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The dynamics of carboxylate ligands on the surface of zirconium oxo clusters was investigated in
two case studies. Zr4O2(methacrylate)12 was investigated by one- and two dimensional NMR
spectra both in the solid state and in solution. In solution, the cluster is C2h symmetric; stepwise
intramolecular exchange of the four non-equivalent ligands was observed when the temperature
was raised from 80 1C to 50 1C. The individual exchange processes were assigned to diﬀerent
ligand positions. Ab initio molecular dynamics simulations were performed for
Zr6(OH)4O4(formate)12 to study the trajectory for the rearrangement of three chelating ligands
into bridging positions, i.e. the conversion of the C3-symmetric into an Oh-symmetric cluster. The
observation of a dip in the energy barrier along the reaction coordinate was related to the
intermediate formation of hydrogen bonds between the moving oxygen atom of the rearranging
ligand and a m3-OH group of the cluster. Thus, the motion of the ligand requires a concerted
motion in three dimensions.

1. Introduction
We have previously prepared a number of titanium and
zirconium oxo clusters of various sizes and diﬀerent carboxylate
ligands for the preparation of cluster-crosslinked polymers.1
Although the main goal was to use the clusters as nanosized
building blocks for this new class of inorganic–organic hybrid
materials, we also observed some interesting phenomena
related to the chemistry of the clusters. For example, intermolecular carboxylate exchange between the cluster-bonded
carboxylate ligands and free acid in solution was studied.2,3
Furthermore, room temperature NMR spectra of many clusters
exhibited averaged signals due to rapid intramolecular ligand
exchange (‘‘carboxylate shift’’). Exchange processes between
surface-bonded ligands and their environment as well as the
dynamic site exchange of the ligands at the surface also play an
important role for metal oxide nanoparticles, where carboxylate
ligands are often used for the stabilization and functionalization
of the nanoparticles.4 Such processes are more easily investigated
for clusters because of their molecular nature; clusters can thus
be regarded as simple models for nanoparticles. A variabletemperature NMR study on the carboxylate shift in the
tetranuclear clusters Zn4(OCCR)6(bdmap)2 (R = Me or Et;
bdmap = 1,3-bis(dimethylamino)-2-propanolate) has been
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reported in the literature.5 The cluster consists of two pairs
of zinc atoms, each bridged by two bridging (m2) and one
bridging-chelating (Z2,m2) ligand; two pairs are connected by
two bdmap ligands. Below 200 K, coalescence between the m2
and Z2,m2 ligands has been observed and a trajectory has been
postulated involving rotation of the involved ligands.
In this paper we report on the dynamic intramolecular site
exchange of the methacrylate ligands of Zr4O2(OMc)12 (1)
(OMc = methacrylate) as well as ab initio molecular dynamics
simulation on a member of the Zr6(OH)4O4(OOCR)12 cluster
type (2).

2. Results and discussion
NMR studies on the ligand dynamics of Zr4O2(OMc)12
Zr4O2(OMc)12 (1) is known to exist, in the solid state, in two
isomeric forms, viz. a symmetric (1sy)6 and an asymmetric
form (1as)7 (Fig. 1). The main diﬀerence between the two
forms is that the asymmetric cluster 1as contains one bridgingchelating (Z2,m2) methacrylate ligand that is converted to a
‘‘normal’’ m2-bridging ligand in 1sy. The solution NMR
spectra of 1as and 1sy are the same, i.e. the structures
interconvert in solution. Therefore the diﬀerences are just
due to diﬀerent crystal environments. A third crystal structure
is reported in this work (see ESIw): Zr4O2(OMc)12C6H6 was
obtained by crystallization of 1 from benzene. The crystal
lattice contains benzene solvate molecules; however, the
structural data and the geometry of the centrosymmetric
cluster are nearly the same as that of (solvate-free) 1sy.
We start the discussion of the structure of Zr4O2(OMc)12 in
solution with a closer look at the symmetry of the 1sy form.
Fig. 2 shows a schematic representation of the cluster viewed
perpendicular to the plane of the four zirconium atoms.
Two of the twelve methacrylate ligands are chelating and
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Fig. 1 Schematic structures of the two isomeric forms of the Zr4O2(OMc)12 cluster. Left: symmetric Zr4O2(OMc)12 (1sy); right: asymmetric
Zr4O2(OMc)12 ( 1as); the dashed line indicates the bridging character of one chelating methacrylate ligand.

