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The dynamical behavior of the [Mo12O12S12(OH)12{O2C-(CH2)N-CO2}]2- complexes is analyzed via first-
principles molecular dynamics simulations. Experimental X-ray data play the role of initial configurations
for our search in the configuration space. We show that different stable and metastable conformers are possible,
and these are thermally accessible at relatively low temperatures. This is the main outcome of our first-
principles molecular dynamics approach in which the temperature allowing for thermal activation has been
set to T ) 500 K, which is consistent with the variable temperature 1H NMR spectra of these complexes in
solution taken at comparable, although moderately lower, temperature. This implies that a relatively large
manifold of folding configurations is available to the encapsulated guest species. Moreover, the high flexibility
of both the host cage and the inserted guests allows for the accommodation of a rather wide variety of functional
groups with potential applications in several fields.

1. Introduction

Polyoxothiometalates (POTMs) represent a recent extension
of the wide class of polyoxometalate inorganic compounds,
which are at present recurrent in a wealth of applications
covering a wide variety of fields, namely, catalysis, material
synthesis, magnetism, nanoelectronics, self-assembly of metal
oxide monolayers, protein crystallography, bleaching, medicine,
and supramolecular chemistry.1,2 The emergence of the POTM
family stems from the property of metal-metal bonded
[M2O2S2(H2O)6]2+ oxothiocations (M ) MoV, WV)3-5 to undergo
self-condensation when templated with anionic precursors of
appropriate size and shape. The host-guest complexes obtained
from this process are made of a neutral, ring-shaped inorganic
envelope with formula [Mo2O2S2(OH)2]n resulting from the
condensation of n cationic dimers (n ) 4-9) and encapsulating
one, and in some cases two, anionic species such as phosphate,
metalate, or polycarboxylate molecules.6-9 The metal-metal
bonds resulting from the coupling of the unique d-valence
electron assigned to each MoV atom remain localized across
the sulfido bridges. The [Mo2O2S2(OH)2]n host rings are
therefore organized as a series of n metal-metal bonded
(MoO)2(µ-S)2 moieties with short Mo-Mo distances (∼2.8 Å)
connected via double hydroxo bridges and long, nonbonded
intermetallic distances (∼3.3 Å).7-9 All complexes belonging
to this family are therefore diamagnetic. Apart from the anionic
species, an arbitrary number of water molecules may also be
present inside the inorganic host; these H2O monomers con-
tribute to stabilize the complex via the formation of a rather
strong hydrogen bond (H-bond) network with the guest anion(s).7,8

The value of n is clearly driven by the minimal number of metal
dimers that should be concatenated to confine the anion(s) with
an acceptable strain on both species. Given these conditions,
the inorganic ring becomes flexible enough to depart from its
circular shape and to undergo distortions, in a nearly barrierless
way, into an elliptic or more complicated structure.7-9 The
factors that condition the stability of these supramolecular
systems could be analyzed in more detail by comparing the
relative stabilities in a relatively large series of dodecamolybdate
[Mo12O12S12(OH)12] hosts encapsulating various types of di- and
tricarboxylate guests. The number of carboxylate functional
groups to be attached to the metal atoms is one of the key factors
that makes the trimesate [C6H3(COO)3]3- guest a preferred
structure in comparison with all dicarboxylate species. Beside
this, a crucial factor for establishing the stability scale among
the different dianionic complexes has been shown to be the
mutual adaptability between the host and the guest, that is, the
price to pay for the individual species to get adapted to
the conformation they eventually adopt in the complex.8,9 The
plasticity of the dodecamolybdenum host allows for a smooth
accommodation of the guest, whose conformation does not
significantly affect the host, and does not require the overcome
of large activation barriers, unless the size of the guest becomes
really unfit. Should these situations occur, the number n of
concatenated metal dimers is modified accordingly. Therefore,
a fundamental feature is the deformation of the guest anions.
On one hand, those that are rigid because of aromatic or polyenic
conjugation and are appropriately shaped to fit in the dode-
camolybdenum cavity, such as terephthalate [C6H4(COO)2]2-,
tetramethylterephthalate [C6(CH3)4(COO)2]2-, and muconate
[C4H4(COO)2]2-, are able to enter the complex without under-
going any deformation and therefore rank highest in the stability
hierarchy of [Mo12O12S12(OH)12(dicarboxylate)]2- complexes.8

