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Abstract: As the biological activation and oxidation of water
takes place at an inorganic cluster of the stoichiometry
CaMn,Os, manganese oxide is one of the materials of choice
in the quest for versatile, earth-abundant water splitting
catalysts. To probe basic concepts and aid the design of
artificial water-splitting molecular catalysts, a hierarchical
modeling strategy was employed that explores clusters of
increasing complexity, starting from the tetramanganese oxide
cluster Mn,0," as a molecular model system for catalyzed
water activation. First-principles calculations in conjunction
with IR spectroscopy provide fundamental insight into the
interaction of water with Mn,0,", one water molecule at a time.
All of the investigated complexes Mn,0,H,0)," (n=1-7)
contain deprotonated water with a maximum of four dissocia-
tively bound water molecules, and they exhibit structural
fluxionality upon water adsorption, inducing dimensional and
structural transformations of the cluster core.

The endeavor to develop earth-abundant materials for
efficient catalytic water splitting is an outstanding challenge
in current catalysis research. In nature, the dissociation and
oxidation of water is catalyzed by an inorganic CaMn,Os
cluster, which together with its protein ligands forms the
oxygen evolving complex (OEC) of photosystem II. This
biological catalyst has inspired the preparation of functional
synthetic analogues of the OEC containing bi- and tetranu-
clear manganese oxide complexes.!! Furthermore, solid
manganese oxide and calcium-manganese oxide materials
have been used as biomimetic water splitting catalysts.l'*%
To aid the design of artificial water splitting catalysts, we
have embarked on a research program where deconvolution
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of the mechanisms and functionalities of the OEC is
approached through hierarchical modeling, starting from
Mn,O," and increasing the complexity of the model system
in a staged controlled manner. Studies of the reaction of
Mn,O," with D,"®O and H,"™O in a gas-phase ion trap
apparatus revealed, along with the fast adsorption of multiple
water molecules, facile exchange of the oxygen atoms of the
cluster with water oxygen atoms.®! This provided direct
experimental evidence for the ability of Mn,O," to deprot-
onate water by hydroxylation of the oxo bridges of the cluster.

Concurrent first-principles calculations offered new fun-
damental views on the mechanism of water binding and
dissociation on the tetramanganese oxide cluster ion.’! In
particular, a two-dimensional (2D) ring-like ground state
structure was found for the bare Mn,O," cluster while
a cuboidal isomer was found to be 24 kImol™' higher in
energy (see Figure 1, structures A and B; further higher
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Figure 1. Calculated binding energies of n water molecules to Mn,O,*
for different isomeric structures (denoted as energy difference AE with
respect to the bare Mn,O," cluster in the geometry A). For energies
represented by bold lines, the geometric structures are shown:
complexes containing only molecularly bound water (C—F) and the
global minimum energy structures identified in the theoretical simu-
lations (1-a to 7-a). Mn purple, O red, H white.

energy isomeric structures are given in the Supporting
Information, Figure S1). However, molecular adsorption of
at least two water molecules has been predicted to induce
a dimensionality change of the Mn,O," cluster core (Figure 1,
structures C-F).’* The resulting three-dimensional (3D)
cuboid comprises p;-bridging oxygen atoms similar to the
structure of the inorganic core of the OECH with the H,O
molecules bound to the Mn atom vertices via the oxygen
atom. Furthermore, using the example of Mn,O,(H,0)," it
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has been demonstrated that this dimensionality crossover
significantly facilitates the subsequent water deprotonation
reaction, manifested in: 1) lower barriers for activation of the
water O—H bonds, and 2) a considerably more exothermic
hydrogen migration to the p-oxo bridges for the 3D cuboid
compared to the 2D ring-like isomer.

Here we have engaged in a systematic investigation of
a series of Mn,O,(H,0)," (n =1-7) complexes, with the use of
first-principles calculations (see the Supporting Information)
in conjunction with infrared multiple-photon dissociation
(IR-MPD) spectroscopy, to uncover changes in the cluster
structure with each adsorbed water molecule. The structures
of water clusters and the reactions of water with transition-
metal and metal oxide clusters were studied previously,
whereas this is the first study of the interaction of water
with metal oxide clusters using vibrational spectroscopy.

