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ABSTRACT: One of the fundamental biological reactions, the
catalytically activated water-splitting, takes place at an inorganic
tetra-manganese monocalcium penta-oxygen (Mn4CaO5) cluster
which together with its protein ligands forms the oxygen
evolution complex (OEC) of the membrane-bound pigment−
protein photosystem II (PSII) of plants, algae, and cyanobacteria.
In the first step of a new hierarchical approach to probe
fundamental concepts of the water-splitting reactions, we present
the gas-phase preparation of an isolated tetra-manganese oxide
cluster ion, Mn4O4

+, as a simplified model of the OEC. Reactivity
studies with D2

16O and H2
18O in a gas-phase ion trap experiment

reveal the exchange of the oxygen atoms of the cluster with water oxygen atoms. This provides direct experimental evidence for
the ability of Mn4O4

+ to dissociate water via hydroxylation of the oxo-bridges. The rate of oxygen exchange in the free cluster
agrees well with the conversion rate of substrate water to O2 in photosystem II, thus supporting the involvement of bridging
oxygen atoms in this process. First-principles spin density functional theory calculations reveal the molecular mechanism of the
water deprotonation and oxo-bridge exchange.

I. INTRODUCTION

The activation of water and the subsequent evolution of
molecular oxygen represent one of the fundamental processes
in nature. It is catalyzed by an inorganic core, the tetra-
manganese monocalcium penta-oxygen (Mn4CaO5) cluster,
which together with its protein ligands forms the oxygen
evolution complex (OEC) of the membrane-bound pigment−
protein photosystem II (PSII) of plants, algae, and cyanobac-
teria.1 Intensive research efforts in past decades resulted in
increasingly precise characterization of the composition and
structure of photosystem II. Only recently, high-level X-ray
diffraction experiments at 1.9 Å resolution revealed that the
OEC consists of a near cubic Mn3CaO4 unit coordinated to a
fourth manganese atom via one of the corner oxygen atoms and
an additional fifth oxygen atom by a di-μ-oxo-bridge.2

The mechanistic details of water activation and O−O bond
formation at the OEC are central to understanding the complex
processes in photosystem II, and although significant progress
has been made in this direction, complete disentanglement of
this problem has not yet been achieved.3−5 Various
mechanisms involving oxygen moieties that are terminally
coordinated to, or bridging between, the metal centers of the
OEC have been proposed.5 The most refined recent structural
data show, however, that the OEC contains highly stabilized
oxo-bridges between three (μ3) or even four (μ4) metal atoms,
which appears to disfavor O−O bond formation between
bridging oxygens.2,5 Nevertheless, at present, the most
elaborate theoretical mechanistic model for water activation

and oxidation at the OEC does involve O−O bond formation
between bridging oxygens.5−7

Through the use of time-resolved membrane inlet mass
spectrometry, it has been possible to distinguish between the
two water molecules required for the formation of molecular
oxygen at the OEC by measurement of their 18O-exchange
rates.8−11 On the basis of these data in conjunction with Ca/Sr
substitution12 and NMR13 experiments, a consistent mecha-
nistic model for the water activation and O2 formation emerges
in which a fast exchanging water molecule is incorporated at a
terminal position bound to a Mn atom in the OEC, whereas a
second water replaces a μ3-oxo-bridge between three metal
centers, after dioxygen formation, with an at least 1 order of
magnitude slower exchange rate.11

The assignment of the slowly exchanging substrate water to a
μ-oxo-bridge in the OEC has, however, been challenged by
kinetic studies with ligated di-, tri-, and tetra-manganese oxide
as well as calcium−manganese oxide complexes.3,14−18 All of
these model-type systems contain exclusively μ-oxo-bridges that
exhibit exchange rates which are several orders of magnitude
slower than those measured for the OEC.11
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Thus, it appears mandatory to develop new models, which
on one hand are closely related to the biological OEC and on
the other hand are simple enough to provide molecular level
insight into the mechanistic and energetic details of the catalytic
water-splitting process. The question whether this process
involves the oxidative incorporation of water as μ-bridging
oxide ligands into manganese oxide cluster structures holds the
key to a more comprehensive understanding of the operative
mechanism of the OEC.18

