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The structures, energetics, and growth pattern of styrene (methanol)n clusters, (SMn), with n ) 2-9 are
investigated using a search technique that employs Monte Carlo procedures. A 6-12-1 all-atom potential
was developed that accurately reproduces the heat of vaporization, heat capacity, and density of liquid styrene.
This potential, in conjunction with the OPLS potential for methanol, yields results strongly correlated with
the experimental observations from our R2PI study of the SMn clusters. The progressive addition of methanol
molecules to styrene leads to the formation of stable methanol clusters similar to those formed in the absence
of styrene, with the exception of the SM3 cluster where the lowest energy structure incorporates the methanol
trimer as a hydrogen-bonded chain, rather than as the more stable cyclic structure of M3. For the SMn clusters
with n ) 4-9, cyclic and branched cyclic methanol structures are found. In the clusters containing 5, 7, and
9 methanol molecules, the methanol subclusters are present on both sides of the plane of the styrene. The
nonadditivity and size specificity of observed spectral shifts are explained through the use of a series of
compact and expanded structures, with the interaction energy calculated between the styrene and the methanol
subcluster (Mn). The results indicate that the spectral shifts correlate with the interaction energies between
styrene and Mn within the SMn clusters. The modeled cluster structures and simple energetic arguments provide
a reasonably compelling picture of the spectral shifts associated with hydrogen bonding interaction among
methanol molecules and between styrene and the methanol subclusters.

I. Introduction

The knowledge of the specific behavior of hydrogen bonding
solvents in the presence of aromatic molecules is a key
requirement for a molecular level understanding of many
important processes in chemistry and biology such as the
formation of clathrate hydrate and micelles, self-assembly,
immiscibility of polar and nonpolar liquids, microphase separa-
tion, protein folding and biological activities.1-5

Fundamental insight into the hydrogen bonding-aromatic
interactions can be obtained by studying binary clusters
composed of a nonpolar aromatic and hydrogen-bonded mol-
ecules. These clusters constitute valuable models to study the
role of intermolecular interactions, many-body interactions, and
cooperative phenomena in the evolution of the rich equilibrium
and dynamical behaviors known for condensed phase systems.6-11

Simulations of the thermodynamic, structural, and dynamic
properties ofisolatedclusters have provided new insights into
size effects in large finite systems and on the transition from
molecular to macroscopic systems.12-16 Much of the work has
focused on rare gas and molecular clusters, but the simulation
of hydrogen-bonded solvent clusters containing an aromatic
solute has received little attention.15-24 In the present paper, a
search technique using Monte Carlo simulation procedures is
used to help elucidate the structures and the nature of interactions
within the styrene (methanol)n clusters, SMn, with n ) 1-9.
For comparison, we also study the corresponding pure methanol
clusters, Mn, n ) 2-9.

Methanol is the smallest alcohol that has both hydrogen
bonding and hydrophobic interactions. On the other hand,
styrene contains both an unsaturated side chain and an aromatic
ring linked by a covalent bond. Therefore, styrene (methanol)n

clusters are good model systems to study hydrogen bonding
interactions involving a single hydrogen donor configuration
and an extendedπ-system.

The hydrogen bonding interaction in liquid and solid methanol
is usually described in terms of a linear network winding in a
zigzag manner.25-32 In the solid state, methanol forms hydrogen-
bonded chains with coordination number 2 and with adjacent
chains pointing in opposite directions. The liquid structure can
be described in terms of a competition between the close-
packing of the methyl groups and the hydrogen bonding of the
hydroxyl groups.25 In the liquid state at room temperature,
methanol exists in chains with two hydrogen bonds for each
molecule. Rings and branched rings are the most common
structures in the liquid, although arrangements with one
terminating and three branching points are also present. Several
questions remain regarding the exact structure of the liquid and
the relative contributions of the cyclic and chain structures.33-35

Methanol clusters have already been the subject of both
experimental and theoretical studies.22-24,36-49 Minimum energy
structures for small methanol clusters (Mn, with n < 10) have
been obtained from empirical potentials, as well as ab initio
and density functional calculations.22-24,39,44-54 Monocyclic,
semiplanar structures are found to persist at liquidlike temper-
atures for the smaller clusters, with bicyclic and polycyclic
structures increasingly present in larger clusters. Large methanol
clusters have been studied by molecular dynamics simula-
tions.55-57 Several properties such as the local density, electric
potential, surface potential, and surface tension have been
calculated using different potential models.55-57

