ulations indicates anti-ferromagnetic coupling between
Mn(1) and Mn(2), with spin-populations of 3.83 and
�2.57 a.u., respectively. This description corresponds to



Fig. 1. Molecular structure of complex 1, [MnIVMnIII(l-O)2-
(H2O)2(terpy)2]3+ (terpy = 2,2 0:6,200-terpyridine) (a) and simplified model
system (b), optimized at the broken symmetry unrestricted B3LYP level
with the following basis set: LACVP for manganese, 6-31G(d) for oxo-
bridge oxygens, 6-31G for water oxygens and nitrogen, and 3-21G for
carbon and hydrogen. Color key: red = oxygen, blue = nitrogen,
gray = carbon, white = hydrogen, and purple = manganese.
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Mn(1) with S = 4/2 and Mn(2) with S = �3/2, in agree-
ment with EPR data [2,99]. Such a spin-electronic state is
also consistent with the observed Mn–Mn distances,
although the intrinsic disorder of the Mn(III) and Mn(IV)
ions in the crystal structure allows one to analyze only
metal–ligand distances averaged between both Mn ions.

Table 1 shows the analysis of internal coordinates in the
complete model structure of complex 1 (third column) as
compared to experimental X-ray diffraction data (second
column). It is shown that the calculated and experimental
Mn–Mn distance are in excellent agreement with each
other, differing only by about 0.001 Å from each other.
These findings suggest that larger differences observed in
earlier studies [16] are not due to the intrinsic limitations
of the DFT/B3LYP methodology but rather due to the lim-
Table 1
Comparison between DFT/B3LYP and experimental X-ray inter-atomic
distances (Å) in complex 1

Bond Experimentala (Å) 1b (Å) 1sim
c (Å)

Mn–Mn 2.72 2.72 2.71
Mn–O(1,2) 1.81, 1.81 1.81 1.80
Mn–Ow(1,2) 2.01 2.19 2.08
Mn–N(eq) 2.04 2.03 2.06
Mn–N(ax) 2.10, 2.10 2.12 2.18

a Metal-averaged X-ray data obtained from disordered crystal [2].
b Average values are included for comparison with the metal-averaged

X-ray data (1). The basis set is LACVP for manganese, 6-31G(d) for oxo-
bridge oxygens, 6-31G for water oxygen and nitrogen, 3-21G for carbon
and hydrogen.

c Simplified model (see text for details) with the same basis set and
average values as in footnote b.
ited basis set used, or the structural discrepancy between
the simplified model system investigated and the real
complex.

In order to investigate the limitations introduced by sim-
plified model systems, where bulky substituents are mod-
eled by smaller ligands, Table 1 (fourth column) reports
internal coordinates in the relaxed configuration of the sim-
plified model system shown in Fig. 1 (lower structure).
Table 1 shows that, contrary to the complete model struc-
ture where the geometry of l-oxo bridges is in quantitative
agreement with experimental data, the simplified model
system includes Mn–Mn and Mn–O distances that differ
from the experimental value by up to 0.015 Å. Mulliken
spin-populations, however, remain almost unchanged
(i.e., change only by about 0.05 a.u.).

Complex 2, [MnIIIMnIV(l-O)2(phen)4]3+, shown in
Fig. 2(a), and a simplified model system, shown in
Fig. 2(b), were analyzed in order to investigate the capabil-
ities of the DFT/B3LYP methodology as applied to the
description of asymmetric structural features associated
with Mn ions of distinct oxidation states (i.e., MnIII and
MnIV). Crystals of this complex are not disordered, so each
Mn ion is separately identifiable in the structure. These
complexes are mixed-valent oxomanganese dimers with
Jahn–Teller distortion associated with the d4 (MnIII) ion
and a non-distorted octahedral d3 (MnIV) ion. The geome-
try around MnIII(1) is typical of an axially elongated d4 ion
with Mn–N(ax) distances �0.1 Å longer than the equato-
rial Mn–N(eq) distances.
Fig. 2. Molecular structure of complex 2, [MnIIIMnIV(O)2(phen)4]3+

(phen = 1,10-phenanthroline) (a) and simplified model system (b), opti-
mized at the broken symmetry unrestricted B3LYP level with the
following basis set: LACVP for manganese, 6-31G(d) for oxo-bridge
oxygens, 6-31G for water oxygens and N, and 3-21G for carbon and
hydrogen. Color key: red = oxygen, blue = nitrogen, gray = carbon,
white = hydrogen, and purple = manganese.
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Tables 2 and 3 present a detailed comparison between
the complete model structure, obtained at the DFT/
B3LYP level (column 3), and the X-ray structure (column
2) of complex 2. Tables 2 and 3 show that there is remark-
able agreement of the internal coordinates in complex 2

predicted by the DFT/B3LYP (third column) and the
experimental data (second column). In particular, the cal-
culated Mn–Mn distance is in excellent agreement with
the X-ray data, differing only by about 0.005 Å. The anal-
ysis of spin density on the Mn-ions indicates that there is
anti-ferromagnetic coupling between Mn(1) and Mn(2).
Formal oxidation numbers III and IV are indicated by
the Mulliken spin-populations 3.85 and �2.58 a.u., respec-
tively, in agreement with EPR experiments [4].

As in the case of complex 1, Tables 2 and 3 (fourth col-
umn) indicate that a simplified model complex (with small
ligands that simplify large conjugated substituents) pro-
vides a less accurate description of the Mn dimer, with
Table 2
Comparison between DFT/B3LYP and experimental X-ray inter-atomic
distances (Å) in complex 2

Bond Experimentala (Å) 2b (Å) 2sim
c (Å)

Mn(1)–Mn(2) 2.71 2.71 2.73
Mn(2)–O(1) 1.84 1.86 1.87
Mn(2)–O(2) 1.86 1.86 1.87
Mn(1)–O(1) 1.77 1.75 1.75
Mn(1)–O(2) 1.78 1.75 1.75
Mn(2)–N(7) 2.12 2.15 2.17
Mn(2)–N(6) 2.12 2.15 2.17
Mn(1)–N(3) 2.10 2.11 2.13
Mn(1)–N(2) 2.09 2.11 2.13
Mn(2)–N(8) 2.22 2.26 2.29
Mn(2)–N(5) 2.24 2.25 2.29
Mn(1)–N(4) 2.03 2.02 2.03
Mn(1)–N(1) 2.04 2.02 2.03

a Ref. [4].
b LACVP for manganese, 6-31G(d) for oxygen, 6-31G for nitrogen, and

3-21G for carbon and hydrogen.
c Simplified model (see Fig. 2(b)), same basis set as in footnote b.