Toward this goal, an approach is pursued here in which we
attempt to hierarchically formulate basic concepts for the
construction of the water-splitting system. As a first step in this
hierarchical approach we have recently employed nonligated
gas-phase manganese oxide clusters as simplified models for
gaining molecular level insight into the structure and size-
dependent water activation mechanism.19 For the Mn4O4

+

cluster, ion trap mass spectrometry experiments revealed the
formation of Mn4O4(H2O)4−6

+ complexes after the reaction
with water. Concurrent first-principles spin density functional
theory (SDFT) calculations found that the bare Mn4O4

+ cluster
has a two-dimensional ground-state structure. However, after
adsorption of water, e.g., Mn4O4(H2O)4

+, the cluster has been
found to transform to a three-dimensional cuboid with μ3-
bridging oxygen atoms, in close similarity to the structure of the
inorganic core of the OEC.19 Furthermore, the calculations
predicted this tetra-nuclear manganese oxide cluster to
deprotonate adsorbed water molecules via the hydroxylation
of the μ-oxo-bridges.19

We present the first direct evidence for the dissociation of
water molecules via hydroxylation of the oxo-bridges of
Mn4O4

+ through oxygen isotope exchange experiments with
D2

16O and H2
18O. It has to be noted that the Mn atom formal

oxidation state in the resulting Mn4(OH)8
+ complex ranges

between II and III and is thus lower than that for the Mn atoms
of the OEC.11 Nevertheless, the 18O-exchange rate in the model
Mn4O4

+ cluster is in a range similar to those determined for the
OEC in photosystem II in the different oxidation states of the
Kok-cycle. In particular, water exchange in PSII is actually
slower in S1 with two Mn(III) than in S2 with only one
Mn(III);11,20 hence, it is orders of magnitude faster than in
condensed phase ligated model complex systems. First-
principles SDFT simulations reveal the detailed mechanism
and energetics of the water deprotonation via μ-oxo-bridge-
hydroxylation and the 18O-exchange reaction.

II. METHODS
A. Experimental Methods. The experimental setup

consists of a variable temperature radio frequency octopole
ion trap inserted into a low-energy ion beam assembly of two
quadrupole mass spectrometers and two ion guides. The
general experimental layout is described in detail elsewhere and
will be outlined only briefly here.21

Ligand-free gas-phase manganese oxide clusters are prepared
by sputtering of preoxidized Mn metal targets with high-energy
Xe ion beams. This approach allows for the controlled
preparation of stoichiometric (MnO)n

+. The cluster ion beam
is steered into a helium-filled quadrupole ion guide to collimate
and thermalize the hot cluster ions before the tetra-manganese
oxide cluster is mass-selected from the beam in an adjacent first
quadrupole mass filter. The Mn4O4

+ ion beam is then
transferred via a second quadrupole ion guide into the home-
built octopole ion trap, which is prefilled with about 1 Pa of
helium and small partial pressures of D2O or H2

18O. The

absolute pressure inside the ion trap is measured by a Baratron
gauge (MKS, Typ 627B) attached to the ion trap via a Teflon
tube. The amount of water is determined by the vapor pressure
of water in the reservoir recipient at room temperature and is
typically ≤0.001 Pa. All experiments are performed with the ion
trap at 300 K. Thermal equilibration of the clusters inside the
ion trap is achieved within a few milliseconds under our
experimental conditions21 while the clusters are stored in the
ion trap for a considerably longer time, typically between 0.1 s
and several seconds. Thus, full thermalization of the clusters
inside the ion trap is assured. After the chosen reaction, i.e.,
storage time, tR, all ionic reactants, intermediates, and products
are extracted from the ion trap and the ion distribution is
subsequently analyzed by a second quadrupole mass
spectrometer.

