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Abstract The solvation of the Cl -benzene (Cl —-Bz)
aggregate by Ar atoms has been investigated employing
molecular dynamics (MD) simulations. The gradual evo-
lution from cluster rearrangement to solvation dynamics is
discussed by considering ensembles of n (n = 1,...,30) Ar
atoms around the Cl™—Bz clusters. The energetic of the
solvated cluster is decomposed as a sum of pairs (including
both the Ar—Ar and the CI™—Ar terms), CI =Bz and Ar-Bz
interactions and their relative contributions are analyzed as
a function of the cluster size. The geometrical distribution
of Ar atoms around Cl™-Bz is investigated in terms of
radial distribution functions (RDF), bidimensional (2D)
angular distributions and tridimensional (3D) probability
densities. The variation on the spatial distribution of the Ar
atoms around Cl"-Bz when the Ar number increases is
investigated from a novel prospective, employing spherical
coordinates of the solvent atoms within an inertial refer-
ence frame. Isomerization processes are also studied.

Keywords Molecular dynamics - Solvation - Radial
distribution function - m—anion interactions
1 Introduction

The importance of noncovalent intermolecular interactions
is presently acknowledged in several research fields, such
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as Biochemistry or Material Science. These interactions
control different phenomena as for instance, the formation
of weak hydrogen [1, 2] bonds, molecular recognition and
selection processes [3—5] or the competitive solvation of
ions [2, 6, 7]. These phenomena are present in molecular
aggregates involving organic molecules [2, 4-6, 8—16] and
in particular in aromatic compounds, among which ben-
zene (Bz) is one of the most representative examples.
Benzene, due to its large permanent quadrupole moment
[17, 18], is able to interact with both cations and anions
giving rise to the so-called cation-m and anion-7 interac-
tions, respectively. The electrostatic contribution is very
important in these interactions but they are also affected by
dispersion energies which, to be accurately described by
ab initio calculations, require the use of large basis sets to
include properly the electron correlation [19]. Moreover, at
short range, the exchange repulsion effects also play an
important role, which in the aromatic compounds affect
mainly the “on-plane” approaches of ions to the aromatic
ring and, because of the high polarizability of the aromatic
rings, the induction effects can be very important. This
means that anion-7 interactions are governed by the com-
bination of various components of the noncovalent inter-
molecular interaction. Unfortunately, it is quite difficult to
accurately characterize the relative role played by the
various components of noncovalent intermolecular inter-
actions because, in general, they are much weaker than
those leading to the usual chemical bonds. In spite of these
difficulties, the important role that anion-7 interactions can
play in several fields, as in the design of new receptors
stereoselectively binding anionic guests [20, 21], in organic
synthesis [22, 23], in solvation in heterogeneous media
[24], as well as in anion recognition processes [25, 26], has
inspired a revisitation of this topic [27-29] and there has
been a renewed interest in the investigation into this kind of
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interactions, emphasizing the possible role of anion-n
interactions in molecular anion recognition [30]. In addi-
tion to this, most of the chemical and biochemical pro-
cesses of interest take place in solution and therefore the
introduction of a solvent in both the theoretical simulations
and experiments can be important. However, in spite of the
great effort invested in the experimental characterization of
solvation, the microscopic details of solvation of ions still
escape accurate experimental investigations. Molecular
dynamics (MD) simulations can, in principle, fill the gap of
the experimental limitations and thus provide an atomic
perspective of the structure and dynamics of the solvation
shell, which is regarded as a fundamental piece in view of
the emerging field of nanobiotechnology. The experimental
advances in generating van der Waals clusters fostered
theoretical studies on their structure and dynamical
behavior [31]. In particular, the study of van der Waals
clusters formed by a solute molecule embedded in a flexible
cage of solvent atoms (or molecules) has been recognized
as a powerful tool to investigate the process of solvation
[31, 32]. This is the case of aromatic molecule-rare gas
complexes that can be viewed as a solute (aromatic) mol-
ecule in a well-characterized local solvent configuration
(rare gas) [33, 34]. Rare gases in general, with their for-
mally filled valence shell, can be considered as the simplest
of solvents [31], and in particular, Ar atoms are popular
surrogates of water for molecular dynamics simulations,
mainly because of their similar polarizability.