Table 3
Comparison between DFT/B3LYP and experimental X-ray angles (�) in
complex 2

Angle Experimentala (�) 2b (�) 2sim
c (�)

Mn(1)–O(1)–Mn(2) 97 97 98
Mn(1)–O(2)–Mn(2) 96 97 98
O(1)–Mn(1)–O(2) 81 80 85
O(1)–Mn(2)–O(2) 85 86 79
N(1)–Mn(1)–O(1) 106 90 91
N(2)–Mn(1)–O(1) 165 164 171
N(3)–Mn(1)–O(1) 96 95 94
N(4)–Mn(1)–O(1) 106 108 98
N(5)–Mn(2)–O(2) 90 91 90
N(6)–Mn(2)–O(2) 170 171 162
N(7)–Mn(2)–O(2) 94 93 97
N(8)–Mn(2)–O(2) 97 99 110

a Ref. [4].
b LACVP for manganese, 6-31G(d) for oxygen, 6-31G for nitrogen, and

3-21G for carbon and hydrogen.
c Simplified model (see Fig. 2(b)), same basis set as in footnote b.
an error in the Mn–Mn distance of about 0.03 Å. Spin pop-
ulations, however, are very similar to those in the original
complex (Mn(1) = 3.88 a.u.; Mn(2) = �2.60 a.u.). It is
therefore concluded that mixed-valent oxomanganese clus-
ter dimers can be adequately described by simplified model
systems according to the DFT/B3LYP methodology so
long as the l-oxo bridges were modeled by sufficiently flex-
ible basis sets. In addition, DFT/B3LYP calculations with
complete model structures provide results in quantitative
agreement with experiments.

In order to explore the capabilities of the DFT/B3LYP
methodology for predicting the structural and electronic
properties of higher nuclearity oxomanganese complexes
for which low-spin ground electronic states have been
reported, complex 3 [Mn3O4(bpy)4(OH2)2]4+ (Fig. 3(a))
and a simplified model system (Fig. 3(b)) were investigated.
Complex 3 was expected to be significantly more challeng-
ing than the previously discussed Mn-complexes, since it
involves a (l-O)2Mn2 unit bridged to a third Mn4+ ion
by an additional O–Mn–O linkage. Since the complex
involves an odd number of Mn ions, there is unavoidable
spin frustration because only two of the three Mn–Mn
pairs can be anti-ferromagnetically coupled. In fact, it
has been determined by EPR spectroscopy [5] that the (l-
O)2Mn2 unit has total spin S = 1 with either, or both,
Mn4+ ions in a low spin state S = 1/2. In addition, the total
spin of the complex in the ground state is S = 1/2, indicat-
Fig. 3. Molecular structure of complex 3, [Mn3O4(bpy)4(OH2)2]4+

(bpy = 2,2 0-bipyridine) (a) and simplified model system optimized at the
broken symmetry unrestricted B3LYP level (b) with the following basis
set: LACVP for manganese, 6-31G(d) for O, 6-31G for nitrogen, and 3-
21G for carbon and hydrogen. Color key: red = oxygen, blue = nitrogen,
gray = carbon, white = hydrogen, and purple = manganese.



Table 5
Comparison between DFT/B3LYP and experimental X-ray angles (�) in
complex 3

Angle Experi-
mentala (�)

2b

(�)
2(LS)sim

c

(�)
2(LS)sim

d

(�)
2(HS)sim

e

(�)

O(2)–Mn(1)–O(1) 84 82 82 82 82
O(2)–Mn(1)–O(4) 98 99 98 98 96
O(2)–Mn(1)–O(5) 176 176 176 175 176
O(1)–Mn(1)–O(5) 96 93 94 93 93
O(1)–Mn(1)–O(4) 96 94 96 97 96
O(2)–Mn(2)–O(3) 95 95 94 97 96
O(2)–Mn(2)–O(6) 97 93 94 94 93
O(3)–Mn(3)–O(4) 101 97 98 98 98
O(4)–Mn(1)–O(5) 86 81 83 84 84
O(2)–Mn(2)–O(1) 82 82 82 81 82
O(1)–Mn(2)–O(3) 97 99 99 96 96
O(1)–Mn(2)–O(6) 177 175 175 175 176
O(3)–Mn(2)–O(6) 86 81 83 84 84

a Ref. [5].
b LACVP for manganese, 6-31G(d) for oxygen, 6-31G for nitrogen, and

3-21G for carbon and hydrogen, and formal spin state Mn3 = (�1/2,
�1/2,+3/2).

c Simplified model (see Fig. 3(b)), same basis set and spin state as in
footnote b.

d Same as footnote c but with formal spin states Mn3 = (+1/2,�3/2,
+3/2).

e Same as footnote c but with formal spin states Mn3 = (+3/2,+3/2,
�3/2).
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ing that the third Mn4+ ion must be in a high-spin state
(S = 3/2) and anti-ferromagnetically coupled to the (l-
O)2Mn2 unit. The HS state of the complex, with total spin
S = 3/2, is therefore an excited electronic state.

Tables 4 and 5 compare experimental X-ray diffraction
data (second column) to the corresponding values of inter-
nal coordinates obtained at the DFT/B3LYP level of the-
ory for the minimum energy structure of complex 3 in a
pre-selected LS state compatible with EPR measurements
(Mn3 = �1/2,�1/2,+3/2) (third column). The resulting
spin populations after geometry optimization are consis-
tent with magnetic measurements (Mn(1) = 1.16 a.u.,
Mn(2) = 1.15 a.u., Mn(3) = �2.78 a.u.). Furthermore, the
minimum energy geometry of the complex is found to be
in excellent agreement with X-ray measurements, predict-
ing a single Mn–Mn distance shorter than 2.7 Å and two
Mn–Mn distances larger than 3.2 Å.