B. Theoretical Methods. The theoretical explorations of
the atomic arrangements and electronic structures of the
manganese oxide clusters and their complexes were performed
with the use of the Born−Oppenheimer spin density-functional
theory molecular dynamics (BO-SDFT-MD) method22 with
norm-conserving soft (scalar relativistic for Mn) pseudopoten-
tials23 and the generalized gradient approximation (GGA)24 for
electronic exchange and correlations. In these calculations we
have used a plane-wave basis with a kinetic energy cutoff (Ec) of
62 Ry, which yields convergence. This corresponds to a real-
space grid spacing of 0.4 a0 (Bohr radius); the real-space grid
spacing for the density (and potential) was 0.133 a0
corresponding to Ec = 555 Ry. In the construction of the Mn
pseudopotentials, the valence electrons, 3d5 and 4s2, were
characterized by core radii rc(s) = 2.35 a0 and rc(d) = 2.35 a0,
with the s orbital treated as local. For the oxygen atom
pseudopotential, the valence 2s2 and 2p4 electrons were treated
with rc(s) = rc(p) = 1.45 a0, with the p orbital treated as local.
The BO-SDFT-MD method is particularly suitable for

investigations of charged systems because it does not employ
a supercell (i.e., no periodic replication of the ionic system is
used). In all the calculations the dependence on spin
multiplicity has been checked, and the results that we report
correspond to the spin multiplicities with the lowest energies.
In particular, it is pertinent to note here that in all our
calculations the spin-degree of freedom is optimized and used
in the computation, unless a particular spin configuration (spin
multiplicity) is prescribed. At each step of the calculation the
energy levels of the SDFT up-spin and down-spin manifolds in
the vicinity of the Fermi level are examined, and the occupation
is adjusted such that the spin-Kohn−Sham level with the lower-
energy eigenvalue gets occupied. From these calculations we
determined that for the water exchange process investigated in
this work the spin multiplicity of the Mn4O4(D2O)n

+ (n = 4−6)
clusters remains unchanged with the spin-projection taking its
maximal value, Sz = 19/2 (corresponding to the 19 unpaired d-
electrons of the four Mn atoms in the cluster cation); for details
and further information about higher-energy spin isomers (e.g.,
isomers with Sz = 9/2 and 1/2) of the Mn4O4(D2O)5

+ cluster,
see Supporting Information.
The energy minimization to find the optimal cluster

geometry was done with a steepest-descent method. The
convergence criteria was that the maximum force magnitude on
any particle is less than 0.0005 hartree/Bohr and that the
average over all particles is less than 0.00025 hartree/Bohr. BO-
SDF-MD simulations of typically a few picosecond duration at
300 K (that is, canonical, constant temperature simulations
with stochastic themalization) were used to ensure that the
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resulting optimal configurations were stable; a time-step of 0.25
fs was used in these simulations. For the clusters with adsorbed
water, longer runs were used to explore configuration space and
suggest starting geometries for the minimization. In addition,
BO-SDF-MD simulations were used to explore the water-
splitting process on the Mn4O4(H2O)4

+ cluster. For complete-
ness, we remark here that although no calculations have been
performed to date for the system investigated by us in the
present paper (see, however, ref 19), a number of theoretical
treatments have been published addressing various aspects of
the metal-oxide cluster of the OEC (specifically the Mn4CaO5
cluster) with amino acid residues and water molecules linked to
the core cluster; in addition to several theoretical papers cited
already in the introductory section, we note here refs 25−27.
In the first-principles SDFT calculations of the reaction

profile shown for Mn4O4(H2O)5
+ in Figure 2, a reaction

coordinate was judiciously chosen. In this case the reaction
coordinate consists of the ratio of O−H distances, that is,
d(OW−H)/d(OC−H), where H is the transferred hydrogen
(marked yellow in Figure 2). For each value of the reaction
coordinate, the total energy of the system was optimized
through unconstrained relaxation of all of the other degrees of
freedom of the system; as mentioned previously, the relaxation
process includes optimization with respect to the spin degrees
of freedom. The reaction profile (reaction path) was obtained
via incrementing the reaction coordinate by small steps to find
the local minima and barrier configurations. These calculations
yield results that are the same as, or close to, those obtained by
other methods, e.g., the nudged elastic band and variants
thereof; see the discussion on pp 89 and 90 in ref 28.