Fig. 2 Schematic presentation of the four non-equivalent ligand
positions of the Zr4O2(OMc)12 cluster (1sy). The diﬀerent positions
are marked with the numbers 1–4.

coordinated to the zirconium at the terminal ends of the
cluster (position 1). The remaining ten methacrylate ligands
are bridging, two (position 2) being in the Zr4 plane, four
perpendicular to this plane (position 4) and four pairwise
upwards and downwards orientated with an angle of 42.31
and 49.91 to the Zr4 plane (position 3). The crystallographic
symmetry of crystalline 1sy is Ci. Neglecting the relative
orientation of the methyl and methylene groups, the molecular
symmetry of the cluster is C2h. This leads to four nonequivalent ligand positions, viz. one chelating and three
bridging positions and this should lead to four sets of signals
in the NMR spectra with a signal ratio of 1:1:2:2. In Fig. 2, the
ligands which give rise to a signal ratio of one in the NMR
spectra are marked with full lines whereas the ligands which
give raise to a signal intensity of 2 in the NMR spectra are
marked with broken lines.
The 13C-CP/MAS spectrum of Zr4O2(OMc)12 (1sy) (Fig. 3)
showed four well resolved signals in the carbonyl region, one
of them bigger than the others and with a shoulder. Only one
sharp set of methacrylate protons was observed at room
temperature in CD2Cl2 solution. Temperature-dependent
1
H NMR spectra of the oleﬁnic protons of Zr4O2(OMc)12
(1) are shown in Fig. 4. The signals broadened by stepwise
cooling of the solution. At 10 1C the two signals showed a
broad coalescence and then split into multiple sets upon
further cooling. At 80 1C eight sharp oleﬁnic protons were
observed, according to four diﬀerent sets of ligands (bottom
spectrum); the ratio of the four nonequivalent ligands was
This journal is
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Fig. 3 Solid state
carbonyl-region.

13

C-CP/MAS spectrum of Zr4O2(OMc)12 (1),

Fig. 4 Temperature-dependent 1H NMR spectra of Zr4O2(OMc)12
(1) in CD2Cl2 in the region of the oleﬁnic protons.

approximately 1:1:2:2, indicating the C2h symmetry of the
cluster in solution at this temperature.
Phys. Chem. Chem. Phys., 2009, 11, 3640–3647 | 3641

Fig. 5 1H/13C HMBC spectrum of Zr4O2(OMc)12 (1) in CD2Cl2 at 80 1C. Correlations between oleﬁnic protons and carboxylate carbons are
shown.

The signals can be partially assigned from the 1H/13C HMBC
spectrum at 80 1C (Fig. 5). The two protons with chemical
shifts of 6.34 (H1a) and 5.78 ppm (H1b), with the approximate
intensity of one, gave long range correlations to the most
downﬁeld shifted carbonyl carbon at 186.8 ppm, that is thus
assigned to a chelating carboxylate carbon (ligand position 1 in
Fig. 2).8 The signals of the other two protons which appeared
with a relative signal intensity of one, H2a at 6.30 ppm and H2b
at 5.65 ppm, gave correlations to 181.0 ppm; these signals were
therefore assigned to a bridging carboxylate ligand, marked
with a full circle and labeled ‘‘2’’ in Fig. 2. The four remaining
proton signals appeared with a relative intensity of approximately two, i.e. H3a at 6.17 ppm and H3b at 5.56 ppm
correlating to a carbonyl signal at 173.5 ppm and H4a at
5.95 ppm and H4b at 5.42 ppm correlating to a carbonyl signal
at 174.2 ppm. These signals were assigned to the ligands which
are marked with broken lines (number 3 and 4) in Fig. 2, but it
is not possible to diﬀerentiate between them.
EXSY spectra at diﬀerent temperatures were measured to
learn more about the exchange mechanism (Fig. 6). The top
left image shows the EXSY spectrum at 80 1C. The observed
cross peaks are due to cross-correlation between neighboring
oleﬁnic protons of the methacrylate ligands, H1a–H1b,
H2a–H2b, H3a–H3b, H4a–H4b and no exchange is detected.
The situation changed at 70 1C, as shown in the second
spectrum (Fig. 6 top right image). The cross correlation signal
between H1a–H1b vanished whereas new signals appeared
between H1a–H3a and H1b–H3b which are due to dynamic
exchange. This means that the exchange with the lowest
activation energy occurred between end-standing chelating
ligands (Fig. 2, position 1) and one of the bridging ligands
which are marked with broken lines (Fig. 2, ligand position 3
or 4). The movement of chelating ligands into a bridging
position is possibly related to the observation of a bridgingchelating (Z2,m2) methacrylate ligand in 1as or to the chelatingbridging transition described below for Zr6(OH)4O4(OOCR)12
clusters.
3642 | Phys. Chem. Chem. Phys., 2009, 11, 3640–3647