On the other hand, some more flexible guest anions can induce
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the formation of the same dodecamolybdenum host and get
adapted to its structure. This is the case of the aliphatic
dicarboxylates in which the two functional groups are connected
with a linear chain of variable length composed of N ) 4 to 6
methylene units. The price to pay for this versatility, at least
for the pimelate (N ) 5) and for the suberate (N ) 6) guests,
is the folding of the aliphatic chain and a clear loss of relative
stability with respect to dodecamolybdate complexes. Dode-
camolybdate complexes encapsulate either rigid guests or the
adipate (N ) 4) molecule, which fits into the inorganic host
without undergoing any conformational change.8,9 The disorder
of the suberate and pimelate molecules observed in the crystal
structure of the corresponding complexes and the equilibrium
between two conformations of different symmetries deduced
from variable temperature 1H NMR spectra for [Mo12O12S12-
(OH)12{O2C-(CH2)5-CO2}]2- suggest that these guest molecules
could undergo dynamical processes in solution.6a,9 In view of
these stimulating hypotheses, it appears worthwhile to investi-
gate the role of dynamics in determining the relative stability
of the different conformers expected to exist for each of the
above complexes. This can be accomplished through a search
of equilibrium minima in the configuration phase space of each
complex. This is the scope of the present work, in which the
nature and the energetics of these processes are elucidated by
means of first-principles molecular dynamics simulations.

2. Computational Methodology

For each complex [Mo12O12S12(OH)12{O2C-(CH2)N-CO2}]2-

(N ) 4, 5, 6), simulations have been carried out within the
Car-Parrinello molecular dynamics (CPMD) approach.10,11 The
temperature was controlled by a standard velocity rescaling
algorithm, and for the exchange and correlation functionals, we
used a Becke12 and Perdew13 generalized gradient approxima-
tion. The core-valence interaction was described by Troullier-
Martins norm-conserving pseudopotentials;14 in the case of Mo,
we used the semicore states 4s, 4p, and 4d, and for S, the 3d
channel was included.15 A standard Kleinman-Bylander fac-
torization was adopted for O, S, C, and H pseudopotentials,16

whereas a Gauss-Hermite quadrature formula turned out to be
a more appropriate choice for Mo. Because of the presence of
O atoms, whose wave functions are rapidly varying close to
the nucleus and to the use of semicore states for Mo, our plane
wave (PW) basis set was truncated at a relatively high energy
cutoff of 70 Ry. In all dynamical simulations, a fictitious
electronic mass of 200 au and a time step of 3.0 au (0.075 ps)
ensured good control of the constants of motion.17

The complex was placed at the center of a cubic simulation
cell of edge size L ) 23 Å, which is sufficient for the charge
density to be negligible on the cell ends, and periodic boundary
conditions, typical of PW-based approaches, were released, thus
simulating an isolated system, via the Barnett-Landman
scheme.18 The starting geometry used for each complex was
derived from the X-ray structure after solving the disorder
problems by means of geometry optimizations carried out with
the ADF software19 within the same Becke12 and Perdew13

gradient-corrected DFT scheme used in the CPMD dynamical
simulations. The structures were relaxed until residual forces
on the atoms were less than 10-3 hartree/au. Several tests were
performed to select the temperature most appropriate to the
simulations. On one hand, a temperature of 700 K was shown
to yield an irreversible decomposition of the complexes. On
the other hand, a temperature lower than 400 K was not
sufficient to overcome the energy barriers separating the various
conformers (on the time scale of our simulations) and thus to

induce the expected conformational changes into the encapsu-
lated dicarboxylate structure. Finally, an average temperature
of 500 K seems to represent a critical zone inside which the
potential barriers can be crossed while maintaining the host-guest
assembly.

