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Abstract Molecular dynamics simulations on the I —
benzene—Ar, clusters have been carried out using an
atom(ion)-bond model to describe the nonelectrostatic con-
tribution to the total interaction. Results for ["—benzene—Ar
and I"-benzene-Ar,, (n = 3, 18 and 25) are presented and
some predicted properties are compared with those of the
alkali cation—benzene clusters solvated by Ar atoms.

Keywords
Clusters

Molecular dynamics - Energy interaction -

1 Introduction

The investigation of structure and dynamics of weakly
bound clusters, with a particular attention to their role in
molecular recognition and selection [1-31] is an expanding
subject of research for its interest in many fields. In par-
ticular, the interaction of ions with aromatic systems is
relevant to various chemical processes occurring in bio-
logical systems [29, 30, 32]. These phenomena are
typically governed by the combination of various compo-
nents of the noncovalent intermolecular interaction, like
electrostatic (of either attractive or repulsive nature),
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exchange or size (of repulsive nature), and induction and
dispersion (of attractive nature). Unfortunately, it is quite
difficult to accurately characterize the relative role played
by the various components of noncovalent intermolecular
interactions because, in general, they are much weaker than
those leading to the usual chemical bonds and often
they cannot be separable as the intermolecular distance
decreases. The experience of some of us in modeling
noncovalent interactions and the increasing research
activity on molecular aggregates involving aromatic mole-
cules, motivated the extension of an atom-bond type
formulation of the atom-molecule interaction, originally
developed for pure benzene (bz) rare-gas (Rg) systems [33,
34] to ion-bz and ion-bz—Rg, aggregates. The most
important characteristics of this model are the simplicity of
the potential formulation and the closed relationship
existing between the potential parameters and some basic
physical properties of the few body fragments of the
overall molecular aggregate. Moreover, the two-body
atom-bond formulation of the interaction incorporates
three-body effects in a natural way.

The potential model has been proved to be very useful in
molecular dynamic simulations and it was first applied to
investigate the alkali ion (M")-benzene systems (alone and
solvated by rare gas atoms) and results show that the atom
(ion)-bond formulation of the interaction is able to properly
describe the potential energy surface (PES) and related steric
and energetic features of the investigated systems. This has
allowed, so far, to calculate both static and dynamic pro-
perties of the K™—bz-Ar, clusters [35], illustrating their
specific steric biases with respect to those of bz—Ar,, [18, 19].
The model potential for the M*-bz systems was tested
against accurate ab initio calculations [36] and the compari-
son showed that the adopted representation is in general able
to reproduce all the main features of the PES for these
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systems and the relative role of the leading interaction
components. In particular, the agreement between the
semiempirical model and ab initio results was found to be
extremely good for the heavier metal cations (K™, Rb* and
Cs™). Other systems containing alkali ions, rare gas atoms
and benzene were investigated to analyze the size-specific
interaction of alkali metal ions in the solvation of M*—bz
clusters by Ar atoms [37-39]. The same potential energy
functions were used to study the effect of introducing Ar
atoms in the sandwich bz—Rb*—bz aggregate [40].

The chemistry of anions containing clusters is much less
studied than that of cation clusters. This stems out of the
intuitive mind that the charge distribution associated with
the m electronic cloud of the aromatic ring stabilizes the
cation-bz clusters while destabilizing the anion—bz ones.
However, the design of new receptors stereoselectively
binding anionic guests has fuelled a revisit to this topic [41-
43]. Encouraged by the results obtained while investigating
the alkali ion benzene systems, the model potential was
applied to study the C1™—bz—Ar, heterocluster [34] and their
static and dynamic properties were compared with those of
their K*—bz—Ar, homologues with n varying from 1 to 3.
Here, we are interested to study the heavier I —bz—Ar, and
the effects produced when the number of atoms increases.

The present paper is organized as follows: In Sect. 2 the
details of the potential energy function for I"-bz-Ar,
clusters are presented. In Sect. 3, the behavior of I"—bz—
Ar, I"-bz—Arz, I"-bz—Ar;g and I -bz—Ar,s clusters is
investigated by exploiting molecular dynamics simulations.
Concluding remarks are given in Sect. 4.