Fig. 6 EXSY spectra of Zr4O2(OMc)12 (1) in CD2Cl2 with a mixing
time of tmix = 1 s at four diﬀerent temperatures. Correlations of the
oleﬁnic protons are shown.

Up to 70 1C, the other two ligands were not involved in the
exchange process. Upon raising the temperature to 60 1C,
another ligand became involved in the exchange processes,
shown in the bottom left image. Exchange signals were now
This journal is
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observed between H1a–H2a–H3a and H1b–H2b–H3b
whereas the fourth ligand is not involved in the exchange and
still shows a cross correlation signal between the neighboring
oleﬁnic protons. Finally, the last spectrum measured at 50 1C
(bottom right image) showed that all the ligands are now
involved in the exchange processes. Exchange signals between
H1a–H2a–H3a–H4a and H1b–H2b–H3b–H4b were detected
and no cross-correlation peaks between these signals were left.
The stepwise exchange between the carboxylate ligands at
low temperatures in solution is interesting and is in good
agreement with the structure of the two isomeric forms of
the crystalline cluster (Fig. 1). As can be seen, the change from
a bridging to a chelating ligand position in the asymmetric
cluster occurred at ligand position 3 (Fig. 2). The possible ﬁrst
exchange step could therefore occur between position 1 and
position 3. The asymmetric form of the cluster could be the
intermediate for the second exchange step observed in
the EXSY spectrum at 60 1C (Fig. 6, bottom left) in which
the ligand position 2 became involved in the exchange process.
This assumption is conﬁrmed by the fact that exchange peaks
were observed between H3a–H1a, H3b–H1b and H3a–H2a,
H3b–H2b but not between H1a–H2a, H1b–H2b, which means
that position 1 is not involved in the exchange process between
positions 2 and 3.
Ab initio molecular dynamics simulation of
Zr6(OH)4O4(OOCH)12
A completely diﬀerent way to learn about the dynamics of
such systems is the use of molecular dynamics (MD) simulations,
which, in the present case, were performed by means of an
ab initio version based on density functional theory (DFT)
described in the Experimental section.
The model system chosen for this study was a derivative of
the cluster type Zr6(OH)4O4(OOCR)12 (2). X-ray structure
analyses of three derivatives of 2 have been investigated, with
RCOO = methacrylate (2met)7 and endo or exo 5-norbornene2-carboxylate (2nor).9 The structure of 2 (Fig. 7, left) consists
of a Zr6O4(OH)4 core in which the triangular faces of a Zr6
octahedron are alternatively capped by m3-O and m3-OH
groups. Three carboxylate ligands chelate the zirconium atoms
at one m3-O capped face (‘‘chelated face’’), while the other nine
OOCR groups bridge all edges of the Zr6 octahedron except
the edges of the chelated face. Each zirconium atom is
coordinated by eight oxygen atoms. The cluster core thus is
C3v symmetric with the C3 axis passing through the center of
the chelated face and the triangular face opposite to it, and the
mirror planes bisecting these faces. In the 1H and 13C NMR
data of 2met, the signals in the room temperature spectra can
be clearly assigned to three non-equivalent ligand positions
(one chelating and two diﬀerent bridging positions) according
to the C3v symmetry of the cluster in the crystalline state.2
The cluster type 2 rather than 1 was chosen for the
DFT calculations for the following reasons: (ii) The NMR
studies of 1 had shown that conversion of a chelating
to a bridging coordination is the process with the lowest
activation energy. Since clusters 2 also have chelating
carboxylate ligands (in their crystal structures), we anticipated
that DFT calculations would elucidate the trajectory of this
This journal is