Our main emphasis in this study is on how hydrogen bonding
among methanol molecules is modified by the presence of a
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styrene molecule, and whether it is possible to correlate the
resonant 2-photon ionization (R2PI) spectral shifts of the SMn

clusters, relative to the styrene origin transition, with the
interaction energies between styrene (S) and the methanol
subcluster (Mn) in the SMn clusters. For methanol we use the
OPLS (optimized potential for liquid simulation) potential
model.58 This model reproduces the experimental temperature
dependence of the second virial coefficients of methanol vapor
with good accuracy, as well as several properties of liquid
methanol.22 For styrene, potential function parameters have been
developed, and these are used in conjunction with the OPLS
methanol parameters to obtain structures and interaction energies
for various isomers of the SMn clusters withn ) 1-9.

In the remainder of this paper, section II gives computational
details. section III presents a summary of our results for pure
methanol clusters, describes and evaluates the new potential
function for styrene, and investigates the structures and inter-
action energies of SMn clusters. Section III also compares the
size-dependence of properties in SMn clusters to that in Mn
clusters, and examines the strong correlations found between
modeled and observed properties of SMn clusters. Section IV
summarizes the salient results of this work.

II. Pair Potential Calculations of Structures and Energies

Cluster interaction energies were calculated from site-site
potentials of the form

where∆eab is the interaction energy between two molecules a
and b, and theAij and Cij can be expressed in terms of the
Lennard-Jonesσ’s andε’s asAii ) 4εiσi

12 andCii ) 4εiσi,6 and
the combining rulesAij ) (AiiAjj)1/2 and Cij ) (CiiCjj)1/2 were
used. Theqi are the partial charges assigned to each site ande
is the magnitude of the electron charge.

For methanol, the 3-site OPLS potential was used, which
treats the methyl group as a single site.58 For the sites (O, CH3,
H) theσ’s are (3.07, 3.775, 0), theε’s are (0.17, 0.207, 0), and
the q’s are (-0.700, 0.265, 0.435). The C-O bond length is
1.43 Å, the O-H bond length is 0.945 Å, and the COH angle
is 108.5°. For styrene, a 16-site (all-atoms) model was developed
that includes the internal rotation of the ethylene group, as
described in a later section.

The total cluster configurational energy can be expressed as

where ∆EC is the sum of all terms representing Coulomb
interactions,∆ELJ is the sum of all Lennard-Jones terms, and
∆ES is the intramolecular torsional energy of the styrene.
Alternatively, the total energy can be expressed as

where ∆EM is the sum of all terms involving methanol-
methanol interactions, and∆ES-M the sum of all terms involving
styrene-methanol interactions.

The software used for the Monte Carlo simulations was
developed in our laboratory and has been used in several
previous studies.20,23,59Many of the core routines were adapted
from Jorgensen’s MCLIQ (1990) program.60

Cluster structures and energies are obtained through the
following simulation procedure. Monte Carlo simulations in the

NVT ensemble are run for each cluster size using standard
procedures, without truncation of the potential and at a tempera-
ture at which no evaporation is observed. At regular intervals
during these simulations, the current cluster configuration is
taken as an initial structure for a “quench” in which the cluster
is settled into the underlying minimum on the potential surface.
This is done by accepting only those small random displace-
ments and rotations that lower the potential energy. Eventually
a minimum is reached, and when 6000 consecutive trial
configurations fail to find a structure of lower energy, the
configuration is identified as a candidate for a minimum on the
surface. Subsequently, in a separate calculation, each candidate
is run at 10-12 K to confirm that a minimum has in fact been
found and to be sure that the bottom of the well has been
reached. For each cluster composition Mn and SMn, 50-100
quenches were performed. Most minima were located numerous
times.

A measure of cluster radius is given by the root-mean-square
distance between the molecules, given by61

The intermolecular distances,rij, were taken as the separations
of the molecular centers-of-mass, andn is the number of
molecules in the cluster. This is useful for accessing the degree
of compactness of clusters.