Tables 4 and 5 compare the experimental X-ray diffrac-
tion data (second column) to the corresponding values in
the simplified model system shown in Fig. 3(b), when
prepared in the pre-selected LS states (Mn3 = �1/2,�1/
2,+3/2) (fourth column) and (Mn3 = +1/2,�3/2,+3/2)
(fifth column), as well as in the HS state (Mn3 =
+3/2, +3/2,�3/2) (sixth column). It is found that the geom-
etry of the oxomanganese complex is remarkably insensitive
Table 4
Comparison between DFT/B3LYP and experimental X-ray inter-atomic
distances (Å) in complex 3

Bond Experimentala

(Å)
2b

(Å)
2(LS)sim

c

(Å)
2(LS)sim

d

(Å)
2(HS)sim

e

(Å)

Mn(1)–Mn(2) 2.68 2.6 2.67 2.68 2.68
Mn(1)–Mn(3) 3.25 3.27 3.26 3.24 3.26
Mn(2)–Mn(3) 3.26 3.27 3.26 3.26 3.26
Mn(1)–O(2) 1.79 1.74 1.74 1.76 1.78
Mn(1)–O(4) 1.83 1.831 1.82 1.80 1.82
Mn(1)–N(2) 2.04 2.05 2.07 2.08 2.09
Mn(2)–O(2) 1.81 1.84 1.84 1.82 1.82
Mn(2)–O(3) 1.85 1.81 1.81 1.82 1.82
Mn(2)–N(3) 2.04 2.05 2.07 2.08 2.09
Mn(3)–O(3) 1.76 1.77 1.77 1.76 1.76
Mn(3)–N(8) 1.99 2.02 2.03 2.03 2.03
Mn(3)–N(6) 2.07 2.11 2.13 2.13 2.12
Mn(1)–O(1) 1.80 1.84 1.83 1.82 1.82
Mn(1)–O(5) 2.04 2.08 2.07 2.09 2.09
Mn(1)–N(1) 2.05 2.04 2.07 2.08 2.09
Mn(2)–O(1) 1.82 1.74 1.74 1.77 1.78
Mn(2)–O(6) 2.05 2.08 2.08 2.09 2.09
Mn(2)–N(4) 2.06 2.04 2.07 2.09 2.09
Mn(3)–O(4) 1.77 1.77 1.76 1.76 1.76
Mn(3)–N(5) 2.01 2.02 2.04 2.03 2.03
Mn(3)–N(7) 2.09 2.02 2.13 2.13 2.12

a Ref. [5].
b LACVP for manganese, 6-31G(d) for oxygen, 6-31G for nitrogen, and

3-21G for carbon and hydrogen, and formal spin state Mn3 = (�1/2,
�1/2,+3/2).

c Simplified model (see Fig. 3(b)), same basis set and spin state as in
footnote b.

d Same as footnote c but with formal spin states Mn3 = (+1/2,�3/2,
+3/2).

e Same as footnote c but with formal spin states Mn3 = (+3/2,+3/2,
�3/2).
to the specific spin-state of individual Mn ions in the clus-
ter. All of these models are in excellent agreement with the
experimental X-ray diffraction data, suggesting that multiple
spin-states could coexist and inter-convert with negligible
conformational changes if they were energetically accessible.

However, the analysis of the energetics of various low-
lying spin-states of complex 3 indicates that the DFT/
B3LYP level of theory erroneously predicts the ground
electronic state to be the HS state (Mn3 = +3/2, +3/2,
�3/2), in disagreement with EPR measurements [5]. Fur-
thermore, the DFT/B3LYP methodology erroneously pre-
dicts that the LS states (Mn3 = +1/2,�3/2,+3/2) and
(Mn3 = +1/2,+1/2,�3/2) are, respectively, 21 kcal/mol
and 41 kcal/mol above the ground electronic state. This
remarkable failure of the DFT/B3LYP methodology adds
one more example to the list of high-valent transition metal
complexes in which DFT provides an unreliable descrip-
tion of the energetics of the low-lying spin-electronic states
[31,35,39,81–83,100].

An unreliable description of the energetics of the low-
lying spin-electronic states of mixed-valent oxomanganese
complexes is a significant obstacle to the application of
DFT to mechanistic studies of the OEC, where until now
the performance of DFT has raised little concern [23,80].
However, the problem is not surprising, especially consid-
ering that similar shortcomings have already been reported
in studies of other high-valent transition metal complexes
[31,35,81–83,100], and that the B3LYP hybrid functional
has been parameterized according to properties of a refer-
ence set of molecules containing only second- and third-
period atoms and hydrogen, excluding all transition-metal



Fig. 4. Molecular structure of complex 4, [Mn4O4L6]+ ðL ¼ Ph2PO�2 Þ (a)
and simplified model system (b), optimized at the broken symmetry
unrestricted B3LYP level with the following basis set: LACVP for
manganese, 6-31G(2df) for oxo-bridge oxygens, 6-31G for oxygen, 3-21G*

for phosphorous, and 3-21G for carbon and hydrogen. Color key:
red = oxygen, gray = carbon, white = hydrogen, and purple = manga-
nese, orange = phosphorous.
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elements. Considering that the B3LYP functional has been
identified as the most successful DFT method in an over-
whelming number of systematic investigations in many
areas of chemical research, these findings are expected to
stimulate the development of more reliable functionals.
In fact, some improvement in the description of energy
splittings between low-lying spin-electronic states of transi-
tion metal complexes has already been achieved by re-
parameterization of the B3LYP hybrid functional through
adjustment of the amount of exact exchange admixture
[31,39]. Such a re-parameterization of the B3LYP func-
tional [31], however, only partially corrects the energy split-
ting between LS and HS states of complex 3 (a correction
smaller than 4 kcal/mol), failing to provide the correct rel-
ative stability of LS and HS states.