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process. (ii) At least three diﬀerent exchange processes are
responsible for the dynamics of the ligands in 1. Using a cluster
with a higher symmetry and thus fewer possibilities for ligand
exchange should facilitate the DFT calculations. (iii) On the
other hand, dynamic NMR investigations of the clusters 2 were
partially ambiguous due to the high tendency of these clusters
for hydrogen-bonding. Theoretical simulations on isolated
clusters would thus provide a picture undisturbed by any
interaction of the clusters with their environment.
A derivative of the cluster 2 with smaller ligands but
the same cluster core as described above, i.e. the formate
derivative Zr6(OH)4O4(OOCH)12 (2for), was used for the
calculations. This is justiﬁed from a chemical point of view
because this change should have no or only a marginal
inﬂuence on the overall dynamic behavior of the ligands.
As a ﬁrst step we put structure 2for into a suﬃciently large
unit cell to avoid interactions with the periodic images
which occur due to the periodic boundary conditions. All
atoms should reach their equilibrium positions, i.e. no
forces act on them and the corresponding total energy has a
minimum. In general, all structures were relaxed without
any constraints or symmetry requirements but the initial
conﬁguration of the ligands was predeﬁned by the experimental
data (see below) and thus the structure optimization found
the nearest local (rather than the global) minimum of
the potential hypersurface. Test calculations demonstrated
that 2for has the same low temperature structure as the
methacrylate-substituted cluster 2met (see Fig. 7, left).
Therefore the structural simpliﬁcation, which reduces the
necessary computer time, is justiﬁed. A ﬁnite temperature
molecular dynamics simulation showed that this structure is stable. This ﬁnding was further supported by a
HOMO-LUMO gap of 4.062 eV.
From the structure optimization of 2for we found that the
zirconium atoms form an almost ideal octahedron (with Zr–Zr
distances of 355.4, 357.2 and 359.7 pm). In the following, the
Zr atoms forming the ‘‘chelated face’’ of the octahedron are
labeled ‘‘Zr(1)’’ while the Zr atoms of the opposite face are
labeled ‘‘Zr(2)’’. The diﬀerent types of O- or OH-capped Zr3
triangles and the labeling of the capping oxygen atoms are
shown in Fig. 8. Carboxylate ligands bridging Zr(l) and one
Zr(2) atom are labeled L(12), those bridging two Zr(2) atoms
L(22) and the chelating ligands L(11). The 3-fold axis passes
through the centers of these faces and the two oxygen atoms
O(111) (m3-O) and O(222) (m3-OH). The two other oxygens,
viz. O(112) and O(122), are capping the remaining six faces of
the octahedron. The m3-oxygen O(122) is located above a Zr(l),
Zr(2), Zr(2) face with the distances Zr(l)–O(122) of 208.1 pm
and Zr(2)–O(122) of 208.6 pm. In contrast, the m3-OH oxygen
O(112) is asymmetrically bonded with two short bonds
(226.0 pm) to the Zr(l) atoms, and a very long bond to Zr(2)
(242.9 pm). The possible origin of the diﬀerent bond lengths
and the asymmetry of the m3-OH group have been previously
discussed.7
Table 1 compares (calculated) distances of 2for with
experimental X-ray data of 2met. The largest diﬀerence was
obtained for the distance Zr(2)–L(22) of 14.7 pm (6%). Note
that the standard deviation for the experimental Zr–O bonds is
relatively high.
Phys. Chem. Chem. Phys., 2009, 11, 3640–3647 | 3643

Fig. 7 Structure of the calculated structures of the cluster 2for. There are no bonds between the zirconium atoms; the lines just serve for
visualizing the zirconium cluster core. All ligands are bonded to the zirconium atoms, but only the Zr–O bonds at the chelated face are shown for
simplicity. Left: C3-symmetric cluster; right: Oh-symmetric cluster (see text).