Bearing in mind that, for large systems, ab initio
methods are in general confined to the calculation of most
stable geometries of individual molecules, it is obvious that
the use of semiempirical methods is of fundamental
importance, specially when the related potential energy
surface (PES) needs to be assembled. In the recent past,
some of the authors have developed a semiempirical
potential model, constructed by decomposing the non-
electrostatic interaction in atom(ion)-bond contributions,
expressed by means of an Improved Lennard Jones (ILJ)
function [35, 36]. The model has been extended to inves-
tigate rare gas(Rg)-Bz aggregates [37-39]. By combining
the nonelectrostatic contribution with the electrostatic one,
the model was first applied to the study of alkali cation
(M")-Bz and halogen anion (X )-Bz systems and tested
by comparing the predicted results [40, 41] with ab initio
calculations [42, 43]. The potential model was next
employed to study solvation by means of Ar atoms in
(M)-Bz cluster [44-47] and I"-Bz aggregate [48] clus-
ters. Also, the isomerization processes in small aggregates
of CI"-Bz-Ar(n) (n = 1, 2, 3) [49] have been investigated.

In the present study, we are interested in investigating the
gradual evolution from cluster rearrangement to solvation
dynamics applied to the CI"-Bz system solvated by Ar
atoms. In contraposition with the well-known cation-n
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interactions, the interactions between anions and benzene
are referred here as anion-n interactions, in spite of the
preferred in-plane configurations found when anions
approach Ebenzene. With this purpose in mind, we have
carried out extensive MD simulations of the C1™—Bz dimer
including an increasing number of Ar atoms acting as a
solvent. Bearing in mind the high number of Ar atoms
considered and in view of the recently reported results of
ab initio calculations [41, 43], the investigation has been
made by using the semiempirical method based on ion-bond
decomposition of the interaction. We have extracted ener-
getic information from our calculations and analyzed the
different components of the nonbonding interaction ener-
gies. Besides the energetic analysis, we have paid special
attention to the spatial distribution of the solvation shell. In
order to do this, we have transformed the raw outcome of our
MD trajectories to an inertial reference frame, centered at
the Bz center of mass (c.o.m.) and computed spherical
coordinates of all surrounding Ar atoms. This strategy has
allowed us to calculate monodimensional information such
as radial distribution functions (RDF) but also two-dimen-
sional (2D) and three-dimensional (3D) distributions have
been performed, which highlight the importance of obtain-
ing a full-dimensional picture of solvation. We have finally
analyzed cluster isomerizations in terms of the spherical
coordinates. The paper is structured as follows: in Sect. 2,
the formulation of the particular potential energy function
employed in this work is outlined and the procedure fol-
lowed to obtain the three-dimensional picture of the solva-
tion shell as well as the numerical details of the MD
simulations is given in Sect. 3. In Sect. 4 the results are
presented and discussed and, finally, Sect. 4 concludes.

2 The potential energy surface for C1 -Benzene-Ar,,
aggregates

The total potential energy function (V) is decomposed at first
as sum of pair contributions, including the Ar—Ar and
Ar—Cl™ terms and three-body contributions, including the
Ar-Bz and the C1"—Bz ones. The Ar-Ar, Ar—Cl™ and Ar-Bz
interactions are governed by forces of nonelectrostatic
nature, while the Cl —Bz interaction accounts for both
electrostatic and nonelectrostatic effects. V can then be
evaluated as,

V= VArfBz + VCl’fBz + Vpair = Vha + Vel (1)

where V. and V. represent the nonelectrostatic and
electrostatic contributions respectively. Va,_p, represents
the interaction between n Ar atoms and Bz and it is
decomposed as “n” independent interactions, each one
expressed as a sum of 12 terms of the atom-bond type

(6 Ar—CC and 6 Ar—CH),
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Var-Bz = Vatom—bond

n 6 6
- Z (Z V(Ar)k_(cc>i + Z V(Ar)k—(CH)i> . (2)
k=1 \ i=l 1

i=

Ver-_B, represents the interaction between C1~ and Bz and
is decomposed by nonelectrostatic and electrostatic
contributions. The nonelectrostatic one, here represented
by Vion-bongs 18 decomposed as a sum of 12 ion-bond
contributions (6 C1"—CC and 6 CI"—CH),

6 6
Vion—bond = Z Ve —(ce), + Z Var —(cmy, (3)
i=1 i=1
Accordingly, Vc-_g, is given by,
6 6
Vor- B = Z Ver —(ce), + Z Ve —(cn), + Ve 4)
i=1 i=1

