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DFT calculations carried out on the recently characterized cluster ion [(Mo,"O,);(1-CO;3)(u-CO,);(u-OH),*~ (1)
confirm the existence of three Mo—Mo bonds localized across the oxo ligands, with a strong alternation of the
Mo-Mo distances (2.63/3.71 A). The possibility of stabilizing a different organization of the metal-metal bond
network is then investigated. A local energy minimum with high relative energy (+2.12 eV) is associated with the
displacement of three metal-metal bonds across the hydroxo/carbonate bridging ligands. The six Mo-Mo distances
are then equalized in the range 3.1/3.3 A. The dimeric structure of 1 tied up by a network of six hydrogen bonds
suggests the idea of a concerted displacement of the six protons along the H-bond pathways. Two equilibrium
positions differing by the location of the Mo—Mo bonds are again characterized for this hypothetic isomer of 1.
The most stable of these states (+1.43 eV with respect to the ground state of 1) is now associated with a network

of relatively short Mo—Mo bonds (3.01 A) localized across the carbonate ligands.

1 Introduction

The quest for metastable states, conformers or stable isomers
associated with structural changes affecting the ground state of
transition metal complexes is presently the subject of growing
interest. In the case of sodium nitroprusside, in which the light
induced changes in the crystal structure were detected first in
1977,! this interest was motivated in part by a possible link
between the structural versatility of NO as a ligand and the
recently unveiled role played by this molecule as a key physio-
logical regulator.? More generally, the photoinduced versatility
of molecules considered either at the individual scale or as
crystalline materials, has potential technological importance
in relation with the design of molecular switches or of high
capacity storage devices. The light-induced isomers belonging
to the family of transition metal complexes of NO and other
diatomic (N,) or triatomic (NO,, SO,, SCN,. . .) ligands has been
the subject of considerable investigations in the domains of
crystallography, spectroscopy, and quantum-chemical model-
ling. It appears from these studies, recently reviewed by Cop-
pens et al.,® that the various minima characterized for these
complexes should be assigned to different coordination posi-
tions (end-on, side-on, iso-end-on) of the ligand. In this par-
ticular case, the metastable states that could be characterized in
relation with changes in the metal-ligand relative orientation
have been termed “linkage isomers”.* More complex molecular
architectures involving several transition metal atoms are also
susceptible to display distinct minima on the ground state
potential energy surface by just reorganizing the distribution of
the metal-metal bonds. This form of isomerism was investi-
gated first by Rauchfuss et @/ in cubane-like Ru,E,Cp, clusters
(E = S, Se, Te) oxidized into dicationic species.*® The neutral
clusters can be viewed as nested dimers of Ru,E,Cp, butterfly
moieties displaying each a single metal-metal bond and two
bridging chalcogen atoms. A two-electron oxidation yields a
mixed-valence Ru™/Ru'Y cluster with a third, localized Ru—-Ru
bond. Low temperature '"H NMR spectra evidenced changes
affecting the metal framework, which were interpreted in terms
of “mobile metal-metal bonds”.* As soon as two metal sites

T Electronic supplementary information (ESI) available: bond energies
and Cartesian coordinates of the four energy minima. See http://
www.rsc.org/suppdata/dt/b3/b304119k/
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can be distinguished by replacing for instance CsHs by CsMes,
real isomers based exclusively on the relative positions of the
M-M bonds can be characterized from low-temperature NMR
spectroscopy.® This form of isomerism, termed “geometric
isomerism” by Rauchfuss et al.,® is in fact relevant to the
more general concept of “bond-stretch isomerism” defined by
Stohrer and Hoffmann,® and later by Parkin,” in the sense that
isomers retain the same atomic arrangement in the same
molecular topography — the cubane cage — and differ only in the
distance between the pairs of metal atoms displaying or not a
localized bond.? Theoretical studies in polyoxometalate chem-
istry have also shown that the localization/delocalization dual-
ity of electron pairs in reduced polyoxoanions could lead to
multiple energy minima and to bond-stretch isomerism.*® The
synthesis of new families of functionalized polyoxometalates
with cyclic cores of Mo and localized Mo—Mo bonds, initiated
by Haushalter and Lai'® and recently developed by several
groups ' raises questions about the potentialities offered
by a reorganization of the metal-metal bonding network. The
calculations reported here on the cluster [(Mo0,Y0,);(us-CO;)-
(u-CO,)4(u-OH),I*~ (1), recently characterized by Manos
et al.,"* suggest that high energy metastable, or even stable
states, associated with the changes in the metal-metal bond
network, should exist on the potential energy surface of 1 and
of similar molecules.