III. RESULTS AND DISCUSSION
A. Water Complexes of Tetra-Manganese Oxide

Clusters. Figure 1a (black line) displays a mass spectrum
obtained after the reaction of the tetra-manganese oxide cluster
Mn4O4

+ with D2O for 0.1 s in the gas-filled ion trap.19 The
cluster reacts fast (faster than the time resolution of the
experiment) to form three products, which are shifted by 80,
100, and 120 amu from the position of the bare cluster signal
(284 amu). These product peaks can be assigned to the
product complexes Mn4O4(D2O)4

+, Mn4O4(D2O)5
+, and

Mn4O4(D2O)6
+, respectively, with Mn4O4(D2O)5

+ representing
the product with the highest intensity.
The mass spectrum does not change at longer reaction times;

thus, the observed reaction products can be considered to be in
equilibrium. Consequently, a straightforward reaction mecha-
nism for the sequential adsorption of the first four water
molecules can be assumed followed by an equilibrium reaction
mechanism for the adsorption of the remaining D2O molecules,
according to

+ →+ +Mn O 4D O Mn O (D O)4 4 2 4 4 2 4 (1a)

+ ⇄+ +Mn O (D O) D O Mn O (D O)4 4 2 4 2 4 4 2 5 (1b)

+ ⇄+ +Mn O (D O) D O Mn O (D O)4 4 2 5 2 4 4 2 6 (1c)

This indicates the strong nonreversible and potentially activated
adsorption of the first four water molecules and weaker
molecular binding of the fifth and sixth water molecules.
B. 18O-Exchange Reaction. To elucidate the potential

water activation and deprotonation capability of the tetra-
manganese oxide cluster, Mn4O4

+, as well as the role of the
cluster oxygen atoms in this process, the ion trap reaction

experiments have been repeated with H2
18O. In the case of

simple molecular water adsorption the product mass spectrum
should, at equal experimental conditions, be identical to the one
displayed in Figure 1a because D2O and H2

18O have the same
mass (20 amu).
A typical mass spectrum obtained after the reaction of

Mn4O4
+ with H2

18O is displayed in Figure 1b (black line). It
exhibits three peaks with an intensity distribution similar to that
obtained for the reaction with D2O in Figure 1a. However,
these peaks are shifted by 88, 108, and 128 amu from the
position of the unreacted cluster signal (gray line) in the mass
spectrum. The shift of the complete product mass spectrum by
8 amu compared to the mass spectrum obtained with D2O can
be explained only by an exchange of the four 16O atoms of
the Mn4O4

+ cluster by 18O atoms originating from H2
18O.

Thus, the observed ion signals correspond to the
complexes Mn4

18O4(H2
18O)4

+, Mn4
18O4(H2

18O)5
+, and

Mn4
18O4(H2

18O)6
+ with Mn4

18O4(H2
18O)5

+ as the most
intense signal.
Furthermore, the ion trap reactivity experiment allows for the

determination of rate constants by recording the intensity of
the bare cluster signal as well as that of the observed reaction
intermediates and final products as a function of the reaction
time, i.e., the storage time inside the ion trap. However, as
mentioned previously, in the present case the separate reactions
of D2O and H2

18O with Mn4O4
+ as well as the 16O/18O

exchange are faster than the shortest possible ion trap storage
time in the current experiment (about 0.1 s). Thus, a lower
limit for the overall reaction rate constant can be estimated: k ≥
10 s−1. This pseudo first-order rate constant includes the
reaction of Mn4O4

+ with five water molecules, the exchange of
all four oxygen atoms 16O of Mn4

16O4
+ with four water 18O

atoms, as well as the subsequent displacement of the formed
H2

16O molecules by H2
18O.