III. Results and Discussion

A. Methanol Clusters, Mn, n ) 2-9. The interaction
energies of some of the more stable structures of pure methanol
clusters are summarized in Table 1. Figure 1a displays the cluster
total energy per molecule (∆E/n) and the Coulomb contribution
per molecule (∆EC/n) as functions ofn. For the small methanol
clusters of this study, the entire binding energy arises from the

∆eab ) ∑
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∑
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on b(qiqje
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12
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∆E ) ∆EC + ∆ELJ + ∆ES (2)

∆E ) ∆EM + ∆ES-M + ∆ES (3)

TABLE 1: Total Cluster Energy ( ∆E), the Contribution
from the Electrostatic Terms Only (∆EC), the Energy of the
Methanol Subcluster (∆EM), and the Interaction Energy
between the Styrene and the Methanol Subcluster (∆ES-M)
(OPLS (3-Site) Potential for Methanol, 16-Site Potential for
Styrene, Energies in kcal/mol)

methanol styrene-methanol

n -∆E -∆EC n -∆E -∆EC -∆EM -∆ES-M

2 6.88 7.85 1 4.87 3.31 0 4.88
3 (a) 17.60 20.63 2 (a) 13.29 11.74 6.47 6.84
3 (b) 15.15 17.08 2 (b) 13.11 11.97 6.55 6.57
4 (a) 29.95 34.97 3 (a) 22.89 21.93 14.57 8.34
4 (b) 24.50 27.49 3 (b) 22.87 21.77 14.52 8.36

3 (c) 22.09 21.35 17.38 4.71
5 (a) 39.96 46.34
5 (b) 37.16 41.15 4 (a) 35.31 35.55 29.79 5.53
5 (c) 33.56 36.86 4 (b) 35.25 35.53 29.77 5.49
6 (a) 49.11 56.77 5 (a) 46.46 47.56 39.78 6.68
6 (b) 48.94 55.96 5 (b) 46.24 47.52 39.78 6.46
6 (c) 42.71 46.40

6 (a) 54.04 53.65 47.39 6.66
7 (a) 57.11 62.15 6 (b) 53.79 54.28 47.15 6.64
7 (b) 56.60 62.32
7 (c) 56.22 60.47 7 (a) 64.50 64.68 55.90 8.60

7 (b) 64.12 64.51 55.70 8.42
8 (a) 68.44 76.14
8 (b) 68.07 76.03 8 (a) 70.97 71.23 65.07 5.93
8 (c) 65.52 70.37 8 (a) 70.93 71.07 65.10 5.84
9 (a) 77.93 84.80 9 (a) 86.25 85.66 75.52 10.78
9 (b) 77.75 85.28 9 (b) 84.87 86.35 76.70 8.17
9 (c) 72.31 77.04

Rn ) 〈(∑
i

n-1

∑
j>i

n rij
2

n(n - 1))
1/2〉 (4)
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Coulomb terms and the LJ terms are net positive. With the OPLS
potential, the LJ terms become net attractive only forn > 30.
There is a rapid decrease in∆E/n with n up ton ) 4, followed
by relatively small changes until a notable decrease atn ) 8.
The incremental interaction energies [∆En - ∆En-1] vs n show
pronounced maxima (most negative) for the tetramer and
octamer.

Figure 1b displays the variation ofRn with n for methanol
clusters in the absence and presence of styrene. Values ofRn

were also computed using only the methanol-to-styrene distances
in the SMn clusters and are also shown in Figure 1b. The trends
observed inRn will be discussed in section E, following
discussion of the structures of these clusters.

Selected structures for the methanol clusters are shown in
Figures 2-6. For each cluster size withn > 2, the two isomers
lowest in energy are always included. The lowest energy
structure of the methanol dimer has an almost linear O-H- - -
O bond with the O-H- - -O-H angle) 178.6°. The lowest
energy structures of the trimer [M3(a)] and tetramer [M4(a)]
correspond to planar cyclic structures withC3h and C4h sym-
metry, as shown in Figure 2. The M3(a) cyclic structure has
three equivalent H-bonds (1.85 Å) with an O- - -H-O angle of

152.8°. The H-bond in the M4(a) structure (1.75 Å) is shorter
than in the M3(a) structure, and the O-H- - -O angle is 167.5°.
The second-lowest energy isomer for the trimer [M3(b)] and
tetramer [M4(b)] corresponds to a chain structure (shown in
Figure 2) at 14% and 18% higher energy, respectively, than
the corresponding cyclic structure.