2 Potential energy surface

As previously studied [35-39], the interaction potential is
assumed to depend on the combination of electrostatic and
nonelectrostatic contributions. The nonelectrostatic com-
ponent, V., of the potential is constructed from ion-bond (6
I"—CC and 6 I"—CH), atom-bond (6 N Ar—-CC and 6 N Ar—
CH, N = number of Ar atoms) and atom (ion)-atom inter-
actions as explained in Ref. [35]. Both, atom (ion)-bond and
atom (ion)-atom interactions are described by means of an
improved version of the Lennard Jones (ILJ) potential
function [33], which removes most of inadequacies of the
original version of the Lennard Jones model (LJ).

In the formulation of V., each atom(ion)-bond term is
expressed as,
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where r represents the distance between the atom and the
center of the bond and « is the angle that the r vector forms
with the bond. The m parameter is taken, respectively,
equal to 6 and 4 for atom-bond and ion-bond interactions.
The well depth ¢ and the equilibrium distance r, are
modulated through simple trigonometric formula from the
corresponding perpendicular and parallel components (see
for instance Ref. [35]) to obtain &(x) and ro(«). The first
term (positive) represents the size-repulsion contribution
arising from each atom(ion)-bond pair, while the second
one (negative) provides the corresponding dispersion and/
or induction attraction effect.

The n(r,) exponent, defining the falloff of the
atom(ion)-bond repulsion is calculated as,

n(r,a) = B +4.0 <r0€a)) i 2)

where f, an adjustable parameter related to the hardness of
the interacting partners, is taken, respectively, equal to 10
and 7 for Ar-bond and I -bond interactions. Taking into
account the higher polarizability of the I™ ion respect to
that of C1™, the value of § has been lowered from 9 (the f
value considered to describe the C1™-bz—Ar,, clusters) to 7.

The remaining parameters of the atom(ion)-bond inter-
actions are given in Table 1.

By removing the angular dependence, Eqs. 1 and 2 are
also used to describe both the I"Ar and the Ar—Ar inter-
actions, using, respectively, values of f§ equal to 7 and (as
previously [35-37, 39]) 10. The remaining parameters for
atom(ion)-atom interactions are given in Table 2.

All the parameters given in Tables 1 and 2, necessary to
describe V. for the I"-bz—Ar,, clusters, have been calcu-
lated using the charge and the polarizability of the related
atomic species as well as polarizability and effective
polarizability tensor components of aromatic C—C and C-H
bonds [33, 44].

The electrostatic component of the interaction, V,;, has
been evaluated as in our previous studies of clusters con-
taining ions and benzene, taking into account that V
asymptotically must correspond to the ion quadrupole
interaction (see for instance Ref. [35]). This leads to a
charge of 40.09245 on each H atom and to two negative

Table 1 Perpendicular and parallel components of the deep well (¢,
g)) and of the equilibrium distances (r91, roy) for the different
atom(ion)-bond terms

Atom...bond & /meV &)/meV rou/A r0||/1&
I...cC 13.76 52.96 4.166 4.380
I'...CH 20.22 23.18 4.018 4.198
Ar...CC 3.895 4.910 3.879 4.189
Ar...CH 4.814 3.981 3.641 3.851




Theor Chem Acc (2009) 123:21-27

23

Table 2 Atom(ion)-atom interaction parameters

Atom...atom &/meV rO//& m
I"...Ar 63.00 4.110
Ar...Ar 12.34 3.760 6

charges of —0.04623 separated by 1.905 A on each C
atom.

The total potential energy for I —bz-Ar, is then
formulated as,

n n

Vtotal = VI’—bz + Z VAr,-—bz + Z VI’—Ar,-
i=1 i=1

n—1 n
+ Z Z VAr;—Ar/- + Vel (3)

i=1j>i

where Vi-_y, and Va,_p, denote, respectively, the contri-
bution of the 12 ion-bond and the 12 atom-bond terms.
Therefore, the first four terms define the nonelectrostatic
contribution to total interaction.

In particular, the first term in Eq. 3 represents the
interaction of the I -bz complex without electrostatic
contribution. As found from ab initio calculations [45], our
model predicts that the most stable structure of the I™—bz
complex is a planar C,, structure in which I™ is hydrogen
bonded to two adjacent CH groups (—272 meV) while the
planar C,, structure in which I approaches linearly to the
CH bond is predicted to be less stable (—238 meV) than
the bifurcated one. The bifurcated and linear forms of the
I"—bz complex are shown in Fig. 1. The distance from the
anion to the center of mass of benzene is slightly shorter
(5.19 A) for the bifurcated structure than for the linear one
(5.45 A).