Figure 1. Mass spectra obtained before (light gray signals) and after
(black signals) the reaction of Mn4O4

+ with (a) D2O and (b) H2
18O

(reaction time tR = 0.1 s). n indicates the number of adsorbed water
molecules in Mn4O4(D2O)4,5,6

+ and Mn4O4(H2
18O)4,5,6

+, respectively.
Peaks labeled with an asterisk correspond to Mn4O4(H2

16O)+ and
originate from the reaction of Mn4O4

+ with residual trace amounts of
H2

16O.
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C. Water Deprotonation via Oxo-Bridge Hydroxyla-
tion. Recent detailed SDFT calculations by some of the present
authors revealed a two-dimensional (2D) ring structure
containing μ2-oxo-bridges between each two manganese
atoms as the lowest-energy geometry of the bare Mn4O4

+

cluster.19 However, already upon adsorption of only two water
molecules a dimensionality crossover occurs and the 2D ring
geometry of Mn4O4

+ is transformed into a three-dimensional
cubic Mn4O4

+ core with H2O bound to the Mn atom vertices
via the water oxygen atoms. The calculated structure of the
complex Mn4O4(H2O)4

+ with four adsorbed water molecules is
depicted in Figure 2 (structure A).

Furthermore, the change in dimensionality was predicted to
facilitate the activation of one O−H bond in each water
molecule in this complex leading to a subsequent hydrogen
atom migration to a μ3-oxo-bridge of the cuboidal tetra-
manganese oxide cluster via a [1,3] shift to form an octa-
hydroxy complex Mn4(OH)8

+ (cf. structure B in Figure 2).
This intramolecular dehydration reaction29 was found to be
virtually activation-barrier-free (the calculated energy barriers
are smaller than 5 kJ/mol) and exothermic by 155.3 kJ/mol
(i.e., 38.8 kJ/mol for each formed O−H bond).19 In contrast,
the alternative [1,2] shift of the hydrogen atom to the Mn atom
would be endothermic as also evidenced by thermodynamic
data for the manganese cation.30

Additional water molecules were predicted to bind
molecularly to the octa-hydroxy complex. These theoretical
findings are in excellent agreement with the experimental
observation of the nonreversible, potentially activated adsorp-
tion of the first four water molecules (reaction 1a) and the
reversible, molecular binding of the fifth and sixth water
molecules (reactions 1b and 1c, respecitvely).
The importance of the hydroxylation of an exchanging μ3-

oxo-bridge as the first reaction step in the oxygen evolution
reaction has recently also been demonstrated by SDFT
calculations on models for the S1, S2, and S3 states of the
Kok cycle in the biological photosystem II.7 Furthermore,
hydrogen migration via a [1,3] shift has been proposed by
Brudvig and co-workers31 as the initial reaction step for
16O/18O-exchange in [Mn2(μ-O)2]

3+ based on experimental
data and also by Siegbahn and co-workers32 in a theoretically
predicted exchange mechanism for [Mn2(μ-O)2]

4+. Predicated
on the absence of an H/D isotope effect, this protonation step
was experimentally found not to be rate-determining in the
condensed phase model complex system; instead, it appears to
be fast on the time scale of the exchange reaction.31 This
finding is also in full agreement with our theoretical studies
which reveal an almost activation-barrier-free hydroxylation
reaction.19

D. Mechanism of the μ3-Oxo-Bridge Exchange. To gain
molecular level insight into the experimentally observed
16O/18O exchange mechanism, first-principles SDFT calcula-
tions have been performed. Starting from the octa-hydroxy
complex Mn4(OH)8

+ (structure B in Figure 2), the first
reaction step represents the adsorption of a fifth water molecule
(adsorption energy Ea = 109.0 kJ/mol) which binds molecularly
via coordination of the oxygen atom (labeled Ow in Figure 2
and highlighted by blue coloring) to the Mn(1) atom (structure
C). The subsequent exchange of a μ3-bridge oxygen atom Oc of
the cluster complex (indicated by green coloring) by Ow
involves three steps: (1) the activation and breaking of an
Mn(1)Oc bond and thus the opening of the cuboidal
Mn4O4

