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The main static and dynamic properties of some ionic heteroclusters, involvinGsKs, and Ar, have been

investigated. A new representation of the intermolecular potential energy, which takes into account both
electrostatic and non-electrostatic contributions to the overall noncovalent interaction, was used. Dynamical
calculations were performed for a microcanonical ensemble. Particular attention was paid to the opening of

the isomerization and dissociation processes forR¢Hes—Ar, and to the formation of some of its fragments
at increasing temperatures of the cluster considered.

1. Introduction polarizable solvent! A specific discussion of the micro-

solvation of benzene by rare-gas atoms is given in refs 12, 14,
17, and 18. Molecular dynamics simulations of the van der
Waals complexes involving aromatic molecules have also been

Noncovalent intermolecular interactidnglay an important
role in several physical, chemical, and biochemical processes.
In recent times, particular attention has been paid to molecular 5 29 . S
aggregates involving aromatic rings for which noncovalent gter Ugtrmeea the tf%rﬁ:g;/igjr? l:ﬁ:flill]tfenriirllseaoérraerC:aTaa)LI;I[irl)gn tht?we
intermolecular interactions control basic phenomena such as the ' . ' gy re ’
formation of weak hydrogen bont and the competitive solvent perturbation, and the energy partitioning of these
solvation of ions by different partnefs® as well as molecular systems. . .
recognition and selection proces$e%These phenomena are A theoretical study of the.electronlc energy of the van dgr
typically governed by the combination of various components \(;Yj?a[ls'h?rgg:iiﬁs-geirt?ggtl(i:n;g?;ec?il(;lssorf‘a}ci:slseosbesigrr?:lrin;d
of the noncovalent intermolecular interaction like electrostatic cha;racterized b Zstron electrostatic comooh ﬁ'ﬁl*%yHOW-

(of either attractive or repulsive nature), exchange or size (of Y 9 P '

repulsive nature), and induction and dispersion (of attractive g?leecrt,roit;t'iacsircl)?r?ogngr:t tgﬁl Intr%agignamu:igi/em i?tufgrgf
nature). In certain cases, as in the alkaline-earth-dication P yp q P

o ; . o 2
benzene systems, charge-transfer components also come int :ef;clttuztsloe?lrz)a:dSImn?(laentcig::chjaf?oﬂcISLZCtrSQitﬁEt?\Efiéscri i
play to open the reactive channels at the conical intersection ' Y ’ piete, g P

between diferent potental energy sufaces
Unfortunately, it is quite difficult to accurately characterize P 9 9 ge, disp

. . . 10 , :
the relative role played by the various components of non- f(lac;n’ecin?hell?(uCet:?rgeg?ar;qi%?gr?nﬂs{onﬁj; {i?:iltjgda:glilﬁel?ortrzgtion
covalent intermolecular interactions and give a proper formula- pect, P

7 A ) .
tion to their dependence on the intermolecular distance and Onﬁ?g;;lggona}g?inmz dtig‘(tjr:ggmig?rs%zbI\grzl)enf'i[hﬁratgggrgcleceal for
the geometry of the molecular aggregate, because they are, in 9 :

general, much weaker than those leading to the usual chemicalg)r(n%rﬂmec;frv?’gsrs tir::?] ;r()za)étgﬁgéhrlr?orreeasfgﬁt\i/:aetiigfntthz ig;;l;l]cant
bonds. Nonetheless, it is worth spending significant theoretical d y

and experimental efforts on their detailed determination so as aromatic interaction and find the most appropriate formulation

to found the modeling on solid molecular science fundamentals. of its various components by considering as a case study the

. - K*—benzene aggregate and its solvatet—benzene Ary
For this reason, research activity on molecular aggregates(n: 1, 2, 3) form. This work, the results of which are discussed
involving aromatic molecules has significantly increased in = : ;

recent time$ 3¢ For the same reason, we are spending in the present paper, is part of a more general effort o extend
L . . L interaction models to large systems after validating them on
significant efforts to investigate the alkaline-ierisenzene

rare-gas systems. Examples of experimental work aimed atfalrly simple ones.

estimating the stabilization energy of weakly bound complexes theT?(?rr%?}I):tri(;i a:)rft |§;#éat%<ieﬁi;(7lleor\1/ves;: Insi?g ::oen (i'EWSe) d;%u?:
are given in refs 14 and 15. In particular, the development of P 9y ’

pulsed supersonic molecular beam techniques has aIIowedSeCtion 8 we discuss the main dyngmical properties of these
detailed spectroscopic investigations of various series of van systems using the molecular dynamics program DL_P@LY.