The lowest energy pentamer [M5(a)] has a semiplanar cyclic
structure with an H-bond length of 1.74 Å and O-H- - -O angles
near 174° (shown in Figure 3). The second- and third-lowest
energy isomers [M5(b) and M5(c)] correspond to a branched
tetramer and a chain structure at 7% and 16% higher energy,
respectively, than the M5(a) cyclic structure. The two lowest
energy isomers of the hexamer correspond to a ring withS6

symmetry [M6(a)] and a chain structure [M6(b)], respectively,
as shown in Figure 3. Also shown in Figure 3 is the higher
energy isomer [M6(c)], which has a lower symmetry ring
structure. The cyclic structure M6(c) resembles the well-known
“book” structure found as one of the most stable water hexamer
structures.62,63

The three lowest energy structures of M7 can be described
as either a branched cyclic hexamer [M7(a)], or a branched cyclic
pentamer [M7(b) and M7(c)], as shown in Figure 4. The

Figure 1. (a) Energetics of the pure methanol clusters and in the presence of styrene. The symbols used are (O-O) total energy per molecule; (4)
coulomb terms only, per molecule; (0) total energy (n) - total energy (n - 1); (O, without connecting line) total energy per molecule, other
isomers; (9) total energy, per methanol molecule, styrene present. (b) Root-mean-square distances between the molecular centers of mass for pure
methanol clusters (O), methanol only with styrene present (9), and methanol-to-styrene only (4).

Figure 2. Lowest energy structures of methanol clusters (Mn) with n
) 2-4. Figure 3. Lowest energy structures of methanol clusters (Mn) with n

) 5, 6.
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interaction energies of the M7(b) and M7(c) isomers are within
2% or less of the interaction energy of the most stable isomer
M7(a). For M8, the two most stable structures are semiplanar
rings [M8(a) and M8(b)] with M8(b) exhibiting a larger and more
open ring, as shown in Figure 5. Another interesting octamer
structure was also found [M8(c)], consisting of two cyclic
tetramers without H-bonds between them, and at only 4.3%
higher energy than the lowest isomer M8(a).

The lowest energy isomer of the M9 cluster, [M9(a)] (shown
in Figure 6), can be described as a twisted cyclic structure
consisting of a tetramer and a pentamer as upper and lower parts,
respectively, of a fully cyclic structure that traces out like a
“figure 8”. The second isomer [M9(b)] appears as a more open
cyclic structure, and the third isomer [M9(c)] consists of a cyclic
tetramer and a branched tetramer (4+1) without H-bond bridges
between the two substructures.

The cluster energies given in Table 1 indicate that the
interaction energies of the lowest energy cyclic trimer, tetramer,
pentamer, and hexamer are-17.6, -30.0, -40.0, and-49.1
kcal/mol, respectively. The corresponding interaction energies
per H-bond are-5.9, -7.5, -8.0, and-8.2 kcal/mol for the
trimer, tetramer, pentamer, and hexamer, respectively. A similar
trend has been observed in the density functional calculations
of methanol clusters, where the interaction energies per H-bond
were found to be-6.1, -8.2, and-8.6 kcal/mol in the cyclic
trimer, tetramer, and pentamer, respectively.49

The structures of the methanol clusters obtained using the
OPLS potential generally agree with the results obtained by
Buck et al. using a potential based on the methanol wave
functions.24 The main differences are the lowest energy struc-
tures of the trimer and tetramer where lower symmetry ring
structures were found as reported in ref 24. It should be noted
that ab initio and density functional calculations predict the
global minimum of the methanol trimer to be a cyclic structure
with two methyl groups on one side of the O-O-O plane and
the third one on the other side.48,49 However, in the ab initio

study the structure having the three methyl groups on the same
side of the O-O-O plane (similar to the lowest energy structure
found in the present study) was found to lie only 0.8 kcal/mol
above the global minimum.48

B. Potential Function for Styrene. An all-atom potential
function was developed for styrene using the all-atom (12-site)
OPLS potential for benzene as a departure point, and a derivative
of W. L. Jorgensen’s MCLIQ (1990) program for liquid
simulations.60 As in the OPLS benzene potential, all carbon-
carbon bond lengths were set to 1.4 Å, all carbon-hydrogen
bond lengths set to 1.08 Å, all bond angles set to 120°, and the
Lennard-Jones parameters (σ, ε) were set to (3.55, 0.07) for
each carbon and to (2.42, 0.03) for each hydrogen. This leaves
only the partial chargesqi to be assigned for styrene. Trial values
for the qi were taken from ab initio (HF/6-31G** basis set)
calculations for the styrene monomer.64 The qi were then
optimized using results from simulations of liquid styrene in
the NPT ensemble at 25° C and 1 atm. Standard MC procedures
such as Metropolis sampling, a cubical cell with 128 monomers,
periodic boundary conditions, and a cutoff correction to the
energy were used. The production run of 9.5× 106 configura-
tions was made after more than 4× 106 configurations of
equilibration. The intramolecular torsional energy is represented
using65

whereV2 ) 2.20 kcal/mol66 and æ is the angle between the
plane of the phenyl ring and the plane of the ethylene group.