Fig. 8 The diﬀerent types of O- or OH-capped Zr triangles of the
C3-symmetric cluster 2.

Table 1 Comparison of selected bond lengths [pm] of the formatesubstituted cluster 2for (calculated) and the methacrylate-substituted
cluster 2met (solid-state structure) (L = oxygen atoms of the ligands)
Distance A–B [pm]
A

Zr(1)

Zr(2)

B

Theory (2for)

Expt. (2met)

Zr(1)
Zr(2)
L(11)
L(12)
m3-O(111)
m3-O(122)
m3-O(112)H
Zr(2)
L(22)
L(12)
m3-O(222)H
m3-O(122)
m3-O(112)H

359.7
355.4
228.9
225.9
213.2
208.1
226.0
357.2
224.7
222.4
230.0
208.1
242.9

350.6 (4)
348.0 (2)
233 (2)
219 (2)
209.5 (5)
206 (1)
217 (1)
354.8 (4)
210 (1)
213 (1)
229 (1)
205.0 (7)
241 (2)
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The crystallographically observed structures for the clusters
2 were somewhat surprising. From simple structural considerations one would rather expect an octahedral symmetry with
exclusively edge-bridging ligands for an octahedral cluster
with 8 face-capping and 12 bidentate ligands. In order to
investigate the diﬀerences in bonding between bridging and
chelating ligands, a model system with only bridging ligands
was also studied (Fig. 7, left).
The total energy of this Oh-symmetric cluster was lower by
16.81 mH (44.13 kJ) than that of the C3-symmetric cluster with
three chelating ligands (Fig. 7, right). The six zirconium atoms
in this high-symmetry model cluster form a perfect octahedron
(Zr–Zr distance 356.6 pm). The triangular faces are occupied
alternately by m3-O and m3-OH groups. The m3-O groups have
shorter Zr–O distances (209.1 pm) than the m3-OH groups
(228.8 pm). All Zr–O distances of the bridging formate ligands
are the same by symmetry, viz. 225.8 pm.
The lower energy of the Oh-symmetric cluster is in contrast
to the experimentally observed stability of the C3-symmetric
clusters both in the crystalline state7,9 and in solution.3
However, the crystal structures of this cluster type are
characterized by extensive hydrogen bonds to co-crystallizing
carboxylic acids (clusters act both as hydrogen donors [OH
groups] and hydrogen acceptors), which are excluded in the
theoretical model. As a matter of fact, clusters of this
type have not yet been crystallized without hydrogen-bonded
carboxylic acids. The same may be true in solution, where
additional carboxylic acids, solvent eﬀects or inter-cluster
hydrogen bonds cannot be excluded. In the theoretical
simulations, however, only isolated clusters were treated.
The fact that both the C3 and Oh-symmetric cluster 2for
were accessible by quantum mechanical calculations, allowed
MD simulations to study the conversion between the two
forms. An MD simulation of the cluster at 700 K for 3 ps
showed mainly rotational excitations, but no change in the
main bonding characteristics. In order to study the latter we
had to use constraints, i.e. we carried out simulations, in which
This journal is
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we forced the ligands to move from a chelating to a bridging
position. For computational reasons we assumed that the
ligands move in a synchronized way, which approximately
can be expected to occur in reality because of the absence of
steric interactions. A constraint was used to force one oxygen
atom of a chelating ligand to move from Zr(l) to a neighboring
Zr(1 0 ) in a synchronized fashion, i.e. for all three equivalent
Zr(1) atoms. Bonding of the second oxygen of the chelating
formate to Zr(1) was retained during the movement. This
corresponds to a motion, where one changes the ligand
arrangement shown in the right row of Fig. 8 from top to
bottom by simultaneously moving three oxygen atoms (one
from each chelating formate ligand) from one Zr(1) atom to
the neighboring one. In the MD calculation the stepwise
motion of the oxygen atoms from one Zr atom to the
neighboring Zr atom was forced, but the O atom was allowed
to move freely perpendicular to the reaction coordinate
(sometimes this is called the umbrella method). A direct MD
simulation could ﬁnd this motion too, but it would require
much longer simulation times. The chosen procedure allowed
scanning the energy surface, when the oxygen atoms change
from chelating to bridging positions (Fig. 9). The energy is low
at the chelating and bridging conﬁgurations (i.e. at the start
and the end of the forced movement). However, there is a
pronounced minimum in between, which is due to an interaction with a m3-OH group. Note that the [Zr(1)/Zr(1)/Zr(1)]
plane (top right in Fig. 8) is surrounded by three [Zr(1)/Zr(1)/Zr(2)]
faces with capping m3-OH groups (bottom left in Fig. 8). The
energy minimum also corresponds to the shortest distance
between the oxygen of the moving ligand and the hydrogen of
the m3-OH group.
The observation of a dip in the energy barrier (Fig. 9, left
scale) along the reaction coordinate appears to be a more
general feature of such systems. It comes about by forming
hydrogen bonds between the moving ligand and neighboring
OH groups (Fig. 9, right scale). Thus, the motion of the ligand