.2 : ncluding remarks are given in ion 4.
der Waals complexes consisting of aromatic molecules and Concluding remarks are give sectio
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ab initio calculations and the information derived from extended TABLE 1: Cation (Atom) —Bond Interaction Parameters

empirical and semiempiricalstudies. Ab initio calculations, atom...bond e/meV  e/meV  rm/A FodA m
performed for the alkaline ionr complexes;®indicate that P

accurate potential energy values can be obtained only by E+g_(|_:| gég? Zg% g:gig g’gg 2
carrying out high-level quantum mechanical basis sets and that A, c—ca 3.895 4.910 3.879 4.189 6
induction is sometimes a significant source of attraction. It has  Ar....C—H?2 4.814 3.981 3.641 3.851 6

also been shown that the inclusion of nonadditive effects can
be important to the end of obtaining a correct estimate of the
binding energy of cationbenzene systen#8.The ab initio TABLE 2: Cation (Atom) —Atom Interaction Parameters
calculations also indicate that the binding energy decreases by .0 0m /me\e r/Aa m
about a factor 3 along the alkaline ion series, while the
equilibrium distance increases by about a fact&'®This
information, which refers only to the most stable geometry of
the complex, agrees with the experimental findi#gs. *Same values as in refs 40 and 49.
Yet, as already mentioned, for a complete investigation of describe the K—Ar and Ar—Avr interactions Vi —ar andVar—ar,
the properties of the system, an accurate description of the wholeyegpectively) by suppressing the angular dependeneeaati
PES is needed. This makes it important to adopt a functional , |
representation of the potential that is properly expressed in terms || the parameters necessary to describe the components of
of the leading components of the interaction, that directly applies ¢,¢ K+—benzene-Ar, cluster interaction are given in Tables 1
to the alkaline ion series mentioned already and that can beang 2. Quoted values ferandry, were derived using the charge
easily generalized to systems with increasing complexity. = ang the polarizability of the related atomic species as well as
In this paper, the intermolecular interaction is formulated as poarizability and effective polarizability tensor components of
arising from the combination of a (size3pulsioncomponent  5romatic G-C and G-H bonds, assumed to have an ellipsoidal

and an (induction and dispersioaftraction component. shape whose center approximately coincides with that of the
This combination of components is usually termed non- 5nq38.42

electrostatic potentiaM,el), as opposed to the electrostatic one The procedure, described in detail for atebond?? is
(Ve) that is the other component of the overalbf,) interaction. extended in this paper for the first time to iehond. This
2.1. The Non-Electrostatic ComponentThe non-electro-  formulation of the potential also accounts for nonadditive effects
static componenw/i of the potential includes ion (atom) g a controlled decrease of the polarizability values with respect
molecule potentials\ -, andVp,-ar, respectively), eachone i their values in isolated molecul@n more detail, the
taken as a sum of 12 ion (atombond interaction terms of the  o|arizability values used for the calculations are 0.85fdk
type®® K*,401.64 A3 for Ar,4! 2.25 and 0.48 Afor the parallel and
(@) perpendicular components of«C as well as 0.79 and 0.58%A
m (rm(a)) o for the same components of CfIThe latter bond components
n(r, o) — m\ T are reduced by 15% and those of-C by approximately 20%
m(a))m] W to account for nonadditive effects in the ishenzene interac-

aSame values as in ref 38.