The second term of the equation is related to the inter-
action between Ar and benzene. The equilibrium structure

Fig. 1 Bifurcated (left-hand side) and linear (rigth hand side) forms
of the I"—bz complex

for the dimer Ar-bz (—44.1 meV) is found at 3.53 A from
the center of mass of the aromatic ring when Ar approaches
to benzene along the C¢ symmetry axis [33].

According to data in Table 3, the equilibrium energies
for ion—Ar and Ar—Ar interactions (third and fourth terms
in Eq. 3) are equal, respectively, to —63 and —12.34 meV.

These results indicate that, in general, the higher energy
contribution in the I"-bz—Ar, aggregates with a few Ar
atoms correspond to the [”—bz interaction. However, as the
number of Ar atoms increases, the other nonelectrostatic
terms in Eq. 3 become higher.

3 Molecular dynamic simulations

The study of the I"—bz—Ar, clusters has been carried out
using the DL_POLY suite of programs (http://www.dl.
ac.uk/TCSC/Software/DL_POLY). Dynamical simulations
have been performed by considering a microcanonical
ensemble (NVE) of atoms. The benzene molecule has been
treated as a rigid body. Different total energy values (E())
have been considered and the calculations have been car-
ried out by looping over increasing values of E,, which
is calculated from the kinetic (Ey) and the potential (Vi)
(see Eq. 3) energies. To reach the selected total energy
value, an equilibration time has been considered when
necessary. A time step of 1 fs has been used for all initial
conditions. This time step is large enough to keep the
fluctuations of E, smaller than 107> meV. The simula-
tion, at each new energy, has been initiated from the last
configuration, velocities and forces of the last step of the
previous run. The temperature 7 has been calculated
from the relationship 7; = 2E/kgf (with kg being the
Boltzmann constant and f the number of degrees of free-
dom of the system) at each step and averaging all values.
The total integration time for each simulation was set equal
to 15 ns.

To help the rationalization of the results, the configu-
ration energy (E.¢,) has been defined as the average of Vgl
over all the accessible configurations at the choosen total
energy. The nonelectrostatic and electrostatic averages,
contributing to Ecgs (Ene and E), have also been consi-
dered together with the different components associated to
the nonelectrostatic interaction arising from, ion—benzene
(ET _p,), Ar—benzene (EA,,,), and the two body ion—Ar and
Ar—Ar components (Ey,).

The I"-bz—Ar aggregate has only one stable energy
with the anion placed on the plane of the aromatic ring.
Because the different magnitude of the various energy
components, the anion tends to stay very close to the
equilibrium position (on the benzene plane) during the
dynamic simulation, while the Ar atom is placed to interact
with both benzene and anion, so that floating out of the
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Table 3 Total configuration energy (E.r), ion-benzene (Ey _y,),
Ar-benzene (Ear_p,), ion—Ar (Eyy,) and electrostatic (E;) energies

Ecto/meV  Ey _,,/meV  Eprp,/meV  Eyo/meV E,/meV

—364.2
—303.5

—178.1 -30.5
—163.4 -9.5

—62.8
—48.1

-92.8
—82.5

Equilibrium
T=165K

benzene plane. Simulations at defined values of the total
energy, chosen in the range from —363 to —267 meV,
have been carried out and an increase of all energy con-
tributions with E,., has been found. At low total energies,
Ar oscillates near the equilibrium configuration and when
the total energy increases, the atom can explore different
zones of the PES and an increase of the different energy
contributions, mainly that of Ea,_y,, is observed. By fur-
ther increasing E ., when all accessible configurations of
the cluster can be reached, the mean E,_, energy tends
to remain constant. In this case, the Ar atom, flying far
away from benzene, interacts only with the ion and, as a
consequence, the probability of dissociation increases. At
temperatures higher than 170 K the cluster can easily
dissociate.

The dependence of the mean interaction energy between
Ar and benzene (Ea,p,) as the temperature (or Ey)
increases is shown, for the I"-bz—Ar aggregate in Fig. 2
and in Table 3 the different energy contributions at the
equilibrium geometry and at 7 = 165 K, are given. All
energy results at 7 = 165 K correspond to the averaged
values along the trajectory.