cannot be understood by changing just one parameter, but
instead requires a concerted motion in three dimensions.

3. Experimental
NMR investigation of 1
Cluster 1 was prepared and crystallized as previously
described.6,7 To remove solvate molecules from the crystalline
cluster, the compound was dissolved in water-free CH2Cl2 and
all volatiles were removed in vacuo. This procedure was
repeated several times and ﬁnally the solid residue was dried
at room temperature at 105 mbar for several hours. All
solution NMR spectra were recorded on a Bruker Avance
300 (1H at 300.13 MHz, 13C at 75.13 MHz) equipped with a
5 mm inverse broadband probe head with z-gradient unit. 2D
spectra were measured with Bruker standard pulse sequences:
COSY (Correlated Spectroscopy), HSQC (Heteronuclear
Single Quantum Correlation), HMBC (Heteronuclear
Multiple Bond Correlation), EXSY (Exchange Spectroscopy),
NOESY (Nuclear Overhauser Eﬀect Spectroscopy), ROESY
(Rotating Frame Overhauser Eﬀect Spectroscopy). Gas-tight
Young tubes were used for all experiments. CD2Cl2 was
purchased from Euriso-Top (99.8%). The solid state spectrum
was measured on a Bruker Avance 300 (at 299.85 MHz 13C at
75.4 MHz) equipped with a 4 mm broadband probe-head.
CP/MAS spectra were measured at a rotor frequency of 8 kHz.
Molecular dynamics simulations
All molecular dynamics simulations were carried out with the
Car-Parrinello Projector Augmented Wave (CP-PAW) code
developed by Blöchl.10 The wave function is expanded in plane
waves up to an energy cut-oﬀ of 30 Ryd. The frozen-core
approximation was applied for shells below the 4s electrons of
Zr and for the 1s electrons of O and C. Core data were
imported from scalar relativistic atomic calculations. All