2 Computational details

All calculations have been carried out using the formalism of
the Density Functional Theory (DFT) within the Generalized
Gradient Approximation (GGA), as implemented in the ADF
program.’ The formalism is based upon the local spin density
approximation characterized by the electron gas exchange (Xa
with a = 2/3) together with Vosko-Wilk—Nusair '® parametriz-
ation for correlation. Nonlocal corrections due to Becke for the
exchange energy'” and to Perdew for the correlation energy '®
have been added. Most results reported in this work have been
obtained by means of the Slater basis sets referred to as IV in
the ADF User’s Guide.™™ For first row atoms, the 1s shell
was frozen and described by a single Slater function. The
frozen core of the Mo atoms composed of the 1s to 3sp shells
was also modelled by a minimal Slater basis. For hydrogen,
carbon and oxygen, the Slater basis set used for the valence shell

Dalton Trans., 2003, 3587-3590

3587




is of triple-{ quality, supplemented with one p- or d-type polar-
ization function.’ The 4s and 4p shells of molybdenum are
described by a double-{ Slater basis; the 4d and 5s shells by a
triple-{ basis and the 5p shell by a single orbital. Basis set IV
does not include polarization functions on the metal atoms and
relativistic effects have not been taken into account. However,
the geometry of the ground state of 1 and that of one of the
investigated metastable states were reoptimized with Slater
basis sets including one f-type function on metal atoms and
accounting for quasirelativistic corrections for the core electro-
ns. All calculations have been carried out with the constraints
of the C, symmetry point group, but the optimized structures
never significantly deviate from the expected threefold sym-
metry. The geometry optimization processes have been carried
out by minimizing the energy gradient by the BFGS form-
alism? combined with a DIIS-type convergence acceleration
method.?! The optimization cycles were continued until all of
the three following convergence criteria were fulfilled: (i) the
difference in the fotal energy between two successive cycles is
less than 0.001 E,; (ii) the difference in the norm of the gradient
between two successive cycles is less than 0.001 E, A™"; (iii) the
maximal difference in the Cartesian coordinates between two
successive cycles is less than 0.01 A.

3 Results and discussion

3.1 Conformations optimized for complex 1

The structure of the [(Mo,Y0,);(us-CO;)(u-CO;);(u-OH),J%~
ion, assumed isolated, has been optimized starting from two
distinct trial geometries. Trial geometry I reproduces the struc-
ture of the polyoxoanion as obtained from the X-ray diffrac-
tion study of the (NH,)s[(M0,"0,);(1s-CO3)(1-CO3);(u-OH);]*
0.5CH,OH crystal.™ This structure is characterized by an
alternation of short and long Mo-Mo distances, the short con-
tacts, such as Mo(1)-Mo(2) (2.588 A) joining metal centers co-
ordinated to two p-oxo bridges, and the long ones, such as
Mo(2)-Mo(3) (3.548 A) separating Mo atoms coordinated each
to an external carbonate bridge and to a hydroxo ligand (Fig.
1). Although the optimized bonding distances do not deviate
much from the X-ray diffraction results (Table 1), the calculated
structure of the cluster is somewhat expanded, a trend that can
be explained by the tendency of GGA functionals to slightly
overestimate bond lengths, and also by the high negative
charge of the cluster, not compensated by the presence of coun-
terions. The most significant deviation with respect to the crys-
tal structure concerns the long Mo-Mo contacts, calculated to
be 0.16 A larger than experiment (Table 1). Inclusion of polar-
ization functions on the metal atoms slightly improves the
calculated structure by reducing the equilibrium Mo-Mo
distances, either short or long, by ~0.04 A (Table 1). The