+ structure (C → D → E, energy barrier ΔEb = 75.3 kJ/
mol); (2) the transfer of a hydrogen atom (indicated by yellow
coloring) from Ow to Oc in conjunction with the formation of a
new oxo-bridge Mn(1)OwMn(2) as well as the breaking of
a second oxo-bridge Mn(2)OcMn(3) to form a new
adsorbed water molecule H2Oc (E → F (dOw−H = dH−Oc

= 1.21

Å) → E′ (dOw−H = 1.61 Å; dH−Oc
= 1.02 Å); ΔEb = 28.0 kJ/

mol); and (3) the final formation of the Mn(3)Ow bond
which results in the closing of the cuboidal Mn4O4

+ structure
(E′ → D′ (dOw−H = 1.95 Å; dH−Oc = 0.99 Å) → C′ (dOw−H =

2.85 Å; dH−Oc
= 1.04 Å); ΔEb = 14.5 kJ/mol). For further

Figure 2. Calculated reaction pathway for water deprotonation via μ3-
oxo-bridge hydroxylation at Mn4O4

+ to form the octa-hydroxy
complex Mn4(OH)8

+ (A → B) as well as for the subsequent μ3-oxo-
bridge exchange (C → D → E → F → E′ → D′ → C′). Manganese,
oxygen, and hydrogen atoms are depicted as purple, red, and white
spheres, respectively. For the sake of clarity, the exchanging oxygen
atoms of the water molecule, Ow, and of the cluster complex, Oc, are
highlighted in blue and green, respectively. The hydrogen atom
transferred from H2Ow to the hydroxyl-group OcH of the complex is
colored in yellow. The Cartesian coordinates of all the atoms in
configurations A−F (with F being the configuration at the top of the
activation energy barrier) are given in the Supporting Information,
together with information about the Mn−Mn and Mn−O distances
and oxidation states of the individual Mn and O atoms throughout the
exchange reaction. The spin projection (Sz = 19/2) remains the same
throughout the entire water exchange reaction; for the properties of
some higher-energy spin isomers at different stages of the reaction
(e.g., Sz = 9/2 and 1/2), see the Supporting Information.
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details about the geometrical characterization of the atomic
configurations involved in the exchange reaction, as well as
information about the atomic oxidation states and higher-
energy spin state isomers, see the Supporting Information.
The final release of the thus formed H2Oc molecule (with the

Oc oxygen atom colored green in structure C′) entails an
energy barrier of 109.0 kJ/mol, which is, of course, equivalent
to the initial adsorption energy of H2Ow. In the experiment, an
equilibrium reaction mechanism has been observed for the
adsorption of the fifth water molecule (reaction 1b), and the
mass spectrum in Figure 1b does exhibit only 18O-exchanged
product complexes (Mn4

18O4(H2
18O)4

+, Mn4
18O4(H2

18O)5
+,

and Mn4
18O4(H2

18O)6
+), thus confirming the facile release and

displacement of the exchanged water molecule under the
experimental conditions.
Calculations were also performed for the neutral Mn4(OH)8

complex and yielded the identical mechanism with similar
energy barriers, thus demonstrating that the positive charge of
the gas-phase cluster has no crucial influence on the
mechanistic and energetic details.
E. Rate Constants of the 18O-Exchange and Implica-

tions for the O2 Evolution Mechanism in Photosystem II.
In the natural photosystem II the 18O-exchange rate constants
of the two substrate water molecules that are required for the
formation of molecular oxygen at the OEC differ quite
significantly, as evidenced by time-resolved membrane inlet
mass spectrometry.8−11 The rate constant of the faster oxygen
exchange ranges between 40 s−1 and more than 120 s−1 (this
oxygen atom is assigned to a terminal oxygen atom in the
OEC11), whereas the rate constant of the more slowly
exchanging oxygen amounts to 0.02−10 s−1 depending on
the oxidation state of the Mn atoms in the different Sn states.
Most interestingly, on the basis of the most recent crystal

structure of the OEC,2 Sn state-dependent 18O-exchange
experiments,10 Ca/Sr substitution,12 as well as NMR
spectroscopic data,13 the slowly exchanging substrate water
has been assigned to provide the oxygen that replaces a μ3-oxo-
bridge located at one corner of the Mn3CaO4 cube of the OEC
and that additionally bridges the dangling fourth Mn atom.11