The electrostatic contribution, Vi, is calculated by means
of Coulomb charge—charge interactions between the anion,
with a charge of —1 a.u. placed on it and the charge
distribution of Bz that has positive charges of 0.09246 a.u.
placed on the H atoms and two negative charges of
—0.04623 a.u. placed above and below of each C atom
(with respect to the aromatic ring) separated by 1.905 A.
This charge distribution asymptotically corresponds to the
ion—quadrupole interaction [50, 51]. Finally, Vpu is
expressed as sum of all possible pair interactions,

n—1 n

Vpair = i Ver —ar + Z z VAr,-fAr_,- (5)
i=1

i=1j>i

The individual contributions to the Vignponds Vatom—bond
and V,,;; interactions are described by means of Improved
Lennard Jones functions (Vyj), which include an addi-
tional parameter in comparison with the LJ function. The
same functional form (only with small differences in the
variables) is used to describe both, the two-body (pair)
and the three-body (atom-bond and ion-bond) terms given
that, in the potential model, the interactions are described
between dispersion centers rather than between atoms. In
the pair interactions, the dispersion centers are placed on
the atoms (or on the ion), while in the atom(ion)-bond
interactions, one dispersion center is placed on the atom
(or on the ion) and the other one on the center of the
bond. Thus, when Vi ; is used to calculate the pair
interactions (C1™—Ar and Ar—Ar), it depends only on one
variable, the interatomic distance represented by r (see the
left-hand side of Fig. 1). Instead, when Vj;; is used to
calculate the atom(ion)-bond interactions (Ar—-CC, Ar—
CH, CI"-CC and CI"-CH), it depends on two variables,
the distance between the ion and the center of the bond, r,
and the angle, y, that the r vector forms with the bond
(see the right hand side of Fig. 1).
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Fig. 1 Left hand panel Pair potential variables, X represents Ar and
Cl™. Right hand panel lon-bond variables, Y represents C and H
atoms

As it can be seen in the following equation,

m o\ " n ro\ ™
o =[5 () - ()] ®
n—m\r n—m\r
the ILJ function looks very similar to the LJ one. However,
in the ILJ function, the exponent of the repulsive part of the

potential, n, is no longer a constant. The n exponent, which
defines the falloff of the repulsion, is expressed as

"= /3+4.o()2 ™)

r
o

where f is the characteristic ILJ parameter, additional with
respect to those of the LJ potential, which is related to the
hardness of the interacting partners [35, 37] and can be
adjusted according to the properties of the systems. In the
effective potentials represented by Eq. 6, the first term
(positive) represents the size-repulsion contribution and the
second one (negative) represents dispersion plus induction
effective attraction. The advantages of using ILJ instead of
LJ have been discussed in other studies (see for instance
[35]). In the ILJ formulation, the well depth and the equi-
librium distance, ¢ and ry, having a physical meaning, are
considered to have a universal character. Accordingly, these
parameters can be transferred from one system to another
having the same pair or atom(ion)-bond contributions, even
when the different systems are in different environments.
For pair interactions, the only difference between ILJ
and LJ functions is in the definition of the n exponent.
However, for atom(ion)-bond interactions, ¢ and ry depend
on the y angle and are calculated from two limit approaches
of the atom (or ion) to the bond (perpendicular and parallel)
[40, 44-47] for which the corresponding parameters
(¢1, g, ror and rg)) are calculated using the polari-
zability of the atoms (or ions) and the effective perpen-
dicular and parallel components of the bond polarizabilities
[52]. These parameters are given in Table 1. Once these
limiting parameters have been determined, ¢ and ry can be
easily derived by applying simple trigonometric formula
(see for instance [45]). The n parameter depends only on
r for pair interactions, while it depends on both » and y for
the ion-bond and atom-bond ones. This is given by the
angular dependence of ry. The m parameter, the exponent
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Table 1 Perpendicular and parallel components of the well depth
(61, ) and of the equilibrium distances (ro., o)) for CI"—CC,
Cl"-CH, Ar—CC and Ar—CH interactions

ion-bond &, /meV g)/meV o L/A rOH/A
Cl -CC 16.37 59.64 3.832 4.073
CI"-CH 25.48 28.60 3.655 3.839
Ar-CC 3.895 4910 3.879 4.189
Ar-CH 4.814 3.981 3.641 3.851

Table 2 ¢ and ry parameters used to calculate CI —Ar and Ar-Ar
interactions

X-Ar ¢/ meV rolA
Cl -Ar 64.870 3.710
Ar-Ar 12.370 3.757

Table 3 f parameters used to describe CI"-CC, CI"-CH, Ar-CC,
Ar—-CH, ClI"-Ar and Ar—Ar interactions

Cl - Cl - Ar— Ar— Cl - Ar—
CC CH CC CH Ar Ar
p 70 7.0 9.0 9.0 7.8 9.0

of the attractive term in Eq. 6, is selected accordingly with
the interaction: m = 6 for Ar-Ar, Ar—CC and Ar-CH
interactions (neutral-neutral), while m = 4 for the Cl™-Ar,
Cl™-CC and Cl"-CH ones (ion-neutral).

All the involved pair interactions, Ver-—ar and Va_ar, as
indicated before, are also described by means of the ILJ
function, and ¢ and r, parameters are given in Table 2. The
corresponding f§ parameters are given in Table 3.