Fig. 1 XMOL view, down the three-fold axis of the [(Mo, O,);-
(ue-CO3)(u-CO,)4(u-OH),*~ ion. White circles represent hydrogen; light
gray, molybdenum; darker gray, carbon and oxygen.
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distribution of the frontier orbitals, characterized by a large
HOMO-LUMO gap of 1.95 eV, confirms the presence of three
localized bonds linking the metal atoms located in the edge-
sharing octahedra (i.e. bridged by two oxo ligands; Fig. 2,
above).

Fig.2 The three highest occupied Kohn-Sham orbitals of [(Mo,"0,);-
(1-CO;3)(1-COy5)5(u-OH);]* (above) in the ground state conformation,
and (below) in the metastable state resulting from the mobility of the
metal-metal bonds.

Another trial geometry was then defined as a starting point
for a new process of geometry optimization. Trial geometry II
was derived from I by properly reversing the alternation of the
metal-metal distances and roughly adapting the ligand
environment to the modifications ascribed to the metal frame-
work, ie keeping the metal-ligand distances to the values
obtained from X-ray diffraction. In the course of the optimiz-
ation process, the structure evolved rather far from the bond
alternation defined in trial geometry II, but did not come back
to — or close to — the conformation optimized first. The local
energy minimum obtained from this second optimization
process is relatively high-lying: +2.12 eV with respect to the
global minimum, a value that is not significantly modified by
the inclusion of f-type polarization functions. Contrary to our
expectation, the change in the Mo-Mo distance alternation
postulated in the trial geometry has not been retained in the
local minimum. The lengths of the Mo(1)-Mo(2) axis bridged
by the two oxo ligands as that of the hydroxocarbonate-bridged
Mo(2)-Mo(3) axis have now the same order of magnitude,
Mo(1)-Mo(2) still being shortest (3.133 vs. 3.294 A, Table 1).
However, an analysis of the three highest occupied Kohn—-Sham
orbitals confirms that the Mo—Mo bonds now span the carb-
onate bridges, whereas there is no more metal-metal interaction
across the oxo bridges (Fig. 2, below).

In an attempt to locate the transition state and estimate the
barrier height separating the high energy local minimum from
the basin of the global energy minimum, a constrained opti-
mization process was started with the Mo(1)-Mo(2) distance
fixed at 2.95 A. After a few optimization cycles, the calculation
indefinitely oscillates between two positions characterized by
large variations of the Mo(2)-Mo(3) distance (3.59 and 3.78 A)
and close energy values (—289.24 and —289.37 eV, respectively)
both higher than the energy value of the metastable state,
—289.55 eV (Table 1). This behaviour is interpreted as resulting
from the oscillation of the Kohn-Sham orbitals between the
configurations describing the two possible networks of metal—



Table 1 Selected distances (A) in the experimental and in the four computed energy minima. Relative energies and HOMO-LUMO gaps are in eV

Exp. Form I¢ Form II° Form III¢ Form IV
Mo(1)-Mo(2) 2.588 2.629 3.133 2.820 3.330
(2.585)¢ (3.092)°
Mo(2)-Mo(3) 3.548 3.708 3.297 3.523 3.007
(3.673)¢ (211"
p-O --- p-O 2.92 2.44
w0 -+ wOH 3.01 2.40
Mo—(u-0) 1.948 1.972 2.000 1.994/ 1.992/
1.989¢ 1.966#
Mo—(u-OH) 2.094 2.099 2.102 2.137 2.157
Mo-Og.cos 2.070 2.098 2.102 2.088 2.095
Mo-Oyscom 2355 2.404 2367 2371 2363
Mo-Oprn 1.674 1.750 1.752 1.748 1.752
Q-Mo" 3.18 3.21 3.18 3.17
HOMO-LUMO gap 1.942 0.564 0.917 1.044
Relative energy 0.0 +2.12 +2.06 +1.43
(+2.13)°