In the optimization of theqi, a single scale factorλ was used
to scale allqi, and with modest scaling (λ ) 0.80) the resultant
potential function well reproduced key properties of liquid
styrene. The optimized charges are given in Table 2.

For styrene, the enthalpy of vaporization60 to the ideal gas
and to the real gas are the same and the enthalpy departure
function,H° - Hg

sat, is nearly zero, because the temperature of
the simulations (25°C) is far below the boiling point of styrene
(146 °C), and

Eintra(g) is computed for a Boltzmann distribution for the
torsional potential with a value of 0.36 kcal/mol, and from the
MC simulationEintra(l) is 0.287( 0.002 kcal/mol andEinter(l)
is -9.88 ( 0.02 kcal/mol. Our value forEintra(l) matches that
obtained by Jorgensen for anisole, as OPLS anisole has a
torsional potential identical to that used here for styrene. The
calculated value for styrene is thus 10.54( 0.02 kcal/mol, in
excellent agreement with the experimental value of 10.50(
0.10 kcal/mol.66

The constant pressure heat capacity for the liquid,CP(l), is
estimated as a contribution from the fluctuation in the inter-
molecular energy,CP

inter, plus an intramolecular term taken as
the ideal gas heat capacity,CP°(g), lessR, the gas constant.60

Figure 4. Lowest energy isomers of (methanol)7, M7.

Figure 5. Lowest energy isomers of (methanol)8, M8.

Figure 6. Lowest energy isomers of (methanol)9, M9.

TABLE 2: Partial Charge Assignments for the Styrene
Potential Functiona

site qi site qi site qi site qi

1 -0.0071 5 -0.1157 9 0.1203 13 0.1185
2 -0.1193 6 -0.1281 10 0.1197 14 0.1092
3 -0.1179 7 -0.0678 11 0.1194 15 0.1054
4 -0.1216 8 -0.2364 12 0.1199 16 0.1013

a The charges are numbered as shown in Figure 7 (first panel).

V(æ) ) (V2/2)(1 - cos2æ) (5)

∆Hvap ) Etotal(g) - Etotal(l) + RT

) Eintra(g) - Einter(l) - Eintra(l) + RT (6)
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From the simulation,CP
inter is 16.97( 1.44 cal/(mol K), and

with CP°(g) as 28.726 cal/(mol K),67 the estimatedCP(l) is 43.71
( 1.44 cal/(mol K). This is in excellent agreement with the
experimental value of 43.7( 0.1 cal/)mol K).66,68,69

The simulated liquid density is 0.9141( 0.0012 g/cm3, which
differs by 1.4% from the experimental value of 0.9018 g/cm3.70

In the large set of OPLS potential functions, simulated results
for the enthalpy of vaporization and liquid density are typically
within 1-2%. For the liquid alcohols, the average error in the
liquid density is 1.8%58 and is of the same magnitude as obtained
here for styrene.

It should be noted that the scaled charges shown in Table 2
are not symmetric with respect to flipping of the vinyl group.
Symmetrizing the charges to make both ortho hydrogens
equivalent resulted in slight modifications of the charges [3.5%
(ortho C’s), 0.75% (ortho H’s), 0.94% (meta C’s), or 0.083%
(meta H’s)]. Repeating the simulation of liquid styrene with
symmetrized charges changed the liquid properties as follows:
Etotal (0.3%),Einter (0.4%),Eintra (3.6%),CP (6.7%),CP

inter (17%),
density (0.20%). The properties computed from fluctuations,
the liquid heat capacity, the isothermal compressibility, and the
coefficient of thermal expansion, all decreased upon symmetriz-
ing the potential, which seems reasonable. The symmetrized
potential gave slightly more accurate values for the enthalpy of
vaporization and the liquid density (both potentials do quite well
on these properties), but gave a poorer value for the liquid heat
capacity. Although both simulations consisted of 9.5× 106

configurations, longer simulations are perhaps needed for
adequate convergence of the heat capacity. The average errors
in the properties of liquid styrene calculated using the parameters
given in Table 2 in comparison with experimental data, are
comparable to the errors reported using the OPLS-AA force
field for organic molecules recently developed by Jorgensen.71