Figure 1 shows spin density functional theory (SDFT)-
calculated™ binding energies, and the geometric structures of
the lowest energy isomers of Mn,O,(H,0), ;" (labeled 1-a to
7-a, with further isomeric structures given in Figure 3 and the
Supporting Information, Figures S2-S8). Most interestingly,
each minimum energy structure contains deprotonated water;
that is, the dissociation of water is exothermic for all Mn,O, ™~
water complexes. The dissociation of water occurs by
hydroxylation of the cluster p-oxo-bridges, which conse-
quently limits the number of dissociated water molecules to
a maximum of four. Thus, the predicted minimum energy
structures of Mn,O,(H,0),* (n=>5-7) contain four dissocia-
tively and (n—4) molecularly adsorbed H,O molecules. These
intact water molecules each bind to a Mn atom by the oxygen
atom as well as to a neighboring OH group via a hydrogen
bond to form an H,0, group.

Furthermore, the dissociative adsorption of a progres-
sively larger number of water molecules entails a structural
change of the Mn,O," cluster core. Dissociative adsorption of
merely one H,O molecule already induces a structural
transition from the ring-like geometry of the bare cluster
(structure A) to a ladder-like structure (1-a). Dissociative
adsorption of a third water molecule results in a three-
dimensional cluster core comprising an open cube Mn;0O, unit
(with one vertex missing) and the fourth Mn atom coordi-
nated to the open cube via one of the corner oxygen atoms
and an additional oxygen atom (structure 3-a). This structural
motif is retained for the adsorption of a total of five water
molecules. Upon adsorption of a sixth H,O a final structural
change to a cuboidal geometry (structure 6-a) is observed
which represents the minimum energy geometry for all larger
water complexes.

In complementary IR-MPD spectroscopic experiments,
we have further explored the deprotonation of the sequen-
tially adsorbed water molecules and the structural trans-
formations of the Mn,O,"core. Figure 2 displays the dissoci-
ation spectra recorded on mass signals corresponding to the
different water complexes Mn,O,(H,0),* (n=1-7), that is,
the change of the mass peak intensity ratio I/, upon laser
irradiation as a function of the spectral wavenumber, where /
and I, represent the intensities with and without laser light,
respectively. If the light is not resonant with a vibrational
transition of the respective cluster, no fragmentation ensues
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Figure 2. Experimental IR-MPD spectra of the hydrated clusters
Mn,O,(H,0),", showing the mass signal intensity ratio with and
without laser light I/l, as a function of the laser wavenumber 7.

and the ratio is 1. Resonant absorption of IR photons leads to
fragmentation of the complex which results in I/[;<1 and
a “depletion” in the IR-MPD spectrum. Conversely, /1,
values larger than 1 (“gain”) indicate that the current mass
represents a fragmentation product of larger Mn,O,(H,0),,*
(m > norx,y >4) clusters which are present in the experiment
at the same time.

The most characteristic vibration in the studied spectral
region is the HOH bending mode of molecularly bound water
at 1550-1700 cm™' (depending on the exact adsorption
geometry). For the three smallest water complexes Mn,O,-
(H,0),5" no depletion (I/I,< 1) signals are detected in the
HOH bending mode region. This demonstrates that the first
three water molecules are deprotonated, that is, they adsorb
dissociatively on the cluster, which is in full agreement with
the predicted minimum energy structures of these complexes.

In marked contrast, all larger water complexes Mn,O,4-
(H,0),," (n=4-7) exhibit activity in the spectral region
characteristic for the HOH bending vibration, indicating that
intact water molecules are bound to these clusters. In the case
of Mn,O,(H,0),*, a double peak structure is detected at
1590-1680 cm™'. This structure is caused by a broad gain (that
is, buildup of the tetra-water Mn,O,* mass signal in the above
spectral range) owing to the fragmentation of Mn,O4(H,0)s*
by loss of H,O, overlapping with a depletion signal, man-
ifested as a notch (dip) in the gain signal owing to resonant
fragmentation of the Mn,O,(H,0)," complex at a center
wavenumber of 1624 cm™'. This depletion of Mn,0,(H,0),"
by loss of H,O at 1624 cm™" is mirrored by the observed gain
signal for Mn,O,(H,0),;". Underlying the aforementioned
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depletion is the bending mode of the intact water
molecule in the first structural isomer (marked
—590 kJmol ' in the Supporting Information, Fig-
ure S5) of the tetra-hydrated Mn,O," cluster,
which lies 30 kJmol™ higher in energy with
reference to the fully-deprotonated ground state
structure of Mn,O,(H,0)," (see 4-a in Figure 1);
the accurate ordering of the structural isomers of
the tetraoxide manganese clusters has been
checked with the inclusion of van der Waals
interactions in the DFT calculations (see the
Supporting Information).