Ar ... K* 110.0 3.190 4
Ar ... Ar 12.34 3.760 6

V(r, o) = ¢(a)

tion.35

2.2. The Electrostatic Component.The electrostatic com-
ponentVg that in the present case asymptotically corresponds
to the ion quadrupole interaction is formulated, as suggested
previously, as a sum of Coulombic potenti¢ig> These
potentials are associated with the interaction df &d both
the negative charges (placed on the C atoms of the benzene on
both sides of the aromatic ring) and the positive charges (placed
on the H atoms of the benzene). The sizes of the charges and
their positions are chosen to reproduce the correct components
of the benzene quadrupole moméht’ The procedure leads
to a charge oft0.092 45 on each H atom and to two negative
charges of—0.046 23 separated by 1.905 A on each carbon
atom. Accordingly, the overall K—benzene-Ar, interaction,

r

n(r, o) (f
\

n(r,o) —m

Such a simple formulation provides a realistic picture of both
repulsion and attraction. It also indirectly incorporates the three
body effects’® leads to a proper description of nonequilibrium
geometries of the clusté?,and could be conveniently used in
dynamical calculations. In eq 1,is the distance of the ion
(atom) from the bond center, andis the angle that forms
with the bond considered. The parameates set equal to 4 for
the K*—bond interactions and equal to 6 for the-#ond
interactions. The parameterthat defines the falloff of the ion
(atom)-bond repulsion is expressed as a function of wahd

o using the equation

ro\2 Viota, is formulated as
nr,a) =p+4. )
fal S
Vtotal = VK+7bz + VbzfAr| + VK+7ArI +
wheref = 10.0 for both Ar- and K"—bond interactiong® The = i=
other important parameters of the potenti@ndr, (represent- n—1n
ing, respectively, the well depth and the equilibrium distance ZZVAri—ArJ. + Vy (5)
of the relevant ion (atomjbond pair) are assumed to depend ==
on o according to the relationships where bz indicates the benzene and the irgpindicates that
the contribution is associated with thigh(jth) Ar atom.
e(a) = € sirf(o) + €||0052((1) ©) Therefore, the resulting global PES not only reproduces the
diatomic asymptotic properties (like those of the-KAr and
ro(0) =r.o sinf(a) + rn“cosz(a) 4) Ar—Ar pairs but also provides direct information on the

properties of the K—benzene system that will be discussed in
The ion (atom)-bond model potential of eq 1 is also used to the next section using molecular dynamics means.
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3. The Molecular Dynamics Investigation 6.0 530 mev
As already mentioned, molecular dynamics investigations 4.5
were carried out using the DL_POLY suite of prograthhe -
aim of the study was to further analyze the characteristics of S 30+ ‘( @})}
the proposed PES through the rationalization of the dynamic -
behavior of the K—benzene and K—benzeneAr, clusters 157 A
(n=1, 3). 0.0
3.1. The Calculations.To carry out the dynamical calcula- 40 20 00 20 40
tions, a fortran routine, returning the value of the adopted PES x/A
and the values of the related derivatives with respect to the 6.0
internuclear distances, was assembled. The initial conditions of
the system were set to correspond to a microcanonical ensemble 45+
(NVE) of particles and various (increasing) values of the total ot
. . o S 3.0-
energy Ewtan i.€., the sum of the potential and kinetic energy >
of the cluster). As in previous studié%3®3° the benzene 15
molecule was treated as a rigid body. At each new energy,
calculations were started by taking as the initial configuration 0.0
of velocities and forces the final values of the previous run. A 60 40 20 00 20 40 6.0
time step of 1 fs was adopted for the integration of the motion x/A

equations. This value was found to be short enough to ensureFigure 1. Isoenergetic contours of the potential energy surface of the
a relative fluctuation of the total energy smaller tharsl0he K*—benzene system. The benzene molecule lies omyipéane. The

. . K* ion approaches the benzene center of mass either (see the upper
instantaneous temperatufewas calculated at each time step panel) perpendicularly to the center of mass alongths (i.¢., along

from the kinetic energyEx by means of the relationship  he c, axis of symmetry) or on-plane (see the lower panel). Energy
T = 2EJksf (with kg being the Boltzmann constant afdhe contours are spaced by 100 meV in the upper panel and by 15 meV in
number of degrees of freedom in the system). The total the lower panel.