C. Styrene (Methanol)n Clusters, SMn, n ) 1-9. The
lowest energy structure found for the SM cluster places the
methanol above the phenyl ring of styrene with the hydrogen
of the OH group pointing toward the center of the ring, as shown
in Figure 7. This is a direct result of the columbic attraction
between H and theπ-system. The structure is similar to that of
the benzene (methanol) cluster obtained using OPLS potential
functions.72

The two lowest energy isomers [SM2(a) and SM2(b)] of the
SM2 cluster are shown in Figure 7. The difference in the binding
energies between the two structures is only 0.2 kcal/mol. It is
interesting to note that the hydrogen bond length in SM2(a) or
SM2(b) (1.78 A°) is almost the same as in the isolated M2

structure (1.79 A°), but the O-H- - -O geometry is less linear
in SM2(a) or SM2(b) (172°) than in the isolated M2 structure
(179°). Also, the energy of M2 in SM2(a) or SM2(b) (-6.5 or
-6.6 kcal/mol, respectively) is slightly higher than in isolated
M2 (-6.9 kcal/mol). In SM2(a) the two methanol molecules
show interactions with both the phenyl ring and the ethylene
chain, whereas in SM2(b) most of the interactions are with the
phenyl ring.

The SM2(a) structure is a good candidate for the assigned
SM2-II isomer (see preceding paper),73 which shows a small

blue shift and little fragmentation to the SM+ channel following
ionization consistent with the absence of a single H-bonding
interaction to the styrene ring. The second calculated structure
SM2(b) matches the observed behavior of the assigned SM2-I
isomer, which shows a strong blue shift of 84 cm-1 and strong
fragmentations to the SM+ channel following the ionization of
the cluster.

It is interesting to find that the lowest energy isomer of the
SM3 cluster incorporates the methanol trimer as an H-bonded
chain rather than as the cyclic structure found in the isolated
M3 global minimum. The structure of M3 in SM3(a), shown in
Figure 8, is actually similar to the structure of the second lowest
energy isomer of isolated M3. This is also evident by comparing
the interaction energy of M3 in SM3(a) (-14.6 kcal/mol) with
that of M3(b) (-15.2 kcal/mol). Another structure of the SM3

cluster, shown as SM3(b) in Figure 8, has an energy similar to
SM3(a), but a different orientation of the M3 chain with respect
to styrene. Another isomer [SM3(c)] was also found, as shown
in Figure 8, but at 3.5% higher energy than SM3(a). Interestingly,
this isomer incorporates M3 as a cycle similar to the lowest
energy structure of the isolated methanol trimer. The energy of
the methanol cyclic trimer in SM3(c) (-17.4 kcal/mol) is close
to that of isolated M3 (-17.6 kcal/mol). However, unlike the
symmetric ring of M3 with three equivalent H-bonds, the M3

ring in SM3(c) has one elongated H-bond (O1-H- - -O3, 1.92
Å) and two shorter equivalent H-bonds (1.83 Å).

It is important to note that the interaction energy between
styrene and the methanol trimer is stronger in SM3(a) (-8.3
kcal/mol) than in SM3(c) (-4.7 kcal/mol). This indicates that
the interaction of styrene with the methanol trimer chain
provides extra stabilization over that resulting from the cycliza-
tion of the methanol trimer. This is consistent with previous
studies of benzene (methanol)n clusters, where the methanol
trimer was found to adopt a chain rather than a ring structure
in the presence of benzene.49 The structure SM3 (a) is a good
candidate for the assigned SM3-I isomer, which exhibits a large
blue shift and shows very strong fragmentation to the SM2

channel following ionization, consistent with H-bonding inter-
action. The structure of SM3 (c) is in agreement with the
observation of the SM3-II isomer, which has a small blue shift
and shows little fragmentation to the SM2 channel following
ionization.

The two lowest energy isomers found for the SM4 cluster
[SM4(a) and SM4(b)] are shown in Figure 9. Both isomers
contain highly symmetric cyclic M4 subclusters and differ mostly
in the orientation of the M4 ring with respect to styrene. Again,
the interaction energy of the M4 ring in the SM4 clusters (-29.8
kcal/mol) is nearly similar to that of the isolated cyclic tetramer
(-30.0 kcal/mol). The exceptional stability of the methanol
tetramer ring results in a relatively weak interaction with styrene
(-5.5 kcal/mol)smost of the SM4 interaction energy resides
within the methanol subcluster rather than in the styrene-M4

attachment. This is clearly evident in the styrene-to-methanol
subcluster interaction energies (∆ES-M) for SM3(a) and
SM4(a). SM3(a) incorporates the less stable chain (rather than
cyclic) M3 subcluster and has an∆ES-M of -8.3 kcal/mol,

Figure 7. Lowest energy structures of styrene (methanol)n clusters
(SMn) with n ) 1, 2.