Other possible corrections have been considered, includ-
ing the perturbational effect of counter ions, the effect of
possible distortions induced by the crystal and the effect
of exchange coupling. It was found that the inclusion in
the model of crystallographic counter ions (e.g., ClO�4 ),
placed at the X-ray positions relative to the oxomanganese
complex, reduces only slightly (i.e., by less than 1.5 kcal/
mol) the difference in energy between the HS(+3/2,
+3/2,�3/2) and LS(�1/2,�1/2,+3/2) states. These calcu-
lations thus show that the perturbational effect of counter
ions does not alter the order of HS and LS energy levels.
In addition, packing effects are not expected to be impor-
tant since the configuration of the complex obtained by
geometry optimization at the DFT/B3LYP level is found
to be in excellent agreement with the X-ray model
structure.

Finally, the capabilities of the DFT/B3LYP methodol-
ogy are investigated as applied to the description of the
mixed-valent oxomanganese complex 4 [Mn4O4L6]+, with
L ¼ Ph2PO�2 , shown in Fig. 4(a), which is modeled accord-
ing to the reduced structure ½Mn4O4L06�

þ, with
L0 ¼ H2PO�2 , shown in Fig. 4(b). This oxomanganese tetra-
mer is paramagnetic in the ground electronic state and
exhibits intense EPR spectra in solution, indicating an
odd-spin ground state (S P 3/2). The specific spin states
of the individual Mn ions in the complex, however, have
not been characterized experimentally. It has only been
suggested that the geometry of the cluster is consistent with
the assignment of oxidation numbers (III, IV, IV, IV),
although no Jahn–Teller elongation has been observed
for any of the Mn-ions in the crystal [89]. Tables 6 and 7
show the comparison between the architecture of the com-
plex obtained from X-ray diffraction data and that pre-
dicted by the DFT/B3LYP level of theory when
preselecting the high-spin state (�4/2,+3/2, +3/2,+3/2),
with total spin S = 5/2, consistent with magnetic measure-
ments. DFT/B3LYP geometry optimizations were per-
formed imposing Cs symmetry, since higher symmetry
conditions would not be consistent with the desired con-
straints of total spin, total charge, individual atomic spins
and oxidation states. The resulting Mulliken spin
populations, after geometry optimization, are Mn4 =
(�3.78, +2.88,+2.88,+2.92), showing negligible spin con-
tamination and formal total spin S = 5/2, consistent with
magnetic measurements. The resulting structure of the oxo-
manganese cubane cluster involves significant trigonal dis-
tortion from tetrahedral symmetry, creating a trigonal
pyramidal Mn4 core with shorter base Mn–O distances
(e.g., Mn(2)–O and Mn(4)–O) and longer Mn(apical)–
Mn(base) bond lengths (e.g., Mn(1)–Mn(2) and Mn(1)–
Mn(4)). The average Mn(apical)–Mn(base) and
Mn(base)–Mn(base) distances in (4) are 2.95 and 2.86 Å,
in very good agreement with the experimental values 2.93



Table 8
Oxidation numbers, Mulliken spin population analyses (in parenthesis)
and ab initio exchange coupling constants, Jij, computed at the DFT
B3LYP level with the TZV basis set for the high-valent multinuclear
oxomanganese complexes 1, 2 and 3 introduced in the text

Complex Mn(1) Mn(2) Mn(3) J12 (cm�1) J23 (cm�1)

1 III (+3.8) IV (�2.6) – 298 (300)* –
2 III (+3.9) IV (�2.6) – 295 (268–300)* –
3 IV (�1.2) IV (�1.2) IV(+2.8) 211 (182)* 70 (98)*

The symbol * indicates experimental values of coupling constants [5,101–
103].

Table 6
Comparison between DFT/B3LYP and experimental X-ray inter-atomic
distances (Å) in complex 4

Bond Experimentala (Å) 2b (Å)

Mn(1)–Mn(3) 2.91 2.93
Mn(1)–Mn(2) 2.98 3.01
Mn(1)–Mn(4) 2.90 2.93
Mn(2)–Mn(3) 2.84 2.80
Mn(2)–Mn(4) 2.83 2.80
Mn(3)–Mn(4) 2.86 2.84
Mn(1)–O(5) 2.05 2.13
Mn(1)–O(6) 1.92 1.90
Mn(1)–O(7) 2.04 2.13
Mn(2)–O(5) 1.89 1.85
Mn(2)–O(7) 1.90 1.85
Mn(2)–O(8) 1.91 1.88
Mn(3)–O(5) 1.87 1.83
Mn(3)–O(6) 1.91 1.90
Mn(3)–O(8) 1.90 1.88
Mn(4)–O(6) 1.91 1.90
Mn(4)–O(7) 1.85 1.83
Mn(4)–O(8) 1.89 1.88
Mn(1)–O(10) 1.90 1.90
Mn(1)–O(13) 1.94 1.98
Mn(1)–O(16) 1.97 1.98
Mn(2)–O(11) 1.89 1.90
Mn(2)–O(19) 1.91 1.91
Mn(2)–O(26) 1.92 1.91
Mn(3)–O(14) 1.89 1.88
Mn(3)–O(22) 1.91 1.92
Mn(3)–O(20) 1.90 1.91
Mn(4)–O(17) 1.88 1.88
Mn(4)–O(23) 1.93 1.92
Mn(4)–O(25) 1.91 1.91

a Ref. [89].
b Simplified model (Fig. 4(b)) with LACVP for manganese, 6-31G(2df)

for oxo-bridge oxygens, 6-31G for oxygen, 3-21G* for phosphorous, and
3-21G for carbon and hydrogen.