All dynamical simulations started from the ADF-optimized
stationary ground states. After an initial equilibration, the system
was allowed to evolve for about 1.3 ps, and a velocity rescaling
algorithm kept the temperature oscillating within the 500 ( 100
K range. Then, geometric configurations realized at the maxima
of the temperature oscillations during the dynamics and corre-
sponding to minima of the potential energy surface (PES) were
selected, and the system was quenched down to 0 K by a
standard annealing procedure. The equilibrium structures ob-
tained in this way were then further optimized to relax also the
electronic degrees of freedom. Whenever the system evolved
toward a new minimum belonging to a PES basin different from
the initial one (given by the experimental crystal structure), the
new configuration of the complex was analyzed and further
optimized via static DFT calculations within both a PW basis
set approach (CPMD) and an atom-centered localized basis set
approach (ADF) to check independently the stability of the new
minima. The relative energies of the new basins, calculated with
the CPMD and with the ADF approaches, respectively, are
reported in the first two columns of Table 2. Apart from the
energy difference with respect to the initial basin, the new
minima present a distinctive folding of the carboxylate carbon
chain, described by the sequence of the C-C-C-C torsion
angles along the chain. A remarkable change in these torsion
angles, obtained upon ADF optimization and reported in Table
1, indicates that a transition toward a different PES basin occurs.
Further details will be given in the next section, whenever
necessary to support the discussion.

In the static calculations and geometry optimizations carried
out within the ADF approach, all atoms were described by the
Slater basis sets referred to as TZP in the user’s guide.19c The
basis set for hydrogen is triple-� plus one p-type orbital. For
nonmetal atoms, the core (He for oxygen, Ne for sulfur) is frozen
and described by a single Slater function, whereas the valence
set is triple-� and supplemented with a d-type polarization
function. The small core (3s3p3d) of molybdenum was also
modeled by a frozen Slater basis. The valence-shell is double-�
for 4s, triple-� for 4p, 4d, and 5s, and supplemented with a
single Slater orbital describing the 5p shell. The zero-order
regular approximation (ZORA) has been used to model the
scalar relativistic effects. Because the complexes are diamag-

TABLE 1: Sequence of the C-C-C-C Torsion Angles
(degrees) Deduced from the Geometries Associated with the
Two Energy Minima Calculated with ADF Starting (i) from
the Observed Experimental (ADFexp) Structures and (ii)
from the Energy Minima Obtained from CPMD Simulations
(ADFCPMD)

adipate pimelate suberate

ADFexp
a ADFCPMD

b ADFexp
a ADFCPMD

b ADFexp
a ADFCPMD

b

C1-C2-C3-C4c 179.9 –177.7 152.5 –85.7 –166.9 169.5
C2-C3-C4-C5 179.8 –62.2 81.8 –108.2 –55.3 72.0
C3-C4-C5-C6 179.9 –175.4 81.8 62.2 –56.6 –161.6
C4-C5-C6-C7 152.5 –170.9 179.2 70.3
C5-C6-C7-C8 114.0 174.3

a Geometry optimized with ADF starting from the experimental
crystal structure (Figure 1, upper panels). b Geometry optimized
with ADF starting from the alternative geometry obtained from
CPMD (Figure 1, lower panels). c Carbon atoms are numbered
sequentially from top to bottom referring to the scheme of Figure 1.
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netic, with localized Mo-Mo bonds and singlet ground states,
all calculations were carried out with the restricted formalism.

3. Results and Discussion

The stable geometrical configuration of each of the [Mo12O12-
S12(OH)12{O2C-(CH2)N-CO2}]2- complexes considered here was
obtained by static optimization started from the corresponding
structures observed from X-ray diffraction; these geometries are
shown in the upper panels of Figure 1. In agreement with the
observation, the structures encapsulating adipate (N ) 4) and
pimelate (N ) 5) were assigned a C2 symmetry during the
optimization procedure. Conversely, the complex-encapsulating
suberate, where the chain is longer and more flexible, was left
unconstrained in the relaxation process. In each templated
complex, the mutual adaptation between the host and the guest
results in a more or less pronounced deformation of the host
toward an elliptical shape and on the folding of the carboxylate
carbon chain, defined by the sequence of its C-C-C-C torsion
angles, reported in Table 1. In practice, the interplay between
the flexibilities of both the host and the guest determines the
final configuration of the complex.