integration time for the simulations was generally set at 25 ns,
except for the cases in which cluster interconversions were
observed. In these cases, the integration time was extended to

T/K

500.0 1000.0 1500.0 2000.0 2500.0
1 1 1 I I

100 ns. Calculations were performed by imposing no restrictions 10007 ,
on the neighboors and by evaluating the interaction at every -200.0 e
time step for all ion (atomybond pairs. Finally, to properly Z -300.0
assess the results obtained for each cluster (see the following f_ -400.04 /’”
sections), it is useful to introduce the configuration enekgy) =5 5000 o
of the cluster that is defined as an averag&/gf, over all the e e
accessible configurations at the chosen total energy. By using -600.0—/
this method,Ecry can be decomposed either as a sum of the
electrostatic ) and the non-electrostati&(e) components -250.0 JRTE
or as a sum of asymptotic fragments ener@% oz Epzar;, = -260.0] w*““""’"‘
and EK**Ari- E 270.0- f"’“ﬁ

3.2. The K'—Benzene Clusters.The first phase of the o ’ /
investigation was concerned with the study of the structural and -280.0
energetic properties of the'k-benzene clusters. The contours 29004

1 1 |

of Viotal fOr this system are shown in Figure 1.

As is apparent from the figure, the most stable structure of
the cluster is the one in which the*Kion sits on theCsg,
symmetry axis of the aromatic ring. The value\G§, of the
cluster in this arrangement-027 meV) is mainly determined
by the electrostatic component§35.6 meV) evaluated at the
equilibrium distance (2.69 A away from the benzene center of difference between the two types of arrangement (in- and out-
mass). This value accounts, in fact, for about 70% of the total of-plane) makes interconversions between the different isomers

L
-800.0  -600.0  -400.0  -200.0 0.0
Eyia / meV

Figure 2. The variation ofEe (upper panel) andk,e (lower panel)
components plotted as a function Bf. and T.

intermolecular energy. The non-electrostatic componggg quite unlikely. Moreover, a large dissociation probability should
calculated under the same conditions as the sum of the twelvebe expected when the cluster ends up being coplanar.
cation—bond interactions (six K—CC and six K—CH), The variation of bothEg and Ene with Ega (and, conse-
accounts for the remaining part ¥ It is worth pointing quently, with the temperature) are plotted in the upper and lower

out here that the most stable geometry, binding energy, andpanels, respectively, of Figure 2. As is apparent from the figure,
equilibrium distance predicted by the model are in agreement the E¢ curve increases more rapidly than that for the non-
with the ab initio results10:35364849gnd the experimental electrostatic contribution. As a matter of fact, the percentage
findings1145Moreover, in addition, the estimate of the relative of Ee in Ecyy varies from 68.7% to 41.4% when approaching
importance of the induction and electrostatic components falls dissociation.
within the uncertainty of the theoretical predictichs. A peculiar feature of the plots is that they show a clear change
Six equivalent isomers are generated whehi&placed on of slope at abouE;y; = —600 meV. In the case of the non-
the same plane of the aromatic ring. These isomers are less stablelectrostatic component, the change is accompanied by a knee.
than the previously mentioned arrangement in which the K This indicates that the exploration of a region of increasing
ion sits on theCg, symmetry axis of benzene. The large energy repulsion of the relevant PES results in the opening of a channel
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60 40 20 00 2.0 40 60 Figure 5. Isomeric distribution of the K—benzene-Ar cluster given
x/ A as the ratio between the amount of time spent by the cluster in the
Figure 3. Isoenergetic curves for the'k-benzene-Ar cluster. The (1/1) configuration and that spent in thef@@ one plotted as a function