3 Simulation details

Dynamics simulations of the Cl™-Bz-Ar(,, systems have
been carried out using the DL_ POLY MD program [53].
The calculations have been performed by considering a
microcanonical ensemble (NVE) of atoms and sweeping
over increasing values of the total energy (Eiy.). This
increase in E, originates increases on both the averaged
potential (E.¢,) and kinetic (Ey,) energies.

Within the NVE ensemble, E, is conserved and the
total energy is calculated at each step from the values of the
kinetic and the potential energies. Geometries and energies
are averaged over the MD trajectory to obtain the mean
values associated with the simulation. A time step of 1 fs
has been used in all the simulations presented here, inte-
grating the MD trajectories up to final time of 14 ns. The
time step chosen is large enough to keep the fluctuations of

@ Springer

Eoar Well below 107> meV. Previous to the actual MD
simulation, an initial equilibration period has been intro-
duced running the trajectory for 0.1 ns (using the same
time step) during which the velocities of all atoms are
re-scaled to match the input temperature, every 10 inte-
gration steps. After this equilibration period, the system is
considered to be thermalized and no further constrains are
imposed. This equilibration period has been excluded from
the statistical analysis at the end of the trajectory.

An initial configuration for each Cl™-Bz-Ar,, cluster
has been generated by placing the C1"-Bz dimer close to
its minimum energy configuration and then solvating it by
randomly placing Ar atoms at distances between 4.0 and
9.0 A. It is important to point out at this stage that the
benzene molecule is kept rigid throughout all our simula-
tions. We do not believe that Bz internal motion can
change significantly the results presented here. From this
configuration, an initial calculation is carried out at a
temperature of 30 K with an equilibration period of 1 ns.
The simulation at each new total energy is performed by
starting a new trajectory from the final configuration,
velocities and forces of the previous run (performed at a
lower temperature) and re-scaling (0.1 ns) to the new
temperature value. The size of the clusters investigated
here ranges from aggregates containing one single Ar atom
to a shell of 30 Ar atoms.

As already mentioned, results are obtained from each
MD trajectory by extracting the time averages of energies
and atom coordinates. To help in the rationalization of the
results, E.r, has been defined as the average of the total
potential energy over all the accessible configurations at
the chosen value of E. This potential energy has been
decomposed in 3 contributions associated with the chlo-
ride—benzene (E¢;-_p,), argon—benzene (Ea.p,) and all
pair interactions (Epyir)-

Besides the energetic information, we have already
discussed in the introduction section how MD simulations
offer the possibility to analyze processes with molecular
detail. In order to do this, we have extracted radial distri-
bution functions (RDF) of the Ar solvent atoms with
respect to the benzene molecule center of mass (c.0.m.) and
also with respect to the C1™ anion. This type of distribution
function is nowadays routinely obtained from standard MD
simulations. We find, however, that this information is
often insufficient in multidimensional systems, specially
where there is a strong anisotropy.

Thus, in order to get a deeper understanding of the
structure of the solvated cluster, we have constructed
the three-dimensional solvation shell from the outcome of
the MD trajectories, employing spherical coordinates in an
inertial reference frame. For each configuration sampled in
the dynamics trajectory, excluding the equilibration, the
positions of all atoms are transformed to the benzene



Theor Chem Acc (2011) 128:757-767

761

principal axes of inertia reference frame. Given the sym-
metry of the C¢Hg hexagon, we need to introduce some
additional requirements to make the transformation uni-
vocal throughout the analysis. This allows us to specify the
relative position of Ar solvent and the Cl™ atoms with
respect to the (now) fixed benzene molecule. We have
found particularly useful to employ spherical coordinates
in this context: r (in A) as the distance of the atom to the Bz
c.o.m., 0 the orientation angle with respect to the vector
normal to the benzene plane, and ¢ the azimuthal angle.
The RDFs are then calculated by integrating

b 2n
RDF(r) = /sinede/ dp r*p(r, 0, ¢), (8)
0 0

where p(r, 0, ¢) is the probability density. In the case of
Ar, p(r, 0, ¢) is obtained averaging over all time steps and
all argon atoms. Similarly, we can integrate over the radial
coordinate to obtain angular distributions.

2

d(6,$)) = / drp(r.0, ). (9)

rl

This procedure has allowed us to obtain the usual RDFs
and, in addition to this, represent the angular distribution
corresponding to the different maxima in the RDF. This
yields a tridimensional picture of the solvation shell.
Finally, we have completed our geometrical analysis of the
solvation in the Cl -Bz-Ar,, system by representing, in
the inertial reference frame, 3D probability density iso-
surfaces. To obtain and visualize these isosurfaces, the
“Volmap” tool from the VMD package [54] has been
employed.