The oxothiomolybdenum ring was found to be extremely
flexible, and its global deformation from a circular to an elliptic
shape occurred spontaneously during the simulations, indicating
that these structural changes do not require the overcome of
large activation energy barriers as long as the flattening of the
ring does not induce any steric contact with the methylene
groups. The only energetic cost for these deformations is due
to local geometry variations induced by the coordination of
the guest molecules and is essentially constant for all types of
dicarboxylate ligands. On the contrary, the folding of the carbon
chain has an energetic cost that increases with the number of
CH2 groups composing the chain.20 We can then infer that this
is responsible for the ordering of the relative stabilities of the
complexes. Specifically, we observed a decrease in the stabilities
of the three complexes as a function of the length of the carbon
chain

To rationalize these results, we performed a set of static
relaxations, within the ADF approach, of the complex and of
the guest alone, extracted from the complex after the optimization.

We can notice that the energy cost due to the deformation of
the carboxylate guest can be expressed by two quantities, Emin

(guest) and Eadjust (guest), both referring to relative ADF energies
calculated with respect to the global minimum of the free guest
molecule. Eadjust (guest)21 refers to the energy obtained from a
single-point calculation carried out on the carboxylate guest,
using the atomic coordinates of the guest molecule obtained
from a geometry optimization on the whole complex. If the same
geometry is now used as a starting point for a geometry
optimization of the guest molecule, then Emin (guest) corresponds
to the relative energy of the obtained minimum. Therefore, (i)
for a given starting geometry, Eadjust (guest) is always larger
than Emin (guest), and (ii) Emin (guest) is strictly positive when
the optimization process yields a local minimum; it is zero when
optimization goes back to the global minimum. The latter case
was obtained only with the smallest carboxylate (Adipate, N )
4), starting from the geometry optimized for [Mo12-Adip]2-

in the observed configuration (Table 2); Emin (Adip) is therefore
zero, and Eadjust (Adip) remains very low (+1.8 kcal mol-1, Table
2). The situation is different for the two other guests, pimelate
and suberate, for which the geometry observed in the complex
leads the free guests to energy basins associated with minima
(Emin) located at +6.7 and +5.3 kcal mol-1, respectively.

Models obtained by a set of molecular mechanics simula-
tions,22 performed in our group, show that the number of such
local minima compatible with the constraints required for an
energetically favorable encapsulation inside the Mo12O12S12-
(OH)12 ring, should be characterized by the following require-
ments:8,9 (i) an energy lower than ∼10 kcal mol-1 above the
global minimum; (ii) the coplanarity of the two carboxylate
groups, and (iii) a distance between the carboxylate groups less
than or similar to that observed in the X-ray structure. Within
this framework, the number of possible local minima increases
dramatically with the number of CH2 groups comprising the

Figure 1. Structures of the [Mo12O12S12(OH)12{O2C-(CH2)N-CO2}]2-

complexes. Upper panels: structures derived from X-ray diffraction data
and optimized via static DFT-based calculations. Lower panels:
structures obtained after CPMD simulations at 500 K ( 100 K and
subsequent static relaxation. Guest ) suberate (N ) 6, left); pimelate
(N ) 5, center); adipate (N ) 4, right).

[Mo12-Adip]2->[Mo12-Pim]2->[Mo12-Sub]2-

TABLE 2: Relative Energies of the Structures Found via
First-Principles Molecular Dynamics and Subsequently
Optimized within Plane-Wave (CPMD) and Localized
Basis-Set (ADF) Approaches with Respect to the Minimum
Associated with the Observed Configurations; Relative
Energies of the Guest Carboxylate Molecules Assumed
Isolateda,b