K+—benzene is kept fixed at its equilibrium geometry. The Ar atom is Of the temperaturd.
allowed to move around on the plane. Energy contours are spaced
by 25 meV with the curves taken at980 meV (isomer (1)

individually labeled. spent by the cluster in the |@ configuration is much longer

than that spent in the configuration|{}). The evolution of the
isomeric population (defined as the ratio of the time spent by
the cluster in configuration (1) divided by that spent in
configuration (20) is illustrated in Figure 5 where it is plotted
as a function of the temperaturg,
As in other dynamical studies concerned with the benzene
_ Ar, clusters?>39 the criterion adopted to decide whether an
a interconversion between the two isomers has taken place is that
U the isomer is required to remain around a particular geometry
for at least 5 ps. No interconversions have been observed at
temperatures lower than 240 K. From 240 to 264 K, the number
of interconversions increases from 4 to 64, but the isomeric
TABLE 3: Properties of K *—Benzene-Ar Clustersas population for the (f1) isomer is always lower than 2%. This
isomer RUA R2A  Oldeg  VomeV  Vegmev population increases at hl_gher temperatures, about 24% at
271 K. However, at these high temperatures, the probability of
(20) 2689 4418 440  —636 —429 dissociating into Ar- K*—benzene also increases. For example,
(211) 2690 3510 1800 636 —346 at 271 K, the cluster already dissociates after only 15 ns. At
2R1 = distance of K from the benzene center of mass, temperatures higher than 300 K, thé Kbenzene-Ar cluster
R2 = distance of Ar from the be_nzene center of méss, angle forme_d becomes highly unstable.
by R1 and R2)Ve = electrostatic energy, and. = non-electrostatic The changes observed for some contributions of the interac-
energy for both the () and the (11) isomers. .
tion energy of the K—benzene-Ar clusters as the total energy
increases (because of the heating of the cluster) are shown in
Figure 6.
The figure shows that wheRiuy varies from—21065.0 to

Figure 4. A sketch of the (1) (left-hand side) and (1) (right-hand
side) isomers of the K—benzene-Ar cluster.

associated with a wide region of previously unaccessed fairly
stable configurations. This not only reduces the tendency of the

system to dissociate but also slows down the pace by which ~920.69 meV (an increase of about 70 meV of kinetic energy)

energy |ncrea}rses. . ) the increase of the K—benzene and K—Ar energy interactions
3.3. The K'—Benzene-Ar Clusters. The interaction be- are 4% and 20%, respectively.

tween Ar and K is stronger than tha_t between two Ar atoms The most important increase is that of benzeAg for which
or that between Ar and benzene. This makes the Ar atom tende raction of binding energy lost before dissociation was found
to condense about the cation. The isoenergetic contours for the,y e about 45%. As is apparent from the figure, the—K
K+—benzene Ar qluster are shown in Figure 3. The contours  panzene energy depends linearly B, while the slopes of
are taken by placing the benzene molecule ondhelane and  ih k+—Ar and benzeneAr energies change at about
_by putting the K ion at the equilibrium position. The Ar atom Ewota = —960 meV. This marks the beginning of the isomeric
is allowed to move on thez plane. interconversion regime. When isomerization occurs, the distance
The figure shows that the most stable cluster structure is the of Ar from K+ and benzene increases, leading to a sudden
(2/0) one for which both Ar and Ksit on the same side with  weakening of the stability of the relevant bonds. Moreover, the
respect to the molecular plane ofgk (though, the (I1) access to a larger number of benzeAe configurations makes
structure also, in which Kand Ar stay on opposite sides of  the associated energy remain nearly constant. At the highest
the benzene plane, is stable). The structure of these two isomergalues of the temperature at which the population of isomer
is illustrated in Figure 4, and their geometric and energetic (1)1) increases sharply (see Figure 5), the energy associated with
parameters are given in Table 3. the benzeneAr interaction rises to values which lead to the
The two isomers are separated by a small energy barrier of dissociation of the Ar atom. Figure 7 shows the evolution during
about 100 meV (see Figure 3). This means that above a certain25 ns of the simulation trajectory of both the" KAr distance
temperature interconversions between the two isomers are quiteand the Vk+—ar component of the interaction at
likely. This is, indeed, confirmed by dynamical calculations: —922 meV of the total energy. As shown by these plots, despite
when the kinetic energy becomes sufficiently large to allow the the increase of th&x+—ar energy (see Figure 6) when the
system to surmount the barrier (though being still too small to isomerization occurs, the cluster spends much more time in the
induce dissociation), interconversions come into play. However, most stable configurations (lower energies and distances) along
contrary to what happens for the benzeie, clusters, the time  the trajectory.
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enough to consider the cluster formed. The-Kenzene-Arz

and the K'—benzene-Arj; clusters dissociate at about 220 and
200 K, respectively. The corresponding dissociation products
are K'—benzene-Ar + Ar and K'—benzene-Ar, + Ar,
respectively. Figure 8 illustrates the variation of the different
contributions to the interaction energy for theé Kbenzene-

Ar; clusters as the total energy increases.