Both the nonelectrostatic (E} _,) and the electrostatic
(E.)) energies, defining the total configuration energy for
ion-bz (Ejon_v, = ET _b, + Ee1), provides larger contribu-
tions than Ea,_y, and E,, (see Table 3). Accordingly, the
ion typically tends to stay very close to the equilibrium
position in the I"-bz cluster being E;,, 1, at 165 K about
90% of the equilibrium value. Table 3 also shows that at

T/K
20 40 60 80 100 120 140 160

\ \ \ \
-350 -325 -300 =275

Etotal/ meV

Fig. 2 Averaged Ar-bz energy contribution (Ea;_p,) as a function of
total energy (E\oa) for the I"—bz—Ar cluster
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Fig. 3 Time evolution of the distances from the Ar atoms to the
center of mass of benzene for the I"—bz—Ar; cluster at 25 K of
temperature

165 K, Es accounts for about 83% of the equilibrium
potential energy and that the higher percent of variation is
for the Ar-bz contribution. This means that the Ar atom
tends to be placed close to anion.

Aggregates with more than one Ar have more than one
stable structure and isomerizations can be observed. For
instance in the I"—bz—Ar; cluster, the mobility of the Ar
atoms contributes to frequent isomerizations, even at very
low temperatures. These can be observed in Fig. 3, where
the distances of the three Ar atoms to the center of mass
(c.m) of benzene are represented along the simulation time
at T =25 K.

As can be seen in the figure, one of the Ar atoms
(labeled as 1) vibrates without significant changes of the
distance from benzene (bottom panel), so that its motion
cannot be associated with isomerizations. The other two
atoms, however, contribute to the cluster isomerization,
one of them (labeled as 2) at the beginning of the simu-
lation, leaving its position near the anion and approaching
toward the benzene molecule (medium panel). The third Ar
atom (labeled as 3), for about 1 ns approaches the anion to
later return near benzene (top panel).
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Taking into account, that the equilibrium distance
between Ar and the benzene c.m is of 3.57 A (for Ar atom
placed on the Cg4 axis of benzene) and of 5.15 and 5.52 A
(for on plane configurations of the Ar) [33], Fig. 3 seems to
indicate that along the simulation, Ar atoms tend to occupy
positions near the plane of the aromatic ring. Isomeriza-
tions at low temperatures are possible because several
stable isomers, inter-connected through very low energy
barriers, exist. The concerted movement of the atoms,
searching the most favorable configurations, causes the
increase of some energy contributions while other ones
decrease. This can be observed in Fig. 4, where some
results of a dynamical molecular simulation at 25 K are
shown. The top panel of Fig. 4 shows the time evolution of
the interaction energy between the three Ar atoms and the
benzene molecule, while the bottom panel shows the time
evolution of the overall two body (ion—-Ar and Ar—Ar)
energy contributions. As it can be seen in Fig. 4, the
decrease of the Ar-bz energy (top panel) is accompanied
by an increase of the two-body energy contribution (bottom
panel). This was also observed for CI -bz—Ar, [46] and
confirms what is usually expected from a solvation process:
the solvent molecules rearrange themselves in a way to
compensate for the variation of the molecular geometries
of the solute.

By further increasing the number of Ar atoms, these
tend to be placed in the energetically most favorable
positions, surrounding the I"—bz cluster. When the number
of Ar atoms is large enough it is better to study the cluster
from the point of view of the I”—bz solvation.

E(Ar(n)-bz) /meV

0 2 4 6 8 10 12 14
time/ ns

Fig. 4 Time evolution of the overall bz—Ar (Eam)b,) and I"Ar
(Epng) energy contributions for the I"—bz—Arz cluster at 25 K of
temperature

The gradual evolution from cluster rearrangement to
solvation dynamics was studied for the alkali ions-bz
clusters, solvated by Ar atoms [37, 38]. In the present
study, the solvation of I"—bz has been investigated con-
sidering 18 and 25 Ar atoms. These numbers are large
enough to make evident some characteristics of solvation
processes when studying the dynamics of the clusters.

Dynamical simulations of I"-bz—Ar;g and ["-bz—Ar,s
show that the solvents prefer to occupy positions near 1.
This can be observed in Fig. 5 where the radial distribution
function (rdf) of Ar atoms around I~ shows a high peak
placed at r ~ 4.1 A. This value of r is very close to the
equilibrium value of 4.11 A for the Ar-I" interaction (see
Table 2).

Figure 6 shows snapshots of the I —bz—Arg initial and
final configurations (left-hand side and medium-hand side
panels, respectively) and of the final configuration for I"—
bz—Ar,s (right-hand side panel). The comparison of initial
and final configurations for I"-bz—Ar;g suggests that Ar
atoms flew away from benzene solvate the anion. Only
when the number of atoms is further increased (I"-bz—
Ar,s), some of them solvate the benzene molecule (right-
hand side panel).