Table 7
Comparison between DFT/B3LYP and experimental X-ray angles (�) in
complex 4

Angle Experimentala (�) 2b (�)

O(5)–Mn(1)–O(7) 78 74
O(5)–Mn(1)–O(6) 79 77
O(6)–Mn(1)–O(7) 79 77
O(5)–Mn(2)–O(7) 85 88
O(5)–Mn(2)–O(8) 82 82
O(7)–Mn(2)–O(8) 82 82
O(5)–Mn(3)–O(6) 84 85
O(5)–Mn(3)–O(8) 83 82
O(6)–Mn(3)–O(8) 82 82
O(6)–Mn(4)–O(7) 84 84
O(6)–Mn(4)–O(8) 82 81
O(7)–Mn(4)–O(8) 84 82

a Ref. [89].
b Simplified model (Fig. 4) with LACVP for manganese, 6-31G(2df) for

oxo-bridge oxygens, 6-31G for oxygen, 3-21G* for phosphorous, and 3-
21G for carbon and hydrogen.
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and 2.84 Å, respectively. Note that the Mn–Mn distances
are 0.1–0.2 Å longer than the typical 2.7 Å Mn–Mn dis-
tances in oxomanganese dimers [Mn2O2]3+/4+ cores [7].
3.1.2. Magnetic properties

Table 8 compares exchange coupling constants for syn-
thetic oxomanganese complexes 1–3 to readily available
experimental data [5,101–103]. Exchange coupling con-
stants are obtained at the DFT/B3LYP level according to
the methodology outlined in Section 2.2 and show very
good agreement with experimental data. These results serve
to validate the DFT/B3LYP level as applied to the descrip-
tion of magnetic properties of oxomanganese complexes in
pre-defined spin-electronic states. The following discussion
analyzes the origin of magnetic exchange couplings in oxo-
manganese complexes on the basis of electronic
delocalization.

In the weak-coupling (localized) limit, atomic d-orbitals
remain singly occupied and the spin states are essentially
localized on individual metal centers. Therefore, the
ground state of a multinuclear complex with weak inter-
nuclear interactions involves antiparallel coupling between
spin states localized on different centers. Metal–metal inter-
actions, however, tend to induce electronic delocalization
over multiple centers, forming bonding- and antibonding-
orbitals by either direct overlap of atomic orbitals, or
superexchange.

The exchange coupling constants are determined by the
splitting between energy-levels as defined by Eq. (2) (Sec-
tion 2.2). In the weak-coupling limit, spin polarization is
responsible for the separation between occupied and
vacant orbitals, whereas in the delocalized limit, splitting
between bonding and antibonding molecular orbitals is
caused by metal–metal interactions. The strength of the
interactions thus determines the extent of electron delocal-
ization and consequently the resulting geometry and the
magnetic properties of the complex.

In the broken-symmetry state, a and b electronic densi-
ties are allowed to localize on different atomic centers.
These relaxed symmetry requirements allow for substantial
interactions mediated by d-orbitals of Mn and p-orbitals of
the ligands. The extent to which molecular orbitals
involved in broken-symmetry states are delocalized over
the metal centers can be determined by the analysis of
atomic orbital composition.

Tables 9–11 show the decomposition of molecular orbi-
tals with significant Mn d-orbital contributions, in terms of
the squared amplitudes of the expansion coefficient associ-
ated with the atomic orbitals of manganese, bridging oxy-
gens, and the rest of the ligands. For convenience, atomic



Table 9
Decomposition of molecular orbitals of complex 1, with significant
contributions of Mn atomic d-orbitals, into atomic orbital contributions
from Mn and bridging ligands

MOa Mn(1)b Mn(2)b O(3) O(4) Ligandc

102a 0:42dz2 0.04 0.04 0.01 0.40
100a 0.15dxz, dyz 0.06dxz, dyz 0.00 0.22 0.15
99a 0.19dxz, dyz 0.12dxz, dyz 0.30 0.02 0.10
97a 0.09dxy 0.04 0.25 0.13 0.21
100b 0.03 0.22dxz, dyz 0.29 0.00 0.18
99b 0.03 0.23dxz, dyz 0.03 0.43 0.06
97b 0.02 0:11dx2�y2 0.05 0.11 0.19
96b 0.03 0:21dx2�y2 0.03 0.16 0.16

a a and b HOMOS are 102a and 101b, respectively.
b Atomic orbital contributions to molecular orbitals are listed in order of

decreasing weight.
c The rest of manganese ligands taken together.

Table 10
Decomposition of molecular orbitals of complex 2, with significant
contributions of Mn atomic d-orbitals, into atomic orbital contributions
from Mn and bridging ligands

MOa Mn(1)b Mn(2)b O(3) O(4) Ligandc

110a 0:37dz2 0.03 0.02 0.02 0.44
106a 0.26dyz 0.08dyz 0.12 0.12 0.20
104a 0.16dxz 0.12dxz 0.20 0.20 0.02
102a 0.19 0.04 0.15 0.15 0.21
105b 0.02 0.16dxz 0.22 0.22 0.07
104b 0.03 0.22dyz 0.16 0.16 0.22
102b 0.04 0:32dx2�y2 0.16 0.16 0.14

a a and b HOMOS are 110a and 109b, respectively.
b Atomic orbital contributions to molecular orbitals are listed in order of

decreasing weight.
c The rest of manganese ligands taken together.
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O

O
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Fig. 5. Cartesian coordinate system associated to each Mn atom.
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orbitals are defined in terms of a Cartesian coordinate sys-
tem for each Mn center where the z-axis is perpendicular to
the O–Mn–O plane and the y-axis is chosen along the Mn–
Mn direction (see Fig. 5). In such a coordinate frame, the
octahedral t2g orbitals of each Mn center correspond to
Table 11
Decomposition of molecular orbitals of complex 3, with significant contribution
bridging ligands

MOa Mn(1)b Mn(2)b Mn(3)b

125a 0.13dxz 0.11dxz 0.19d

128a 0.03 0.04 0.24d

129a 0.02 0.02 0.12
130a 0.16dxz, dyz 0.19dxz, dyz 0.03
135a 0.20dxz, dyz 0.14dxz, dyz 0.04
123b 0:23dxy ;dx2�y2 0:28dxy ;dx2�y2 0.01
124b 0:16dxy ;dx2�y2 0:09dxy ;dx2�y2 0.05
125b 0.18dxz, dyz 0.11dxz, dyz 0.03
126b 0.06 0.19 0.01
127b 0.18 0.12 0.02
128b 0.03 0.07dxz, dyz 0.08
129b 0.15dxz 0.09dxz 0.10

a a and b HOMOS are 135a and 134b, respectively.
b Atomic orbital contributions to molecular orbitals are listed in order of de
c The rest of manganese ligands taken together.
d The atomic orbital has dz2 shape, with its longer direction parallel to the M
the atomic orbitals dx2�y2 , dyz, and dxz, while the eg orbitals
correspond to atomic orbitals dz2 and dxy.