Fig. 9 Energy proﬁle (left scale) for the ligands movement (synchronized) from chelating (left) to bridging positions (right). The corresponding
‘‘reaction coordinate’’ is given by the midplane value from 0 to 1, where 0 corresponds to the original chelating Zr(1) and 1 to the neighboring
Zr(1 0 ). The distance between the moved carboxylate oxygen and the hydrogen of the m3-OH group is given on the right scale.
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simulations were performed using the local density approximation in the parameterization of Perdew and Wang,11 with
the generalized gradient approximation (GGA) by Perdew,
Burke and Ernzerhof.12 We used periodic boundary conditions
with a 24 nm primitive cell, which was found to be suﬃciently
large to prevent wave function overlaps between neighboring
images. Long-range electrostatic interactions between diﬀerent
cells are eliminated using a method by Blöchl, which is based
on ﬁtting an atom-centered Gaussian charge density to the
molecular electronic density. A time step of 10 au was used to
integrate the equation of motion, correcting the mass of the
nuclei to account for the drag of the electrons13 in the
coupled dynamics integrated with the Verlet algorithm.14
The temperature of the nuclei was controlled by a Nose
thermostat,15 which creates a canonical (NVT) ensemble. To
sample phase space in the vicinity of the transition state, a
reaction coordinate (RC) was chosen which was kept
constrained during the dynamics using SHAKE constraints.16
All other degrees of freedom were allowed to evolve naturally
in time. By slowly varying the constraint, phase space in the
vicinity of the transition state can be sampled dynamically,
leading to undisturbed dynamics for all motions which are
orthogonal to the RC, and to ﬁctitious dynamics along the
RC. This renders possible to investigate even high-lying
transition states, such as those encountered in the
present study.

4. Conclusions
In this paper we have investigated the dynamic intramolecular
exchange of carboxylate ligands on the surface of two zirconium
oxide clusters by two complementary methods, viz. dynamic
NMR spectroscopy and molecular dynamics simulations.
Metal oxide clusters of the early transition metals are
particularly well suited for studying ligand dynamics, because
these are stable in solution and diamagnetic. However, the
ﬁndings presented in this article are not restricted to the
zirconia clusters studied here, but should be valid both for
carboxylate-substituted clusters of other transition metals as
well as nanoparticles. Carboxylate ligands are often used for
the stabilization and functionalization of nanoparticles. It is
reasonable to assume that dynamic site exchange of ligands, as
described in this article, also occur on the surface of
nanoparticles. Clusters can thus be regarded as simple models
for nanoparticles where such processes are more easily
investigated for clusters because of their molecular nature.
Despite the diﬀerent chemical composition, the clusters 1
and 2 have in common that they contain both bridging and
chelating carboxylate ligands. Clusters of type 2 are additionally
characterized by the presence of m3-OH groups in addition to
m3-O groups.
An initial important result of this study is that an octahedral
geometry of 2for, in which all ligands occupy bridging
positions, would be more stable than the experimentally
observed C3-symmetric geometry with three chelating ligands.
Thus, solvent eﬀects and the H-bonded carboxylic acids
present in all crystal structures of derivatives of 2 must be
responsible for the observed geometry in the crystalline state
and in solution.
3646 | Phys. Chem. Chem. Phys., 2009, 11, 3640–3647

Fig. 10 Proposed trajectories for the chelating-bridging rearrangement of carboxylate ligands in 1 and 2.

A second conclusion is that a chelating-bridging rearrangement
of carboxylate ligands is a very favorable process that
probably accounts to a large extent for the dynamics of the
ligand shell. In the case of Zr4O2(OMc)12 (1) the ligand
exchange process with the lowest activation energy involves
the chelating ligands that dynamically exchange positions with
one kind of bridging ligands already above 70 1C. In 2for,
the simultaneous rearrangement of the three chelating ligands
in a bridging coordination mode is a facile process with an
activation barrier of +73.3 kJ/mol.
Comparison of the structures of 1as and 1sy indicates that
the chelating–bridging transition (and return) occurs via a
bridging–chelating (Z2,m2) coordination as found for one
methacrylate ligand in 1as (upper part of Fig. 10). In the case
of 2for, the theoretical calculations show that this coordination
mode is preceded by a hydrogen bond between the moving
oxygen atom of the carboxylate and an adjacent OH-group.
When calculating the energy surface for the chelating-bridging
transition of the ligands in 2, an energy barrier of +64.1 kJ is
ﬁrst observed, but the system then reaches a metastable state
(+40.2 kJ). This stabilization of the ligand O-atoms is due to
hydrogen bonds to the m3-OH groups (lower part of Fig. 10).
Finally the energy increases again over a barrier (+73.3 kJ)
during which the hydrogen bonds break and the carboxylate
ligand enters a bridging coordination.
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