For all larger clusters Mn,O,(H,0O)s;" the
observed spectral depletion features at 1619-
1625 cm™" are consistent with the theoretically
predicted minimum energy structures containing
at least one molecularly adsorbed H,O. The band
center of the HOH bending mode shifts from
1619 cm™" for Mn,0,(H,0)s" and Mn,O,(H,0),"
to 1625 cm™ for Mn,O,(H,0)," while the signal
width broadens from a full width at half maximum
(FWHM) of 24 cm™" for Mn,0,(H,0)s" to 58 cm™!
for Mn,O,(H,0O),*. This signal broadening could
be caused by subtle differences in the binding of
the H,0O molecules and/or the presence of differ-
ent isomers.

At wavenumbers below 1500 cm™' the spectra
of the complexes Mn,O,(H,0); ;" exhibit clear
features as well. In particular, we observe a broad
depletion band below 600 cm ™' and several more
discrete bands above 600 cm™'. These bands
broaden with increasing number of water mole-
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Figure 3. IR-MPD spectra (top) and calculated vibrational spectra of different
isomeric structures of Mn,O,(H,0)," (left column) and Mn,O,(H,0)s" (right
column). The calculated spectra (sticks) are convoluted with a Gaussian line shape
function with a FWHM of 20 cm™". Also shown are the projected vibrational density
of states (pvDOS, per cm™) for isomers 4-b, 6-a, and 6-c. The red curves represent
the total vDOS while the green and blue curves represent the projections on O/OH
and Mn, respectively (see Theoretical Methods section in the Supporting Informa-
tion). In the structural models: Mn purple, O red, H white.

cules in the cluster complex, which might again
indicate the presence of several isomeric struc-
tures that contribute to the observed signals.

For a more detailed discussion of this range of the IR-
MPD spectra, we will focus in the following on two selected
examples, Mn,O,(H,0),* and Mn,O,(H,0)*. The left
column of Figure 3 shows the experimental IR-MPD spec-
trum of Mn,O,(H,0),* (top) together with the calculated
vibrational spectra of different isomers. The theoretically
predicted minimum energy structure (4-a) is similar to
structure 3-a in Figure 1 with an additional hydroxyl group
resulting from the dissociation of the fourth water molecule.
The first two isomers are 30 kJmol™' (4-b) and 37 kI mol ™" (4-
¢) higher in energy. Both isomers show a similar structural
motif of the cluster core as 4-a; however, they contain one and
two intact water molecules, respectively. Isomeric structures
comprising a distinct cuboidal Mn,O, cluster core are even
higher in energy (65 kJmol ™' for 4-d and 91 kJ mol ' for 4-¢).
Common to all the structures with molecularly adsorbed H,O
is that the intact water molecules bind by coordination of the
O atom to a Mn atom and an H-bond to a neighboring OH
group to form an H;O, subunit.

To explore whether the observed spectra can be assigned
to specific calculated structures, we make the following
observations. The calculated vibrational spectrum for each
isomer shows a number of features below 600cm™ in
agreement with the broad band observed experimentally
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(labeled I in Figure 3, left column). The broad unstructured
nature of this band makes it difficult to draw any firm
conclusions. The bands labeled II and III between 650 cm™!
and 900 cm™' are more diagnostic. The absence of any
predicted band in this region appears to rule out isomer 4-e.
Among the other isomers, the calculated spectral features of
isomer 4-b are in most favorable agreement with bands II and
III of the experimental spectrum.