As is apparent from the figure, the plots corresponding to
the various contributions have the same qualitative behavior as
those of the K—benzene-Ar cluster (see Figure 6). The main
difference lies in the interval of temperature in which inter-
conversions are observed. For the-Kbenzene-Ar clusters,
interconversions occur betwed@r= 240 and 280 K, while for
the KT—benzene-Ar; clusters, interconversions occur between
T =180 and 220 K. However, as has been already pointed out,
a high dissociation probability is associated with the isomer-
ization of the Kr—benzene-Ar; cluster. A similar behavior is
observed for the K—benzene-Ars cluster, which tends to
fragment into K'—benzene-Ar; at temperatures above 200 K.
The different contributions to the interaction energy as a function
of total energy show the same qualitative tendency as that of
K*—benzene-Ar and K"—benzene-Ar, clusters. Despite the

containing more than one Ar atom, the most stable structuresfact that interconversions between the possible isomers can occur
are those for which K and the rare gas atoms lie on the same between 170 and 190 K, the simulations indicate that the
side with respect to the plane of the aromatic ring. When the K*—benzene-Arj cluster keeps the three Ar atoms on the same
kinetic energy becomes sufficiently large, other fairly stable side of the K ion with respect to the benzene plane.
structures can be obtained, although the time spent by the atoms This is true even when one of the Ar atoms is loosely bound

of the cluster in arrangements in which"kand the Ar atoms

to benzene, because it sits on top of theikn. These results

are placed on the same side with respect to the aromatic ring isshow once more the importance of theKAr interaction in
much larger than that spent in configurations in which the Ar determining the properties of the'k-benzene-Ar, family of
atoms are distributed on both sides. Moreover, for clusters madeclusters. The cation remains bound to the organic compound,
of two or more Ar atoms, the dissociation becomes a highly and the Ar atoms move preferentially around thé ign. In
probable event when they isomerize. This means that the other words, a kind of self-cavity forms in which the ion remains

K*—Ar interaction plays a key role in stabilizing the
K*—benzene Ar, heteroclusters. As a matter of fact, only those
configurations for which the K—Ar interaction stabilizes the

system allow the benzereare-gas aggregate to live long

confined while moving concertedly with the Ar atoms. However,
as has already been noted, the Ar atoms are able to easily move
far away. In this sense, the'k-benzene-Ar, cluster can be
understood as a&-benzene cluster solvated by Ar atoms (that
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can also easily desolvate). The ability of the aromatic rings to (8) Ma, J. C.; Dougherty, D. AChem. Re. 1997 97, 1303.
coordinate a cation has been pro¥&Hrom resolution crystal 5 ng)l ng,‘gz%gs* Yoshida, M.; Uchimaru, T.; Mikami, M. Phys. Chem.
structure. nge, the focu; ha§ bee+n put, however, on the fact" (10) Kim, D.: Hu, S.: Tarakeshwar, P.: Kim, K. S.: Lisy, J. BL.Phys.
that the dominant interaction in the KbenzeneArn clus_ters Chem. A2003 107, 1228 and references therein.

corresponds to the k-benzene one. This, together with the (11) Amicangelo, J. C.; Armentrout, P. B. Phys. Chem. 200Q 104,
fact that the Ar atoms move easily around th& ign, allows 11420. _ _ o

us to think that when the Kions are solvated by argon atoms Soglgs(i”fggcgggé‘]' M.; Berkovitch-Yellin, Z.; Jortner,JJ Am. Chem.
in the presence of the aromatic ring the sphere of solvation can (13) Fried, L. E.; Mukamel, SJ. Chem. Phys1991, 96, 116.
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