“ Conformation optimized using the X-ray structure as a trial geometry. * Conformation optimized from a trial geometry with opposite Mo-Mo
distance alternation: in this trial geometry, Mo(2)-Mo(3), bridged by a carbonate ligand, is assigned the shortest distance. © Conformation optimized
from a trial geometry in which the Mo—Mo bond alternation is the same as in form I, but the three protons have migrated from the hydroxo ligands to
the oxo ligands facing them in the dimer. ¢ Conformation optimized from a last trial geometry: Mo—Mo bond alternation as in form II, position of
the protons as in form III. ¢ Value obtained with a basis set including one f-type polarization function on metal atoms./ Oxygen facing the hydroxo
ligand. ¢ Oxygen facing the carbonate ligand. ” Radius of the metal framework.

metal bonds, near the crossing point of the associated potential
energy curves.

Should all contiguous pairs of metal atoms of the (Mo"),
ring undergo the same ligand environment, then the two net-
works of metal-metal bonds would be associated with twin
energy minima and with undistinguishable structures. The
computed gap between the two energy minima of 1 therefore
reflects the constraints imposed by the bridging ligands, either
(u-0), for Mo(1)-Mo(2), or (u-OH, p-CO;) for Mo(2)-Mo(3)
and analogues. The electrostatic and Pauli repulsion induced by
relatively close O -+ O contacts in Mo—(u-O),~Mo moieties
penalizes structures with elongated Mo(1)-Mo(2) distances.
The more flexible CO, ligand does not impose such severe a
constraint on the metal-metal bond length. We therefore attri-
bute to the imposed proximity of the oxo ligands the shift
toward high energies of the isomer exhibiting carbonate-
bridged Mo—Mo bonds. Indeed, the oxo - - - oxo distance in the
high-energy isomer has decreased from 2.92 to 2.44 A. The
limitation of the stretching of the nonbonded Mo-Mo dis-
tances to 3.13 A is therefore assigned to the rise of the repulsive
interactions in the four-member rings. Conversely, the contrac-
tion of the Mo—Mo distance in the bonded moieties is limited to
the rather high value of 3.29 A by the necessity to maintain the
optimal bond distances between the metal framework and the
central carbonate. Table 1 shows that all optimized conform-
ation are characterized by a near constancy of all metal-ligand
distances as well as of the radius of the cyclic metal framework.

3.2 Transfer of the protons from (u-OH) to (n-O)

As most molybdenum compounds containing the planar,
cyclic MoY, framework,'®™™* the [(Mo0,Y0,);(1s-CO;5)(u-CO;);-
(u-OH);]* ions are organized in dimers with a counterion at the
center of the structure. In the present case, the connection
between the monomers is strengthened by the presence of six
hydrogen bonds connecting each a hydroxo ligand of one mole-
cule to a bridging oxygen of the other monomer (Fig. 3). The
existence of such a hydrogen bond network suggests another
possibility of inducing the mobility of the metal-metal bonds
at the expense of a minimal reorganization of the dimer topo-
graphy and of the crystal structure. Let us assume a concerted
displacement of the protons along the hydrogen bond pathway
to the underlying oxo bridge (Fig. 4). This displacement by less
than 1 A of the six protons generates a dimeric anion in which
the Pauli and electrostatic repulsion are partly transferred from
the former oxo—oxo (now oxo-hydroxo) bridge to the oxo-

Fig. 3 XMOL view of the dimer of 1, as observed in the crystal,
showing the nitrogen atom of the central (NH,)* counter-ion and the
network of hydrogen bonds.