Figure 8. Lowest energy structures of styrene (methanol)3 cluster
(SM3).
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whereas SM4(a) incorporates the most stable M4 subcluster and
has an∆ES-M of only -5.5 kcal/mol, as shown in Table 1.

The two nearly degenerate structures of the SM4 cluster, SM4-
(a) and SM4(b) are excellent candidates for the single isomer
observed for this cluster. This cluster shows a remarkable switch
in the spectral shift from blue to red, in full agreement with the
formation of a methanol tetramer ring where the interaction with
styrene becomes predominantly dispersive. Dispersion inter-
actions are usually associated with red spectral shifts in clusters
containing an aromatic chromophore.74

The two lowest energy isomers of the SM5 clusters are shown
in Figure 9. Both SM5 structures show methanol pentamer rings
similar to (but less symmetric than) the isolated cyclic pentamer,
and these are the first clusters to show the methanol subcluster
present on both sides of the plane of the phenyl ring of styrene.
These structures are in agreement with the observation of two
red-shifted isomers for each of the SM5 and SM6 clusters. For
the SM6 cluster, the two lowest energy isomers (shown in Figure
10) do not incorporate the methanol hexamer in its most stable
isolated structure. In both SM6(a) and SM6(b), the methanol
subcluster is present as a cyclic pentamer with an attached
monomer (branched structure), rather than the hexagonal
structure found for the isolated hexamer.

The two lowest energy isomers of SM7 are shown in Figure
10. Both structures of SM7 show branched cyclic methanol
hexamers resembling the lowest energy structures of the isolated
M7. Also, similar to SM5, but unlike SM6, the methanol
subcluster in SM7 lies on both sides of the plane of the styrene
ring.

The structures of the two isomers of SM8 (displayed in Figure
11) show a pair of cyclic methanol tetramers without H-bonds
between them. Interestingly, both tetramers lie entirely on one
side of the plane of the styrene phenyl ring. These isomers show
the methanol octamer in the same structure as M8(c), which

has an energy 4.3% higher than that of the most stable isolated
methanol octamer [M8(a)]. The lowest energy isomer [SM8(a)]
exhibits a smaller styrene-to-methanol interaction energy (∆ES-M

) -5.9 kcal/mol) than the lowest energy isomers of the SM5-
SM7 clusters [∆ES-M ) -6.7, -6.7, and-8.6 kcal/mol, for
SM5(a), SM6(a), and SM7(a), respectively]. This indicates that
most of the stability of the SM8 cluster is due to the large
stability of the methanol octamer in the “twin-cyclic tetramer”
configuration.

The two SM9 isomers (displayed in Figure 11) show large
monocyclic methanol subclusters that span both sides of the
styrene phenyl plane. The sudden increase in∆ES-M (-10.8
kcal/mol) in SM9(a) is probably due to efficient wrapping of
the M9 subcluster around both sides of the styrene plane.

It should be noted that upon repeating the simulation of the
SM cluster with the symmetrized styrene potential, the cluster
properties changed as follows:Etotal (0.010%),EC (0.11%),ELJ

(0.063%),Eintra (5.1%),Rn (0.025%), and the cluster structure
was (visually) indistinguishable from that obtained with the
(unsymmetrized) potential with the parameters given in Table
2. This result indicates that for the energetics and structures of
small gas-phase clusters at 0 K, the use of a symmetrized
potential gives results similar to those of the potential utilizing
charges as obtained from ab initio calculations.