Direct metal–metal interactions arise from the overlap
of atomic d-orbitals on different Mn centers. These direct
metal–metal interactions, however, are small in complexes
1–3 due to large Mn–Mn separations (i.e., negligible over-
laps of atomic orbitals with Mn–Mn distances >2.65 Å)
[104]. Therefore, the magnetic coupling is dominated by
superexchange via the bridging ligands [104,105]. Because
of the low symmetry, there is a large number of possible
superexchange pathways (depicted in Fig. 6), although only
a few of them make significant contributions to the overall
magnetic exchange.

For complexes 1 and 2, only pathways that involve dxz

and dyz orbitals in both Mn centers, denoted Jxz/xz and
Jyz/yz, respectively, form efficient symmetric super-
exchange pathways due to the significant overlap between
orbitals dxz and dyz and the relevant out-of-plane pp orbi-
tals associated with oxo-bridging ligands. In contrast, the
symmetric exchange pathway J x2�y2=x2�y2 has a much smal-
ler contribution since the in-plane pp orbitals of the oxo-
ligands overlap with only one Mn center, being nearly
orthogonal to the d orbitals of the other Mn center. These
arguments are supported by the composition of molecular
orbitals presented in Tables 9 and 10, where it is shown
that the molecular orbitals with significant contributions
from atomic orbitals dx2�y2 are essentially localized on
one Mn center. Further, large contributions from the
bridging O2� indicate that the superexchange mechanism
s of Mn atomic d-orbitals, into atomic orbital contributions from Mn and

O(4) O(5) O(6) O(7) Ligandc

0.01 0.01 0.14 0.16 0.01
0.01 0.01 0.18 0.19 0.09
0.04 0.04 0.19 0.19 0.07
0.07 0.06 0.06 0.06 0.05
0.06 0.10 0.09 0.07 0.08
0.08 0.10 0.02 0.02 0.06
0.07 0.04 0.11 0.10 0.05
0.02 0.06 0.07 0.09 0.12
0.19 0.07 0.03 0.10 0.14
0.09 0.16 0.09 0.00 0.10
0.07 0.06 0.09 0.20 0.10
0.03 0.07 0.16 0.09 0.04

creasing weight.

n(1)–Mn(2)–Mn(3) plane.



Jx2-y2/x2-y2

Jx2-y2/z2

Jz2/z2

Jxz/xz

Jxy/xz

Jyz/yz

Fig. 6. Representation of exchange pathways corresponding to the
[Mn(1)Mn(2)(l-O)2] moiety of complexes 1–3. Symmetric pathways:
Jx2�y2=x2�y2 , Jxz/xz, and Jyz/yz and Jz2=z2 , cross pathways: Jx2�y2=z2 , and Jxy/xz.

Table 12
Mulliken spin densities of the metal centers and ligating atoms in complex
1

Atom Spin population

Mn(1) +3.83
Mn(2) �2.57
O(3) �0.24
O(4) �0.18
O(5) +0.01
O(6) +0.00
N(7) +0.05
N(8) �0.03
N(9) +0.05
N(10) +0.02
N(11) +0.03
N(12) +0.02
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mediated by the bridging O2� make significant contribu-
tions to the overall magnetic exchange.

Tables 9 and 10 show that a-orbitals are more delocal-
ized and therefore more involved in the exchange path-
ways, probably because of the deficiency of electronic
charge on the b-MnIV(2) center. The greatest delocalization
corresponds to the 99a orbital which is therefore the prin-
cipal exchange pathway.

Complexes 1 and 2 have very similar exchange coupling
constants due to the underlying similarities of their corre-
sponding electronic structures. The contribution from Mn
and O2� ligands are slightly smaller in 1 than in 2, with a
concomitantly greater contribution from other ligands,
showing that the latter are better donors.

In the case of complex 3, the presence of an extra oxo-
bridge creates a different bond framework giving rise to a
particular pattern of delocalization pathways. Most notori-
ous is the presence of a pathway including three manganese
centers with dxz orbitals of Mn(1) and Mn(2), and dz2 type
orbitals of Mn(3), overlapping with out-of-plane p-orbitals
on the O2� that forms the additional oxo-bridge. The
underlying structure becomes evident from the analysis,
presented in Table 11, of molecular orbital 125a.

Other superexchange pathways, involving dxz orbitals of
Mn(1) and Mn(2) involve smaller contributions of the
bridging oxygens (130a,135a, and 125b, Table 11) when
compared to the dimanganese complexes, since these orbi-
tals are involved in molecular orbitals that comprise centers
of the additional ring. This effect reduces the efficiency of
the symmetric J x2�y2=x2�y2 pathway. Table 11 also shows
some other orbitals with important contributions of
Mn(1) and Mn(2) (e.g., 123b and 124b). However, these
orbitals do not contribute significantly to the exchange
coupling since the corresponding atomic orbitals do not
form allowed pathways (see Fig. 6).

In summary, the analysis of the electronic structure of
di- and tri-nuclear Mn-complexes show that the most
important exchange interactions between Mn(1) and
Mn(2) centers involve symmetric super-exchange pathways
Jxz/xz and Jyz/yz mediated by the overlap of orbitals dxz and
dyz of Mn with the out-of-plane pp orbitals of the l-oxo
bridges. Although the number of pathways and contribu-
tions from Mn(1) and Mn(2) are similar in the three com-
plexes, J12 is smaller in 3 than in the other two complexes,
partly due to the smaller contributions of intermediate
bridging O2�. The analysis of the electronic structure of
the Mn trimers shows that the most important exchange
interactions between Mn centers in the additional O–Mn–
O linkage involve dxz orbitals on Mn(1) and Mn(2), and
a d2

z type orbital in Mn(3) overlapping with out-of-plane
p orbitals of the bridging O2�. Mn(3) is weakly coupled
to the other metal centers, since there is only one pathway
(involving orbital 125a), which contributes to make J13 the
smallest exchange coupling constant. The corresponding
pathways make antiferromagnetic contributions to the
overall exchange coupling constant, simply because all of
the involved atomic orbitals of each Mn center are
occupied.