Fig. 4 Suggested pathway for a concerted transfer of the six protons
inside the dimeric unit. The structure of the dimer is represented
assuming the computed geometry of the monomer in the experimental
conformation (left hand-side) and in the conformation of lowest energy
resulting from the transfer of the protons (right hand-side). The
separation observed between the hexanuclear metal frameworks has
been assumed in both representations.

carbonato bridge. The proposed conformation of the complex
should therefore be less unfavorable to a concerted transfer of
the metal electrons.

Calculations indeed confirm this assumption. Two equi-
librium conformations for the isolated monomer are computed
assuming the new protonation sites. These conformations,
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referred to as III and 1V, mainly differ by the relative positions
of the metal atoms and are therefore reminiscent of forms I and
II, respectively, calculated with the observed ligand arrange-
ment (Table 1). In conformation III, the density accumulations
associated with the three highest occupied orbitals are localized
between the metal atom pairs separated by the oxo-hydroxo
bridges. In form IV, these density accumulations are shifted to
the pairs separated by the oxo—carbonato ligands. The relative
energies of forms IIT and IV are however in striking contrast
with the previous results since the latter distribution of the
metal electrons is now the most stable one (Table 1). In III as in
1V, the shortest metal-metal distances correspond to pairs of
bonded atoms, which was not the case in form II. The calcu-
lated length of the metal-metal bond in IV is 3.007 A, still
much longer than the Mo-Mo distances of ~2.6 A currently
observed in such hexanuclear complexes.'®** Conversely, the
nonbonded Mo-Mo separations (3.30 A) are much shorter
than observed, so that the radius of the cyclic metal framework
remains remarkably constant in all four calculated equilibrium
structures (Table 1). The long distances associated with the
metal-metal bonds in IV suggest that the ligand-ligand repul-
sions remain somewhat unbalanced and prevent the system to
take full advantage of the Mo—Mo bond network. Indeed, the
energy associated with form IV exceeds by 1.43 eV that of
the global minimum. This conformation, characterized by a
reorganization of the metal-metal bond framework, seemingly
represents the lowest local energy minimum accessible without
implying a change in the topology of the centrosymmetric
six-fold hydrogen bonded dimer.

4 Summary and conclusion

Calculations carried out on the [(Mo,'0,);(1s-CO;)(u-CO;);-
(u-OH),]*” ion (1) show that a substitute to the observed metal—
metal bond network generates a local minimum on the ground
state potential energy hypersurface. This local minimum could
be associated with the existence of a metastable state, or pos-
sibly of a bond-stretch isomer with high energy. Indeed, the
structural modifications induced by the concerted transfer of
the metal electron density to the next pairs of metal atoms
mainly affect the metal-metal distances, without modifying the
ligand organization and the molecular topography. The radius
of the cyclic framework itself remains remarkably constant, in
probable relation with the structural constraint imposed by the
central template. The structural change calculated in the planar
Mo, framework is not reducible to a simple shift of the marked
alternation observed in the metal-metal distances. The electro-
static and Pauli repulsion between two bridging oxo ligands
prevents an important stretching of the Mo—Mo distance when
the metal-metal bond is broken. All six metal-metal distances
in the metastable state therefore lie in the narrow range 3.13—
3.29 A and the energy is raised by more than 2 eV. If we now
consider the dimeric structure of the polyoxoanion in the crys-
tal and the network of six hydrogen bonds connecting the two
monomers, a concerted transfer of the six protons along the
hydrogen bond pathways generates a new dimeric entity in
which the rotation of the metal-metal bond system is now
favored by 0.63 eV. It is clear that the qualitative conclusions
deduced from the calculations carried out on 1 could be
extended to the whole family of cyclic polyoxoanions contain-
ing six Mo" atoms arranged in a planar framework, since this
family appears quite homogeneous as far as the constraints of
the molecular structure and the accommodation of the metal
electrons are concerned.
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