4 Results

We have studied a wide range of cluster sizes employing
the previously mentioned tools, starting with the C1™—Bz-
Ar aggregate, with one single argon atom, up to the largest
cluster calculated, containing 30 argon atoms. All the
calculations have been run at low values of E,, leading to
small increases in Ey;, (temperature values close to 30 K).
The averaged configuration energies and their different
components are listed in Table 4. In order to give an
indication of the total energy available in the system, the
actual averaged temperature of the simulation is given in
the second column of the table. As expected, the configu-
ration energy increases as the system grows in size. Thus,
the inclusion of more Ar atoms in the model allows the
system to be more stable. An interesting feature is revealed
if we consider the separate components of E.s, and their
relative contributions. For the very small clusters, with

Table 4 ClI"-Bz-Ar,, configuration energy (E.r) and its compo-
nents as a function of the cluster size

n T Ectg Ecr- B EarB, Epairs

1 26.6 —402.2 —-311.2 —-27.5 —63.5
2 38.1 —487.7 —309.2 —45.9 —132.7
3 23.6 —588.7 —-311.2 —67.0 2104
4 39.8 —672.7 —308.8 —-79.6 —284.4
5 38.4 —768.6 —309.0 —-92.6 —-367.0
6 36.6 —863.8 —309.2 —99.8 —454.7
7 33.5 —965.9 —309.7 —104.78 —5514
8 25.7 —1,081.9 —310.9 —107.1 —664.0
9 34.8 —1,167.2 —309.6 —108.0 —749.6
12 36.1 —1,481.2 —309.5 —198.8 —1,027.0
15 37.3 —1,706.3 —309.9 —218.1 —1,178.3
18 31.7 —1,923.7 —317.1 —274.7 —1,331.9
22 31.7 —2,190.7 —-317.1 —277.6 —1,597.7
25 29.9 —2,402.8 —-317.2 —313.9 —1,776.0
30 33.6 —2,718.5 —316.7 —-297.0 —2,104.8

Temperature values are in Kelvin and energies in meV

n smaller than 4, the stability of the system is mainly due to
the chloride-benzene interaction. Indeed, E¢-_p, repre-
sents a 77% of the total potential energy of the aggregate
with one single solvent atom. This same interaction rep-
resents less than 25% of the total potential energy in C1™—
Bz—Ar; and is only slightly above 10% when n = 30. This
effect is, however, not given by a decrease in the absolute
interaction energy between CI~ and Bz but rather the
appearance of increasing Ar-Bz, Ar-Cl- and Ar-Ar
interactions. The two latter interactions, collected in Epyjrs,
clearly dominate the potential energy for Cl -Bz-Ar,
clusters larger than n = 6. The addition of each additional
Ar atom to the cluster accounts for an increase of
approximately —74 meV in E,,;,. This correlation is not
shown by E. g, in spite of its increase, manifesting the
preference of Ar atoms to solvate chloride, at least for the
cluster sizes investigated here. It is evident, however, from
the trends shown in the table that the emerging interactions
do not shield the interaction between the halogen anion and
the aromatic molecule.

We have also investigated in more detail some selected
Cl"-Bz-Ar, systems with n = 1, 6, 7 and 15 at several
total energies. The case of the ClI -Bz—Ar, aggregate is
shown in Fig. 2, where we plot the three components of the
configuration energy as a function of the simulation tem-
perature. The Bz—Ar interaction curve (middle panel), with
a sigmoidal shape, is indicative of the configuration
changes in the Ar solvation shell as the total energy rises
and predicts the cluster dissociation for temperatures
higher than 130 K. In fact, extra care needs to be taken
when simulating Cl -Bz—Ar; clusters at temperature

@ Springer
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Fig. 2 E¢j-_p. (top panel), Ex. g, (middle panel) and Ep. (lower
panel) energy contributions of E, for the Cl"—Bz—Ar; aggregate

values higher than 100 K. On the other hand, the chloride—
benzene interaction presents a monotonic linear increase
with temperature (top panel), revealing that the dimer is
simply “pushed apart” by thermal energy. Similar rea-
soning can be applied to the E,,; component although the
slope of the curve is not as constant (lower panel). Our
results for this cluster agree with previous calculations for
the same cluster [49]. Similar results have been obtained in
the case of the C1™—Bz—Ar; cluster exploring the 20-75 K
temperature range, although the trends in the curves are
less pronounced. The most significant values are given in
Table 5. In order to complete the study, the n = 6 and n =
15 clusters have been simulated within the 20-35 K range.
However, these results do not provide additional informa-
tion with respect to the n = 7 case and are therefore not
included in this paper for the sake of briefness.