3.2. Spin-density profiles

In order to analyze the spin density profiles, Tables 12
and 13 present the Mulliken spin population analysis of
complexes 1 and 3, respectively. It is shown that the man-
ganese spin densities change, in these oxo-manganese com-
pounds, by less than 0.3 a.u. Therefore, the formal
oxidation state is always consistent with the Mulliken spin
population. Further, no appreciable spin delocalization is
observed in high or low spin-states. These results can be
contrasted to the analogous iron complexes (see Ref. [85],
and references cited therein) that show more delocalized
spin density profiles, with Mulliken populations almost
one full unit below their formal values. Further, these
iron-analogue complexes typically show that the low spin
states are significantly more delocalized.



Table 13
Mulliken spin densities of the metal centers and ligating atoms in complex
3

Atom center Spin density

Mn(1) +1.16
Mn(2) +1.15
Mn(3) �2.78
O(4) �0.18
O(5) �0.22
O(6) �0.14
O(7) �0.11
O(8) +0.01
O(11) +0.01
N(14) �0.01
N(15) �0.04
N(26) �0.01
N(27) �0.04
N(38) +0.03
N(39) +0.04
N(50) +0.03
N(51) +0.05

Fig. 7. (a) Hydrated OEC cluster [Mn4O4CaCl(H2O)10(OH)6]+ ligated by
water and hydroxide anions. (b) Model of the OEC cluster chelated by
formate, imidazole, water and hydroxide ligands. Optimized structures are
obtained at the broken symmetry unrestricted B3LYP level. The basis set
comprises LACVP for manganese and calcium, 6-31G(2df) Cl, O(5), O(6),
O(7), and O(8); and 3-21G for oxygen and H of water and hydroxide
moieties. Color key: red = oxygen, blue = nitrogen, gray = carbon,
white = hydrogen, and purple = manganese, green = chlorine, yellow =
calcium.
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For example, the iron complex [(6-me3-tpa)FeIII(l-
O)2FeIV(6-me3-tpa)]3+ [85] which is structurally related to
complexes 1 and 2, has spin densities on FeIII and FeIV sim-
ilar to the corresponding densities in MnIII and MnIV,
respectively, in complexes 1 and 2. However, the iron ions
have an additional formal electron relative to manganese.
The two extra electrons in the complex, formally in the iron
centers, are delocalized along the ligands, including one full
spin unit over the O2� bridging ligands, and the other unit
delocalized on the rest of the molecule. This trend is prob-
ably due to the tendency of the unpaired electrons in tran-
sition metals to accommodate in five d-orbitals.

3.3. OEC model complexes

This section analyzes two biomimetic models of the
OEC of PSII at the DFT/B3LYP level of theory. These
models are the hydrated oxomanganese model complex
Mn3CaO4Mn (see Fig. 7(a)), chelated only by water,
hydroxyl ligands, and chloride, and the same metal cluster
ligated by formates and imidazole ligands, mimicking the
coordination of amino-acid residues suggested by studies
where the surrounding biomolecular environment is explic-
itly considered [106,107] (see Fig. 7(b)). These model com-
plexes are particularly relevant as biomimetic systems
since, in contrast to other Mn cubane structures
[89,108,109], they share most of the structural elements
with the 3+1 Mn-tetramer of the OEC of PSII. Under-
standing the electronic and structural properties is thus
expected to shed light on the design of new synthetic com-
plexes that might catalyze oxygen evolution by photocata-
lytic water splitting when associated with suitable sources
and sinks of electrons and protons.

Table 14 shows the analysis of internal coordinates asso-
ciated with the fully relaxed molecular structure of the
hydrated Mn3CaO4Mn cluster shown in Fig. 7(a) (second
column) as compared to the configuration of the OEC of
PSII in the 1S5L X-ray model (fifth column). These results
show that even in the absence of proteinaceous ligands, the
conformation of the hydrated Mn3CaO4Mn cluster is
remarkably similar to the oxomanganese cluster in PSII.
In addition, the predicted ground electronic state is the
high-valent configuration of oxidation numbers Mn4(IV,
IV,III,III), consistent with the S1-state of the OEC of PSII
as indicated by EPR and X-ray spectroscopy [10,110–117].
These findings suggest that the protein environment, sur-
rounding the Mn3CaO4Mn cluster of PSII, must conform
natural selection to the electronic and structural properties
intrinsic to the inorganic oxomanganese cluster.

Key structural features of the hydrated Mn3CaO4Mn
cluster are the hydrogen-bonds linking water molecules
coordinated to pairs of metal ions, including Mn(1)–
Mn(2), Mn(1)–Mn(3), Mn(2)–Mn(3), and Mn(2)–Mn(4)
and Ca2+–Mn(4). It is also found that chloride plays an
important structural role in this model system by stabiliz-
ing hydrogen-bonded water molecules and Ca2+ through
complementary electrostatic interactions. These results
therefore indicate that the fully hydrated Mn3CaO4Mn



Table 14
Inter-atomic distances (Å) in the hydrated Mn3O4CaMn and Mn3O4SrMn
complexes obtained at the UDFT/B3LYP level of theory, compared to the
crystallographic model of the OEC of PSII (protein databank accession
code 1S5L) [27]

Bond Mn3O4CaMn
hydrateda (Å)

Mn3O4SrMn
hydrateda

(Å)

Mn3O4-
CaMn
with
liganda

(Å)

Experimental
X-rayb

(Å)

Mn(1)–Mn(2) 2.71 2.71 2.77 2.7
Mn(1)–Mn(3) 2.81 2.81 2.76 2.7
Mn(2)–Mn(3) 2.89 2.88 2.87 2.7
Mn(2)–Mn(4) 3.56 3.56 3.42 3.2
Mn(3)–Mn(4) 3.49 3.48 3.74 3.2
Ca/Sr–O(5) 2.46 2.59 2.57 2.5
Ca/Sr–O(7) 2.60 2.72 2.56 2.5
Ca/Sr–O(8) 2.53 2.70 2.42 2.5
Mn–Oc 1.89 1.88 1.89 1.8

a Basis sets: LACVP for manganese and Ca, 6-31G(2df) for O(5), O(6),
O(7), and O(8), 6-31G(d) for Cl, and 3-21G for oxygen and hydrogen
atoms of water and hydroxide moieties.