The water bending mode spectral region (band IV) is
a second diagnostic. The minimum energy isomer (4-a)
contains only dissociated water and thus does not exhibit
a mode in this region. In contrast, all other predicted isomers
bind at least one intact H,O molecule which is reflected by the
appearance of an HOH bending mode. Experimentally, the
mode is observed at 1624 cm ', in perfect agreement with the
predicted mode for isomer 4-b at 1621 cm™'. Interestingly
isomer 4-b can be obtained by the removal of an intact H,O
molecule from the Mn,O,(H,0);" isomer with —663 kJ mol
(Supporting Information, Figure S6); this process is portrayed
in Figure 2 by the correlated depletion at 1621 cm™' for n=>5
with the enhancement in n=4. Isomer 4-c, with two intact
water molecules, has two predicted water bending modes in
this region, but the experiment shows no sign of a doublet
depletion structure (since the loss of one water molecule
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represents the only fragmentation channel observed after
absorption of light in the HOH bending mode region, this
would also be readily visible in the gain in Mn,O4(H,0);"
shown in Figure 2). Less intense predicted features in the
calculated spectra of isomers containing intact water, between
1050 cm ™" and 1300 cm ™, are not visible in the experiment; if
present, these are obscured by a gain (I/I,> 1) since Mn,O,-
(H,0)," appears to be a fragmentation product of a larger
cluster complex in this frequency range.

Thus, among the first five lowest energy structures of
Mn,0,(H,0),", the calculated vibrational spectrum of isomer
4-b with an open cuboidal structure exhibits the most
favorable agreement with the experimental IR-MPD spec-
trum. We cannot rule out explicitly the presence of the
minimum energy isomer 4-a, which exhibits a similar struc-
tural motif, as it does not possess any diagnostic band that sets
it off from other isomers. On the same grounds, we cannot
rule out the presence of isomer 4-d with two activated water
molecules either; the contribution from this isomer could be
responsible for the observed (small) depletion centered
around 1450 cm ™. The coexistence of several isomers is not
unlikely in the present experimental approach, in which the
Mn,O4(H,0)," complexes are formed under high-pressure
conditions and quenched in the subsequent supersonic
expansion. Thus, the stabilization of a higher energy isomer
is possible as has been demonstrated previously for other
systems.®!

At the bottom of the left column in Figure 3, we show the
calculated total vibrational density of states (vDOS) for
isomer 4-b (red curve) as well as the projected vibrational
density of states (pvDOS; green and blue curves). The
difference between the red and green curve represents the
contributions of H,O and H;0, units to the vibrational
density of states, the difference between the green and blue
curve represents the contributions of O atoms and OH
groups, and the blue curve corresponds to the contributions of
the Mn atoms. The pvDOS analysis (see the Supporting
Information) allows for the assignment of three distinct
regions: 1) vibrations at wavenumbers smaller than 600 cm ™
correspond to Mn-O-Mn motions of the cluster core;
2) vibrations in the region 600-1000 cm™' can be assigned
mainly to modes associated with vibrational displacements of
OH subunits such as librations/rotations of the OH groups
and Mn-OH stretch vibrations; librations of intact water
molecules may also contribute in this region; 3) vibrations at
wavenumbers larger than 1000 cm™' typically arise from
vibrational displacements of H,O and H;0, groups including
the HOH bending motions in the proximity of 1600 cm™.

Mn,O,(H,0)," is the smallest complex for which a com-
plete cuboidal minimum energy structure has been predicted
(6-a in Figure 1). The right column of Figure 3 shows the
experimental IR-MPD spectrum (top panel) together with
the calculated vibrational spectra of the minimum energy
structure (6-a) and the first three higher-energy isomers (6-b
to 6-d). Structures 6-a and 6-b (432 kJmol™') both contain
a cuboidal Mn,O," cluster core with fully hydroxylated ps-oxo
bridges. Isomers 6-c and 6-d are 45 kJmol™" and 50 kJ mol™
higher in energy, respectively, and have an open cube unit
similar to the lowest energy isomers of Mn,O,(H,0)," and
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Mn,O,(H,0);". In 6-c, all oxo bridges are hydroxylated,
whereas 6-d contains two non-hydroxylated bridges.