As it has already been pointed out, this work is focussed
also in analyzing geometrical aspects of the CI —-Bz dimer
solvation. With this purpose in mind, we have obtained the
Ar—Bz RDF for all the clusters reported in Table 4 at a
temperature of 30 K employing the procedure described in
the previous Section. Radial distribution functions have also
been computed for Ar atoms with respect to the C1™ anion.
The computed Ar-Bz RDFs are presented in Fig. 3. Let us
recall that, as shown in Table 4, all these clusters have
available approximately the same kinetic energy (similar T
values). Clearly, as more Ar is introduced in the simulation,
the solvation shell around the benzene molecule becomes
more flexible and Ar atoms explore several potential energy
relative minima. The C1”—-Bz—Ar; function presents a single
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Table 5 Configuration energy (E.,) and its components as a func-
tion of Temperature (total energy) for the CI"—Bz—Ar; cluster

T chg ECl’fBZ EAr—Bz Epairs
17.1 —989.3 -312.2 —115.9 —561.2
27.0 —-976.1 —310.72 —109.2 —556.3
335 —965.9 —309.7 —104.78 —551.4
43.5 —948.4 —308.3 —98.7 —5414
50.8 —-936.0 —-307.3 —94.4 —534.3
60.1 —921.8 —305.8 —89.6 —526.3
73.0 —-903.4 —303.8 —85.1 —-514.6
Temperature values are in Kelvin and energies in meV
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Fig. 3 Ar-Bz RDFs for different C1 —Bz—Ar,, aggregates. Evolution
with the cluster size (see the text)

maximum (peak A1) for a Bz—Ar distance of approximately
45A but, as new solvent atoms are added, a new maximum
(A2) appears in the RDF at around 5.2 A, overlapping with
the first one. Even for small clusters such as CI —Bz—Arj,
the presence of a third peak (B) is detected, although very
small in intensity, at a distance of 7.5 A. As the size of the
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aggregate increases, this maximum gradually dominates the
RDF, becoming the absolute maximum for clusters with
n > 7. The RDF of the cluster with eight Ar atoms reveals
the presence of another maximum at an even larger dis-
tance, 8.5 A (peak C), which is conserved as the size of the
aggregates increases. Interestingly, the height of peak C
remains approximately constant for 8 < n < 30. For clus-
ters larger than C1™—Bz—Ary, peaks Al and A2 have merged
in a broad (relative) maximum (A) and the long distance tail
of the RDF increase in intensity. More noticeably, a small
maximum at very small distance (3.5 A, peak D) is detected.
The effect of temperature on the Ar-Bz RDF is illustrated in
Fig. 4 for the case of the C1”—Bz—Ar; cluster. As expected,
the increase in available energy in the system causes a
remarkable broadening of the function, peaks Al and A2
merge for temperatures above 40 K, and peak B shifts
progressively toward slightly larger distance. However, no
qualitative changes are observed in the relative height of the
three maxima nor in their positions. One can thus conclude
that the overall configuration does not change in the
20-70 K temperature range.

On the other hand, the Ar—Cl~ RDF (Fig. 5) is quite
plain, presenting a single maximum at 3.7 A for CI"-Bz-
Ar, with n < 9, revealing the tendency of Ar to solvate
preferentially the chloride anion. This claim will be further
confirmed by the three-dimensional analysis presented later
on. Only when n is greater than 12, additional maxima
appear in the RDF. Our full-dimensional treatment of
solvation will also illustrate how these maxima are due to
the anisotropy caused by the presence of the benzene rather
than a second solvation shell around C1™. In all the reported
simulations, the geometry of the Bz—Cl™ dimer is essen-
tially unaltered by the addition of further Ar solvent atoms
and the corresponding RDFs are not shown here. Indeed,

0.8 T T T T T T T T
r T=17K 1
T=27K
T=33K
0.6 - T=43K 7
T=51K
~at T=56K |
[aa) T=60K
o T=73K
< 04 B
-
=
8 | |
24
02 —
0 |

Fig. 4 Ar-Bz RDFs for the Cl"-Bz—Ar; aggregate calculated at
several temperatures
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Fig. 5 Ar—Cl™ RDFs for some Cl™-Bz—-Ar, aggregates at a mean T
of 30 K

the maximum of the Bz—Cl~ RDF shifts from 4.84 A for
n=210492 A for n = 30. This is not surprising given the
much larger interaction energy between the aromatic
molecule and the anion with respect to the Ar—Bz one.