The Eionp, energy values, as can be expected, are the
same for both clusters (n = 18 and 25), while a decrease of
332 meV for E.,,, and a decrease of 146 meV for E 5, y, have
been obtained when going from I™—bz—Ar,g to " —bz—Ar,s.
Despite the higher decrease in E.y,, it must be taken into
account that the number of two body terms for I —bz—Ar,5
increase by 154 with respect to those for [ —bz—Arg, while
the Ar-bz interactions for I"—bz—Ar,s increases only by 8
with respect to those for I —bz—Arg.

Significant differences have been found between the
dynamics of Ar solvated alkali cation M™) [35-38] and
I"-bz clusters. These differences can then be explained
from the magnitude of the various components of the
interaction and from the different topology of the PES for
cationic and anionic clusters. On one hand, both M bz

,;‘i‘ I -bz-Aryg

o it

& H

<« [

= i

S 1

= H

= i

J\i I I I I

35 4.0 45 5.0 55 6.0 6.5

r(Ar-I) /A

Fig. 5 Radial distribution function (rdf) of Ar atoms around I~ at
25 K for the I"—bz—Ar;g cluster
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Fig. 6 Left and medium side
hand Initial and final structures
for the the I —bz—Ar;g cluster,
respectively. Right side hand
final structure for the the I —bz—
Arg cluster
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and I"-bz clusters, because the magnitude of the interac-
tion tend to remain in their equilibrium positions, while Ar
atoms solvating the clusters tend to interact as much as
possible with the ions (the bz—Ar interaction is weaker than
the ion—bz ones). On the other hand, from a topological
point of view, M"—bz and 1" bz are very different. For the
M™1-bz clusters, the most stable configuration is found,
when the cation approaches benzene perpendicularly to the
aromatic ring, while the most stable configuration for " —
bz has a six fold degenerate on-plane geometry. This
originates only one isomer for I bz—Ar, while M*—bz—Ar
systems have two stable isomers, one of them with the Ar
atom placed on the same side of the aromatic ring as the
cation and the other with the cation and the atom placed on
opposite sides of the benzene plane. Because of these
differences, the Ar atoms solvating M*-bz tend to move
around the Cg¢ axis at distances close to ry, the potential
parameter of the M'—Ar interaction. Thus, the Ar atoms
placed near the cation are stabilized by both, the benzene
molecule and the cation. On the contrary, the Ar atoms
solvating I"—bz around the anion interacts at a lower level
with benzene tending to left bore the benzene when the
total number of Ar atoms is not large enough.

4 Conclusions

The dynamics of some I bz-Ar, clusters have been
investigated from molecular dynamics simulations. The
total potential energy function has been constructed by
means of two-body, three-body (atom-bond) and electro-
static interactions. The use of Eq. 1, whose effectiveness
has been recently provided by an extensive analysis of high
resolution scattering experiments [47], permits to represent
in a compact form the resulting of size repulsion and dis-
persion/induction attraction components.

In particular, the model is able to describe the key dif-
ferences between MT—bz and I -bz clusters, which show
very different equilibrium structures. As previously was
done for cation-bz systems [36], accurate ab initio calcu-
lations are in progress also on negative ion—bz systems to
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better assess the change of the relative role of the various
interaction components with relative orientation and sepa-
ration of involved partners and then to extend the model to
more complex cases.

The potential energy function here adopted, very useful
in molecular dynamic simulations, allows to describe steric
and energetic properties of heteroclusters with relatively
small computational effort.

The evolution of the different energy components has
been analyzed for the I"—bz—Ar cluster when increasing
total energy. It has been found that the Ar atom prefers to
be placed near the anion and that at temperatures higher
than about 165 K, the cluster tends to dissociate in I™—bz
+Ar.

The addition of a small number of Ar atoms has been
investigated for the I -bz—Ar; aggregate. Because the
existence of several stable configurations, isomerization
processes take place with a high probability even at low
temperatures. The preferred configurations for I™-bz—Ar;
are those for which the Ar atoms are close to the anion.

The dynamics of I"—bz—Ar;g and ["—bz—Ar,5 have been
studied from the solvation of the I -bz cluster by Ar
atoms. Results show the differences in the solvation pro-
cess for I —bz with respect to that was observed for alkali
ions—benzene. Moreover, results show that the Ar atoms
tend preferably to occupy positions close to the anion.
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