The calculated vibrational spectra of all isomers show
numerous modes below 600 cm ™ as well as between 600 cm ™
and 850 cm™! which are all in favorable agreement with the
broad feature I and the signals II and III observed exper-
imentally. Above 850 cm ™!, the calculated spectra exhibit few
distinct signals while the experimental spectrum has another
broad signal band (IV). Most interestingly, the experimental
HOH bending mode (V) is found at 1619 cm™, which is in
most favorable agreement with the corresponding modes of
the cuboidal minimum energy structure 6-a at 1621 cm™" and
1633 cm ™. Owing to the spectral width of experimental band
V, these two signals are not clearly distinguishable. For isomer
6-b two modes at 1560 cm™' and 1625 cm™' are predicted.
While the latter mode may also be in agreement with the
experimentally observed HOH bending mode, there is
however no sign of the first more intense mode in the IR-
MPD spectrum. In contrast, the HOH bending modes of
isomer 6-c are blue-shifted to 1681 cm™ and 1703 cm™!,
respectively, which is the edge of the detection range. Isomer
6-d has four intact H,O and consequently four HOH bending
modes: a red-shifted doublet at 1599 cm ™! and 1601 cm ™' and
a blue-shifted doublet at 1643 cm™ and 1658 cm ™. The IR-
MPD spectrum appears to be in most favorable agreement
with the theoretically predicted cuboidal minimum energy
structure 6-a, with likely contributions from higher-energy
isomers, accessible under the non-equilibrium conditions
prevailing in the supersonic expansion experiment; here we
reiterate that the accuracy of the isomer-ordering has been
verified with the inclusion of van der Waals interactions in the
DFT calculations (see the Supporting Information).

The above assignment of the vibrational modes is further
supported by the vDOS (red curve) and pvDOS (green and
blue curves) for isomers 6-a and 6-c in Figure 3. Noteworthy is
the difference of the contributions from the Mn atoms for
a cuboidal and a more open cluster core structure illustrated
by the blue curves (pvDOS projected on the Mn atoms).

Finally, the noted broadening of the experimentally
observed spectral features in the case of Mn,O,(H,0)," may
be attributed not only to the presence of two structural
isomers, but can also be a reflection of additional effects:
reactivity experiments with isotopically labeled H,'"®O have
demonstrated the exchange of cluster '°O with water "*O
atoms which also requires structural transformations of the
Mn,O," cluster core.”® Consequently, Mn,0,(H,0)," are
highly fluxional complexes, and broadening of the observed
features by such dynamics is very likely. Interestingly,
dynamical structural changes have also been emphasized for
the natural OEC.”! Such effects become of course more
pronounced with increasing number of water molecules
attached to the cluster.

In conclusion, first-principles simulations and IR-MPD
vibrational spectroscopy give direct evidence that the splitting
of the O—H bond of water through hydroxylation of Mn-O-
Mn p-oxo bridges is central to the interaction of water
molecules with free Mn,O,(H,0),"* clusters. This reaction,
which proceeds by a 1,3-hydrogen shift,*® occurs already for
the first H,O molecule interacting with the manganese oxide
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cluster and continues for all subsequent water adsorption
reactions until all available p-oxo-bridges are hydroxylated.
Further water molecules are bound molecularly with a pref-
erence for the formation of hydrogen-bridge-bound H;O,
units involving the hydroxylated p-oxo-bridges.

Adsorbed water induces significant structural and dimen-
sionality transformations. In Mn,O,(H,0O)," with n >3 open-
cuboidal-like structures emerge, and for n>6 the Mn,O,"
cluster core attains a closed cuboidal structure of comparable
geometry to the active manganese-oxide-based center in the
natural OEC of PSII. This is particularly interesting, since the
natural cluster is additionally stabilized by carboxylate
groups,”™ and thus the nature of the ligands appears to be
not crucial for the cluster geometry. This further supports our
conclusion® that free Mn,O,(H,0)," complexes bring forth
suitable model systems which are closely related to the
biological OEC while being simple enough to provide
molecular level insight into the interaction with water.
Further steps in our hierarchical modelling approach will
include the increase of the cluster size, the addition of Ca, and
the distinct tailoring of the Mn oxidation states through the
addition of appropriate ligands.
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@ Water Splitting Be natural and flexible! Manganese oxide
is one of the materials of choice in the

quest for versatile, earth-abundant water

S. M. Lang,* T. M. Bernhardt, >
D. M. Kiawi, J. M. Bakker,* R. N. Barnett, o) splitting catalysts. Employing free clus-
U. Landman* - ters as molecular model systems pro-

vides fundamental insight into the
deprotonation of water. First-principles
calculations in conjunction with vibra-
tional spectroscopy reveal a structural
transformation of the cluster induced by
40 600~ afo 1000 "1z00 1400 1800 the one-by-one adsorption and deproto-
' nation of H,0O molecules.

The Interaction of Water with Free
Mn,O," Clusters: Deprotonation and
Adsorption-Induced Structural
Transformations
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