Having obtained the Ar-Bz RDF from spherical coor-
dinates of Ar atoms in the mentioned inertial reference
frame, we can easily obtain the 2D angular (0, ¢) distri-
bution corresponding to the different maxima in the RDF
by integrating the probability density between two given
values of the radius, r (Eq. 9). This representation provides
valuable additional information to the one-dimensional
picture given by standard RDFs. Throughout the forth-
coming discussion, the reader should keep in mind the
spherical coordinate system discussed in Sect. 3. Another
important data are the positions of the chloride ion during
the MD trajectories. In all our calculations, the halogen
anion was located oscillating around r = 4.9 A, 0=90° and
¢ = 60°, this corresponds to a position coplanar to the
benzene plane and facing a C—C bond.

We have carried this angular analysis for all the clusters
in Table 4, we focus here however on three clusters pre-
senting the most relevant peaks (Al, A2, B, C, D) seen in
the RDFs of Fig. 3, namely, n = 1, 6 and 12. These are
shown in Fig. 6 in different panels corresponding to peak D
(bottom right), C (bottom left), B (top right) and the
combination of Al (red contour line) and A2 (blue) (top
left). The angular distribution corresponding to peak Al in
Cl -Bz-Ar; reveals two well-localized peaks at (0 =
140°, ¢ = 60°) and (0 = 40°, ¢ = 60°). These maxima are
symmetric and reveal that the most visited geometries
during the MD trajectory corresponds to an Ar out of the
Bz-Cl1™ plane by 40°, either above or below, and aligned
with the Bz c.o.m. and the C1~ anion (¢ = 60°). Almost the
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Fig. 6 Angular distribution
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same angular distribution is obtained for the same peak in
the case of the CI™-Bz—Arg cluster. The only difference is
that the distribution is broader in the azimuthal angle (¢),
probably distorted by the overlap with peak A2. The A2
peak in the same cluster, instead, has an angular distribu-
tion quite spread in the 6 coordinate between 50° and 130°
interval, with two maxima at 65° and 115° but sharply
centered around 17° and 100° in the ¢ coordinate. The
combination of the angular distribution of these two peaks
(top left panel) nicely corresponds to an arrangement in
which the 6 Ar atoms form a hexagon perpendicular to the
Bz plane and maximizing the interaction with both the Bz
and the CI™. The following RDF maximum studied has
been peak B (7.5 A) present in all clusters with n > 5.
The angular distribution analysis in both CI”"-Bz—Ar and
Cl"-Bz—Ar, clusters are identical and therefore only the
n = 6 one is shown in the top right panel of Fig. 6. The
probability density is concentrated in a circular band and
corresponds to a second arrangement of Ar atoms parallel
to the first one (peak A1/A2) and farther away from the Bz
c.o.m. Finally, the additional peaks C and D appearing the
RDFs of the larger clusters have a clearly different pattern
concerning their angular distributions. Their correspond-
ing angular distributions have been analyzed using the
Cl"-Bz—Ar, probability density. Peak C (Fig. 6, left
bottom panel) presents a single maximum at precisely the
same angular coordinates as the chloride anion and corre-
sponds to an Ar atom located right behind the CI~ atom
(Cl" is at 4.9 A from the Bz c.o.m., and the peak is located
at 8.5 10\). On the other hand, the angular distribution for
peak D (Fig. 6, right bottom panel) is strongly localized at
0 = 0° or 0 = 180° and completely delocalized in ¢. This
makes sense since the Ar atom is the right on top (or
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Fig. 7 Mass weighted probability density isosurface (1.06) plot of
the Ar probability density in the C1™—Bz—Arg cluster

below) of the benzene molecule and the azimuthal angle
cannot be properly defined. In all cases, however, it is
interesting to note that all the reported angular distribu-
tions are symmetric with respect to the CI~ coordinates
(0=90°, ¢ =60°), indicating that the main driving force is
the solvation of the halogen anion.

Our angular distribution analysis is finally confirmed by
visualizing the 3D probability density, introducing our
simulation data (properly shifted to the inertial reference
frame) into the VMD visualization program. The Volmap
tool included in the mentioned package has allowed us to
visualize isosurface of (mass weighted) constant probabil-
ity density for the Ar atoms in our simulations. These
isosurfaces can be interpreted as “argon orbitals”. As the
most representative cases, Figs. 7, 8, 9 contain probability
density isosurfaces for the C1 -Bz—Arg and Cl™-Bz-Ar;,
clusters. First, Fig. 7 shows the isosurface with higher
probability density value in the n = 6 cluster. This proba-
bility band perfectly matches our reasoning for the Al and
A2 overlapping peaks in the RDF, and solvent atoms are
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arranged in a hexagon between the aromatic molecule and
the halogen anion. The shape of the isosurface nicely
correlates with the angular distribution of Fig. 6 (top left
panel). In the case of the C1"-Bz—Ar;,, we present iso-
surfaces for two different values of the probability density.
Figure 8 corresponds to a large value of the probability
density in which we can identify the arrangements corre-
sponding to peaks A1-A2, B and C. The description given
in the paragraph above in terms of angular distribution
fully matches the orbital visualization. Peak A1/A2 can
immediately be associated with the ring at a shorter dis-
tance to the Bz c.o.m. The next ring is identified with peak
B, while peak C, with the same spherical coordinates as the
CI™ but a larger radius, corresponds to the lobe placed right
behind the anion. In order to visualize the probability
density that gives rise to peak D in the RDF, we need to
plot an isosurface for a low density value (the peak is very
small). Indeed, the 0.21 isosurface shown in Fig. 9 presents
two lobes, one on top of the c.0.m. of benzene and another
on right below, both along the Bz Cq symmetry axis,
matching the angular distribution obtained for peak D.
These features reported for the n = 1, 6 and 12 cluster do
not correspond to some magical number and have been
observed in all the clusters studied. No new structure can
be seen when we represent for instance the Cl™ —Bz—Arjz
probability density, only more solvent atoms are added to