This assignment is, however, in contradiction to 18O-
exchange reaction rates obtained for oxo-bridges in solvated
ligand-stabilized manganese oxide model complexes. The rate
constants for the exchange of doubly coordinated oxygen in
bimanganese oxo-complexes [Mn2(μ-O)2]

2+, [Mn2(μ-O)2]
3+,

and [Mn2(μ-O)2]
4+ are orders of magnitude below the slow

18O-exchange rate constants in the OEC and range between
10−3 and 10−5 s−1 depending on the experimental con-
ditions,33,34 whereas the rate constants for the 3-fold
coordinated oxygen in tetra-manganese oxo-complexes are
even smaller. Ohlin et al. experimentally determined rate
constants of 10−5−10−6 s−1 for the exchange of 3-fold
coordinated μ3-oxygen atoms in [Mn4O4]

6+.35 Even more
remarkably, Tagore et al.33 and Kanady et al.18 have not
observed any exchange reaction for [Mn4O4]

6+, [Mn4O5]
6+, and

[Mn4O6]
4+.

In marked contrast, the present data, obtained through the
use of gas-phase isolated Mn4O4(H2O)n

+ clusters, provide for
the first time experimental evidence for oxygen exchange rates
in manganese-oxide model complexes that are well in
agreement with those obtained for the slower exchanging
water in the OEC of photosystem II. In the following we
compare our results to the OEC exchange reaction in more

detail and discuss the discrepancies in relation to the exchange
rates obtained with ligated manganese oxide complexes.
The rate constant of ≥10 s−1 determined in our gas-phase

study includes several reaction steps such as the adsorption of
five water molecules, the exchange of all four μ3-oxo-bridges,
and the desorption or replacement of the final exchanged water
molecules. The molecular details of these reactions have been
revealed through our SDFT calculations, as shown in Figure 2.
The calculated structures demonstrate the cuboidal geometry of
the cluster complexes Mn4O4(H2O)4

+ and Mn4O4(H2O)5
+.

Thus, the oxygen exchange in these clusters indeed involves
oxygen atoms bound to three metal centers (Mn(1), Mn(2),
and Mn(3) in Figure 2), very similar to the proposed process in
the OEC.11

Furthermore, the estimated activation barrier for oxo-bridge
exchange in the free Mn4O4

+ amounts to 88.4 kJ/mol (energy
difference between structure C and the activation barrier
configuration F in Figure 2). This is in most favorable
agreement with experimentally determined activation energies
for the substrate water exchange in the S1 (83 ± 4 kJ mol−1), S2
(71 ± 9 kJ mol−1), and S3 states (78 ± 9 kJ mol−1)11 as well as
with theoretically predicted activation barriers in the S1 (91 kJ
mol−1) and S2 state (74 kJ mol

−1) of the OEC in the biological
photosystem II.7

The calculated activation energy (88.4 kJ/mol) for the oxo-
bridge exchange in Mn4O4

+ can now be used to determine the
rate constant for this reaction. For this purpose statistical rate
theory on the basis of the Rice, Ramsperger, Kassel, and Marcus
(RRKM) formalism36−38 has been employed. This results in a
rate constant of about 6 s−1 for the μ3-oxo-bridge exchange in
Mn4(OH)8(H2O)

+, which is in excellent accord with the
experimentally determined lower limit of the rate constant of
10 s−1 and also with the 18O-exchange rate constants measured
for the OEC in the states S0 (10 s−1), S2 (2.0 s−1), and S3 (2.0
s−1);11 the rate constant measured for the OEC in state S1 is
found to be smaller (0.02 s−1).11