D. Growth Patterns and Correlation with Spectral Shifts.
The perturbation of the structures of the most stable methanol
clusters caused by the presence of styrene can be examined using
the root-mean-square distance between the molecules (Rn) given
by eq 4, which provides a measure of relative cluster radius
and is useful in assessing the relative degree of compactness
among a series of clusters. The plot in Figure 1b of Rn vs n for
the methanol subclusters in SMn shows an interesting even-
odd alternation, which is not present in the isolated methanol
clusters. Forn ) 4, 6, and 8, Rn for the methanol cluster is
smaller when the styrene is present, yet forn ) 3, 7, and 9, Rn
is larger when the styrene is present. Forn ) 5, the Rn values
are nearly equal in the presence and absence of styrene. This
pattern can be explained by comparing the structures of the
lowest energy isomers of SM4-SM9, which are shown in
Figures 12 and 13. It is clear that in the SMn clusters, the even-n
methanol subclusters lie entirely on one side of the plane of
the styrene phenyl ring, as shown in Figure 12, whereas the
odd-n subclusters are present on both sides of this plane to about
equal extents (shown in Figure 13). This indicates that forn )
4, 6, and 8, the methanol subcluster is more compact than the
isolated methanol cluster of the same size. These compact
clusters can optimize all intermolecular interactions with the

Figure 9. Lowest -energy structures of styrene (methanol)n clusters
(SMn) with n ) 4, 5.

Figure 10. Lowest energy structures of styrene (methanol)n clusters
(SMn) with n ) 6, 7.

Figure 11. Lowest -energy structures of styrene (methanol)n clusters
(SMn) with n ) 8, 9.

5938 J. Phys. Chem. A, Vol. 107, No. 31, 2003 El-Shall et al.



styrene with little hindrance; hence a red shift in the cluster’s
origin is observed. The opposite trend is observed for the clusters
with 7 and 9 methanol molecules, as these expanded clusters
tend to rap around both sides of the styrene molecules.

Figure 14 displays plots of interaction energy∆ES-M (the
styrene-to-methanol interaction energy) as a function ofn for
the SMn clusters, as well as the observed spectral shifts reported
in the preceding paper.73 The similarity between the two trends
is remarkable! In particular, the largest red shift and the smallest
styrene-to-methanol interaction energy (next to the SM cluster)
are both observed in SM4. Similarly, the red shift observed for
the SM8 cluster correlates with the styrene-to-methanol inter-
action energy calculated for this cluster. Also, the clusters that
exhibit maxima in the magnitude of the blue spectral shift
relative to the isolated styrene molecule (SM9, SM7, and SM3)
also exhibit maxima in magnitude of∆ES-M.

Because the calculated∆ES-M pertains to the cluster ground
state, the strong correlation between styrene-to-methanol inter-
action and spectral shift suggests that these shifts are mainly
dependent on the ground-state styrene-to-methanol interaction.

IV. Summary and Conclusions

In the present work, new potential function parameters have
been reported for styrene that yield results in general accord
with the properties of liquid styrene. This potential, in conjunc-
tion with the OPLS potential for methanol, yields results strongly
correlated with the experimental observations of the R2PI study
of styrene-(methanol)n clusters. The progressive addition of
methanol molecules to styrene leads to the formation of stable
methanol clusters similar to those of pure isolated methanol
clusters, with the exception of the styrene (methanol)3 cluster.
In this case, the lowest energy structure does not incorporate

Figure 12. Lowest energy isomers of the SMn clusters withn even
(4, 6, and 8). Note that the methanol subcluster is present on one side
of the styrene plane.

Figure 13. Lowest energy isomers of the SMn clusters withn odd (5,
7, and 9). Note that the methanol subcluster is present on both sides of
the styrene molecular plane.

Figure 14. (a) Experimental spectral shifts of the SMn cluster origins relative to the 00
0 origin of isolated styrene molecule (see ref 73). (b)

Calculated interaction energies between styrene (S) and the methanol subcluster (Mn) in the lowest energy isomers of the SMn clusters.
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the methanol trimer as a cyclic structure, but as a hydrogen-
bonded chain. In all the larger sizes (n ) 4-9), cyclic methanol
subclusters have been found in the styrene (methanol)n clusters.

We have observed three computational quantities or structural
features that correlate with the observed spectral shifts in small
SMn clusters: (1) the S-to-Mn subcluster interaction energies,
(2) the shift inRn for the Mn clusters when styrene is present,
and (3) the even-odd alternation in how the Mn subclusters
are positioned with respect to the plane of the styrene ring. The
nonadditivity and size specificity of the observed spectral shifts
is explained through the use of a series of compact and expanded
structures, with the interaction energy calculated between the
styrene and the methanol subcluster. The correlation between
the experimental spectral shifts and the solute-solvent inter-
action energies in the ground states of the clusters (and the other
correlations as well) support the validity of using potential
functions developed using properties of the bulk liquids to study
small clusters generally, and in particular they build confidence
in the styrene potential function presented in this work.
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