Fig. 8 Isosurface (1.25) plot of the Ar probability density in the
Cl"-Bz-Ary, cluster

Fig. 9 Isosurface (0.21) plot of the Ar probability density in the
Cl -Bz-Ar;, cluster

the band corresponding to peak D and its angular repre-
sentation becomes less centered at theta = 0. We interpret
this as the formation of a third ring, which we do not
believe will be six membered.

The use of spherical coordinates in an inertial reference
offers the additional possibility of exploring cluster iso-
merization following not only radial changes along the
dynamics but also changes in the angular position. This
will be the subject of future thorough studies but we would
like however to include in this work two figures which
illustrate, first, the active dynamics of solvation and, sec-
ondly, the different isomerization processes. Figure 10
presents the spherical coordinates of a chosen Ar atom
along the MD trajectory of a C1 —Bz—Ars cluster at 30 K.
The solvent atom “jumps” between r~5 Aand r~75 A,
the two main peaks in the corresponding RDF. However,
the time spent at the longer distance is significantly shorter,
of the order of 200 ps.A similar behavior cannot be
observed along the 0 and ¢ coordinates where the changes
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Fig. 10 Cl"-Bz-Ars aggregate: Trajectory of a selected Ar atom in
spherical coordinates (see text)

i,

v WM’ mw-nmmvwln" 'er

‘ AMMM }

!

0 2 4 6 8 10 12 14
t (ns)

Fig. 11 ClI -Bz-Ar,s aggregate: Trajectory of a selected Ar atom in
spherical coordinates (see text)
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are too fast. The situation is qualitatively different in the
Cl™—Bz—Ar ;s cluster (Fig. 11). First, oscillations are not as
broad as in the n = 6 case, probably an indication that the
solvation shell is more complete and the cluster more sta-
ble. Secondly, isomerizations can be clearly identified in all
three coordinates and the lifetimes increase considerably.
As already mentioned, the detailed study of cluster iso-
merization using these coordinates will be subject of
investigation in the future.

5 Concluding remarks

The dynamics of different C1"—-Bz—Ar, aggregates have
been investigated from molecular dynamics simulations.
An analytical potential energy function constructed by
means of two-body, three-body (atom(ion)-bond) and
electrostatic interactions has been employed for this pur-
pose. Two-body and three-body nonelectrostatic contribu-
tions have been represented by means of the ILJ function,
while the electrostatic one has been calculated using the
Coulomb law, which has been applied between the nega-
tive charge of CI™ and punctual charges placed on Bz
molecule, which preserve the asymptotic behavior of the
ion-quadrupole interaction. Solvation effects on Cl —Bz
clusters have been investigated by employing Ar atoms as a
solvent. A maximum of 30 solvent atoms have been
included in our molecular dynamics simulations. The
microscopic solvation phenomena, clearly manifested by
the existence of several microenvironments corresponding
to different minima in the potential energy surface, have
been investigated. To better understand these phenomena,
RDFs, angular distributions, as well as 3D analysis of the
Ar, and probability density have been extracted from our
MD simulation. The preference of Ar atoms to be placed
maximizing the Ar—Cl interaction but in such a way to
interact with both Bz and Cl~ has been observed by
increasing the number of solvent atoms. The evolution of
the different energy components has been analyzed for the
Cl"-Bz—Ar cluster with increasing total energy and cluster
size. The presented scheme, employing an inertial refer-
ence frame centered on the Bz molecule and relative
spherical coordinates of the Ar atoms, provides a greater
insight into the dynamics of solvation, going beyond the
standard one-dimensional radial distribution functions. Our
angular distributions calculated for each maximum of the
Ar-Bz RDF have revealed the three-dimensional ordering
of the Ar solvation shell. The visualization of probability
density isosurfaces has confirmed our observations.
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