Nevertheless, all of these rate constants for μ-oxo-bridge
exchange reactions are orders of magnitude larger than those
determined for the solvated di- and tetra-manganese model
complexes, as mentioned above.18,33−35 While the reason for
this discrepancy remains largely elusive, it is pertinent to
consider in this context two additional observations.
First, investigations with terminal and bridging water

exchange in inorganic manganese oxide model complexes
showed that the exchange rate constants increase as the
oxidation state of the Mn atoms decreases;33,34,39 for the
calculated oxidation states of the individual Mn atoms in the
Mn4O4(H2O)5

+ cluster throughout the process leading to the
top of the activation energy barrier of the water exchange
reaction, see the Supporting Information. This observation
might hint toward an explanation why the exchange rate
constants measured here for the free cluster complexes (lower
limit of 10 s−1) might even be larger than those in the biological
OEC. The Mn atom formal oxidation state in the free
Mn4(OH)8

+ cluster ranges between II and III and is thus lower
than that for the Mn atoms of the OEC, which typically exhibits
Mn atom oxidation states between III and IV depending on the
Sn state.

11

Second, it has been noted that water exchange rates in metal
ion aqua-complexes increase as the hydration level is
increased.39 Thus, the additional water observed here in the
detected complexes Mn4O4(H2O)5

+ and Mn4O4(H2O)6
+ might

support the facile oxygen exchange. Similar effects have been
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reported for dimanganese oxo-complexes, in which the oxo-
exchange rates are enhanced if terminal water molecules are
bound to the Mn ion.33

IV. CONCLUSION

The reported findings suggest that with obvious relative
simplification, the free Mn4O4

+−water complexes synthesized
in an ion trap gas-phase experiment bring forth suitable model
systems for the OEC of the biological photosystem II. As
mentioned previously, the first-principles SDFT calculations
reveal that the detected cluster complexes Mn4O4(H2O)n

+ (n =
4−6) exhibit a cuboidal structure which is very similar to the
OEC inorganic core geometry. Furthermore, nearly barrier-free
μ-oxo-bridge hydroxylation via [1,3] hydrogen shift has been
predicted theoretically. The subsequent μ3-oxo-bridge exchange
by additional water has been evidenced experimentally by
18O/16O-exchange studies. The estimated rate constant for the
oxo-bridge exchange in the tetra-manganese oxide complexes
agrees well with 18O-exchange rate constants determined for
the OEC of photosystem II in the different oxidation states of
the Kok cycle. Finally, the experimentally found lower oxo-
bridge exchange rate constant limit of 10 s−1 is in most
satisfactory agreement with the rate constant derived from the
theoretically estimated activation barriers of the detailed
molecular oxygen exchange mechanism as obtained by our
SDFT study.
The present contribution successfully demonstrates a new

hierarchical approach employing the synthesis and investigation
of simplified but nevertheless meaningful model systems for the
biological OEC of photosystem II, which are able to provide
molecular level insight into the details of water activation and
oxygen evolution mechanism. We remark here that preliminary
theoretical explorations in our laboratories indicate the
possibility of O−O bond formation upon the interaction of
water molecules with gas-phase Mn3CaO4

+, resulting in ejection
of H2O2, that is 2H2O(a) → H2O2(g) + 2H(a) where (a) and
(g) denote adsorbed and gaseous species, respectively; notably,
this reaction does not occur on the tetra-manganese oxide
cluster. Concurrent experimental work on the interaction of
water with a calcium manganese oxide cluster is currently in
progress.40 Future efforts in our laboratories pertaining to the
first step of this hierarchical approach will be directed toward
the improvement of the time resolution of the ion trap
experiments and spectroscopic characterization (including
vibrational spectroscopy) of the gas-phase cluster complexes.19

Further hierarchical steps will focus on distinct tailoring of the
oxidation states of the manganese centers through the addition
of appropriate ligands to the gas-phase cluster complexes.
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