b The crystallographic Mn–O and Mn–Mn distances are broadly con-
sistent with EXAFS measurements of the OEC. These indicate a first
coordination Mn shell (presumably Mn–O) at 1.8–2.0 Å, as well as three
Mn–Mn 2.7 Å distances and one or two Mn–Mn distances around 3.3 Å
[128]. The Ca–O distances in the table are derived entirely from the
crystallographic model.

c Mean value.
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cluster is stabilized by inter-ligand interactions in addition
to the stabilization due to the coordination of specific
ligands. Considering the structural similarity between the
OEC of PSII and the hydrated Mn3CaO4Mn cluster, even
in the absence of proteinaceous ligands, it is natural to
expect that a wide range of synthetic oxomanganese com-
plexes, based on the cuboidal ‘3+1 Mn-tetramer’ but with
different types of ligands [89,108,109], should be feasible.
Even analogous complexes, where Ca2+ and Cl� are substi-
tuted by other ionic cofactors (e.g., Sr2+ and CH3CO�2 ) are
expected to exhibit only small structural differences, as
implied by the third column of Table 14, which presents
data obtained from a structural model in which Ca2+ has
been substituted by Sr2+. These results are consistent with
X-ray absorption spectroscopy (XAS) data of Sr2+-recon-
stituted PSII samples showing rather small changes
(0.014 Å) in the Mn–Mn distances [118–121]. In agreement
with XAS studies, Table 14 (third column) shows that sim-
ilarly small structural changes are observed in the hydrated
model when Ca2+ is replaced by Sr2+: the Mn(2)–Mn(3)
and Mn(3)–Mn(4) distances decrease by only 0.01 Å. It
is, however, noteworthy that the Sr2+–oxygen distance is
markedly greater than the Ca2+–oxygen distance due to
the larger ionic radius of Sr2+.

The oxomanganese model complex shown in Fig. 7(b)
was analyzed at the DFT/B3LYP level of theory, in order
to investigate the effect of coordination of specific protein-
aceous ligands to the Mn3CaO4Mn cluster. Inclusion of the
explicit perturbational influence of the biomolecular envi-
ronment, which surrounds the Mn3CaO4Mn cluster,
requires the implementation of quantum-mechanics/molec-
ular-mechanics hybrid methods, and will be presented else-
where [107].

Table 14 (fourth column) shows that the resulting struc-
ture of the hydrated Mn3CaO4Mn cluster in the high-
valent configuration Mn4(IV,IV,III,III), completely ligated
with imidazole, carboxylate, chloride, water and hydroxide
ions, is very similar to the model of OEC of PSII proposed
by the 1S5L X-ray diffraction structure [27], consistent with
XAS data [6,87,88,122–125]. In fact, considering that the
nuclear geometry of the oxomanganese complex itself
remains invisible at the 3.5 Å resolution of the 1S5L struc-
ture, it is difficult to judge whether the QM model and the
OEC structures are truly identical or whether there are any
significant differences. In addition to the moderate resolu-
tion, rigorous comparisons to the OEC structure must con-
sider the possible effect of photo-reduction during the
process of X-ray data acquisition [87,126].

4. Conclusions

In this paper, we have explored the capabilities and lim-
itations of the DFT/B3LYP methodology as applied to cal-
culations of equilibrium distances, exchange coupling
constants and the energetics of low-lying spin-states of
mixed-valent multinuclear oxomanganese complexes. We
have shown that the hybrid B3LYP functional predicts
equilibrium distances and exchange coupling constants of
pre-selected spin-electronic states in excellent agreement
with X-ray and magnetic data, so long as the l-oxo bridges
are modeled by sufficiently flexible basis sets. It is, there-
fore, concluded that typical overestimations of Mn–Mn
distances by as much as 0.10–0.15 Å, and of Mn–ligand
distances along the Jahn–Teller axis of Mn3+ ions by as
much as 0.23 Å, can be significantly corrected simply by
sufficiently expanding the basis set of the ligands coordi-
nated to the Mn ions with polarization functions.

We have shown that the hybrid B3LYP functional erro-
neously predicts the relative stability of states of different
spin multiplicity in the Mn trimer [Mn3O4(bpy)4(OH2)2]4+.
This failure is probably due to the imbalance of exchange
and correlation contributions, as found in other transition
metal compounds [31,35,39,86]. The re-parameterization of
the B3LYP functional to balance such contributions,
implemented for other transition metal compounds [31],
is found to be insufficient to correct the energetics of low-
lying spin states.

Finally, we have shown that the DFT/B3LYP analysis
of the hydrated Mn3O4CaMn cluster, completely ligated
by water, OH�,Cl�, carboxylate and imidazole ligands,
indicates that the cuboidal model of the inorganic core of
the OEC of PSII, proposed by X-ray studies [27], and con-
sistent with XAS [6,87,88,122–125] and EPR [127], is a sta-
ble structure even in the absence of ligating amino-acid
residues. In addition, its structural and electronic proper-
ties are found to be in very good agreement with X-ray
data of PSII. These findings suggest that the biomolecular
environment surrounding the Mn3CaO4Mn cluster of PSII
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must conform to the intrinsic structural properties of the
inorganic oxomanganese complex in order to position suit-
able sources and sinks of electrons and protons.
5. Abbreviations

PSII photosystem II

O
br
hi
el
de
2,
1,
2,
P
B
C
el
el
OEC
 2-evolving complex

BS
 oken symmetry

HS
 gh spin

EPR
 ectron paramagnetic resonance

DFT
 nsity functional theory

terpy
 2 0:6,200-terpyridine

phen
 10-phenanthroline

bpy
 2 0-bipyridine

L
 h2PO�2

B3LYP
 ecke-3–Lee–Yang–Parr

CCDC
 ambridge Crystallographic Data Center

ECPs
 ectron core potentials

ESP
 ectrostatic potential
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