Erel(Min) Erel(Min) Eadjust Emin

CPMD ADF guest guest

[Mo12-Adip]2- 0c 0c 1.8d 0d

+2.2 +2.7 4.0 2.4
[Mo12-Pim]2- 0 0 8.6 6.7

+1.2 +2.5 12.1 6.6
[Mo12-Sub]2- 0 0 10.5 5.3

-3.5 -1.0 10.2 3.4

a Eadjust(guest) corresponds to the relative energy, calculated using
ADF, of the guest molecule assumed to be isolated with the
geometry optimized in the complex. Emin(guest) corresponds to the
relative energy optimized for the guest molecule assumed to be
isolated starting from the geometry optimized in the complex. b For
each complex, the upper line refers to the potential energy surface
basin associated with the observed structure, and the lower line
refers to the new basin obtained from the CPMD simulations.
Energies are expressed in kilocalories per mole. c Values in this
column refer to the minimum calculated for the considered complex
starting from the observed structure. d Values in this column refer to
the global minimum computed for the considered guest molecule,
assumed isolated.
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guest polymer chain because the longer the chain, the higher
its flexibility and the number of conformations it can assume,
even by simple thermal effects. It is therefore tempting to assign
the increase in the average molecular symmetry with temperature
deduced from variable temperature 1H NMR studies to confor-
mational changes affecting the guest carboxylate.

The unconstrained dynamical simulations were carried out
at a target temperature of 500 ( 100 K, and, after equilibration,
statistics were collected for 1.2, 2.6, and 2.6 ps for
[Mo12-Adip]2-, [Mo12-Pim]2-, and [Mo12-Sub]2-, respec-
tively. Although the temperature range used for the CPMD
simulations is somewhat higher that corresponding to the NMR
experiments, the computed trajectories show that all three
complexes can indeed undergo configuration changes of the
guest molecule without involving any dissociation process. It
should be stressed that the choice of a temperature larger than
the one adopted in the experiments is fully legitimated by two
sets of considerations. First, we have to cope with the time scale
limitations of our molecular dynamics approach, in which the
description of thermally activated events occurring experimen-
tally at room temperature becomes possible provided that the
actual simulation temperature is substantially larger. Indeed,
working at a higher temperature can be considered to be the
simplest “acceleration scheme” suitable to induce dynamical
events hindered by insufficiently short temporal trajectories.23

Second, temperatures used in simulations involving C- and
O-made complexes have to be set at higher values with respect
to experiments because of the approximations of both the
functionals adopted and the numerical integration schemes.24,25

Because of its high flexibility, the oxothiomolybdate ring reacts
first to the increase in temperature by slightly modifying its
shape by either increasing the ellipticity, as occurs, for instance,
in the case of [Mo12-Sub]2-, or by assuming a more circular
shape, as in the case of [Mo12-Pim]2-, or even by reversing
the ellipticity, that is, decreasing the major axis and increasing
the minor axis, as observed in the case of [Mo12-Adip]2-. On
a second stage, the guest carboxylate reacts either by an
elongation of the carbon chain together with a partial decoor-
dination, in the case of suberate, or by a contraction, for the
two other guests, and eventually by changes in the chain
conformation. The systems were subsequently cooled by a
standard annealing procedure.

This confirmed that the final complexes found were new
minima different from the starting ones. Finite temperature
dynamics allowed for the crossing of activation energy barriers
on the order of 1.0 to 2.0 kcal mol-1, and the complexes relaxed
toward new minima distinct from the ones given by the initial
geometries. The value 1.0 to 2.0 kcal mol-1 can be estimated
by considering that 1 kcal amounts to T ) 500 K (the average
temperature of our simulations), and instantaneous configura-
tions corresponding to statistical variations well above this target
temperature cannot be ruled out. For each complex, these new
minima have been characterized first at the CPMD11 level after
complete relaxation of the electronic and ionic degrees of
freedom at 0 K and then further checked by performing static
relaxations both within the PW basis-set approach and within
the localized basis-set ADF code.19 The initial configurations
and their related new minima are reported in Figure 1.26 As
mentioned, the folding of the carbon chains, characteristic of
these new configurations, is defined by the sequence of their
torsion angles, reported in Table 1 and compared with the
corresponding torsion angles for the starting structures.

The relative energies of the new structures are quite similar
when optimized either with CPMD, or with ADF, as expected.

They are slightly positive for [Mo12-Adip]2- (+2.2 or +2.7
kcal mol-1) and for [Mo12-Pim]2- (+1.2 or +2.5 kcal mol-1),
respectively (Table 2). However, in the case of [Mo12-Sub]2-,
the new minimum found by the CPMD dynamical exploration
of the PES is located at lower energies (-3.5 kcal mol-1) with
respect to the initial (observed) structure (Figure 2). This result
is confirmed by an ADF total energy calculation performed on
this same structure, where the new configuration found turns
out to be more stable than the initial one by 1.0 kcal mol-1;
these findings are reported in the first and second columns of
Table 2, and, within the error bar typical of DFT calculation,27

both results are in agreement and point to a preference for the
system toward the newly found configuration. Care must be
exercised when considering, for comparative purposes, the
energies associated with the two minima shown in Figure 2 and
the energy attributed to the transition state. The first two are
the results of calculations on optimized geometries at T ) 0 K,
whereas the saddle barrier energy is an estimate based on the
consideration of the average temperature imposed on the system
(T ) 500 K). Also, it has to be pointed out that the profile of
the potential energy curve would feature, in the case of
[Mo12-Adip]2- and of [Mo12-Pim]2-, the first minimum on
the left energetically lower than the second on the right, in a
way that is compatible with the values of Table 2.

At variance with the case of adipate and pimelate guests, the
conformation adopted by the suberate ligand in the new
minimum is less hindered than the configuration corresponding
to the initial observed structure, and this can account for its
higher stability. We can remark that the suberate complex
evolves from a nonsymmetric initial (observed) configuration
to a symmetric one in the new minimum, as can also be deduced
from the sequence of dihedral angles (Table 1), whereas the
structures of adipate and pimelate shift from symmetric to
nonsymmetric.

Conclusions

The present work has shown that guest dicarboxylates with
flexible aliphatic framework can cross the PES barriers separat-
ing different folding configurations of the methylenic sequence
by thermal activation. Without escaping or breaking the host
envelope, the system can depart from the structure observed in
the crystal and explore new minima of the PES associated with
different possible folding configurations of the carbon chain

Figure2. Structuresandrelativestabilitiesof the[Mo12O12S12(OH)12{O2C-
(CH2)6-CO2}]2- complexes. The lower minimum (-3.5 kcal mol-1

according to the CPMD estimation) was obtained after dynamical
simulations starting from the initial crystallographic structure.
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inside the envelope of the dodecamolybdate ring. The dynamic
simulations have emphasized not only the flexibility of the guest
molecule but also that of the inorganic host, and they have
evidenced the existence of mutually adapted conformational
changes of both the host and the guest components. In fact,
when the temperature is raised to about 500 K, the [Mo12] host
is the quickest to respond by increasing, decreasing, or even
inverting the elliptical deformation observed in the crystal
structures of all [Mo12O12S12(OH)12{O2C-(CH2)N-CO2}]2- com-
plexes. These modifications of the host depend on the length
of the methylene chain, and, in turn, the guest reacts so that the
whole complex undergoes a synchronized movement of both
moieties, making possible changes of the folding configuration
of the carboxylate chains for all guests considered here.
Specifically, the suberate guest (N ) 6) is the one experiencing
the most important conformational change, which is in agree-
ment with its larger degrees of freedom for the chain folding.
However, the aliphatic carboxylates with smaller N values, and
especially for the adipate guest (N ) 4), can also undergo
modifications to fit better to the structure of the host.9

The dynamic behavior of the [Mo12O12S12(OH)12{O2C-(CH2)N-
CO2}]2- complexes, inspected via CPMD simulations, appears
to be consistent with the previous interpretation of variable
temperature 1H NMR spectra of these complexes in solution.
These NMR data indicate an evolution toward a high average
symmetry for the complexes while increasing temperature from
215 to 340 K, and this was ascribed to intramolecular dynamic
processes.9 It can then be inferred that a relatively large manifold
of folding configurations is accessible to the encapsulated guest
species, at least in the upper range of temperatures investigated.
Although the multiplicity of the accessible configurations and
the average structural symmetry along the dynamic pathway
have not been experimentally verified yet, the computational
evidence of at least one such structural change strengthens the
hypothesis of a dynamic structural averaging at high temperature.
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