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The structures, energetics, and growth pattern of styrene (methahadjers, (SN), with n = 2—9 are
investigated using a search technique that employs Monte Carlo proceduresl2A-6 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 Ekters. 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 SMluster where the lowest energy structure incorporates the methanol
trimer as a hydrogen-bonded chain, rather than as the more stable cyclic structurd-of khe SM 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 (M). The results indicate that the spectral shifts correlate with the interaction energies between
styrene and Mwithin the SM, 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 clusters are good model systems to study hydrogen bonding
interactions involving a single hydrogen donor configuration
and an extended-system.

The hydrogen bonding interaction in liquid and solid methanol
is usually described in terms of a linear network winding in a
zigzag manne?>—32In the solid state, methanol forms hydrogen-
bonded chains with coordination humber 2 and with adjacent
chains pointing in opposite directions. The liquid structure can
be described in terms of a competition between the close-

interactions can be obtained by studying binary clusters packing of the methyl groups and the hydrogen bonding of the

composed of a nonpolar aromatic and hydrogen-bonded mol_hydroxyl gro_upsz._5 In th_e ”ql.”d state at room temperature,
ecules. These clusters constitute valuable models to study themethanol exists in chains with two hydrogen bonds for each
role of intermolecular interactions, many-body interactions, and Melécule. Rings and branched rings are the most common
cooperative phenomena in the evolution of the rich equilibrium struc_ture_s in the liquid, al_though arrangements with one
and dynamical behaviors known for condensed phase sy&tés. terminating and_three bra_lnchlng points are also present. S_everal
Simulations of the thermodynamic, structural, and dynamic questlor!s remain regardlng the exa}ct structur.e of the liquid and
properties ofisolatedclusters have provided new insights into the relative contributions of the cyclic and chain stru_ct&?e%'?
size effects in large finite systems and on the transition from ~ Methanol clusters have already been the subject of both
molecular to macroscopic systeA%s6 Much of the work has experimental and theoretical studf@s?436-49 Minimum energy
focused on rare gas and molecular clusters, but the simulationstructures for small methanol clusters{Mvith n < 10) have
of hydrogen-bonded solvent clusters containing an aromatic been obtained from empirical potentials, as well as ab initio
solute has received little attentid®r:24 In the present paper, a and density functional calculatiod$:243%4454 Monocyclic,
search technique using Monte Carlo simulation procedures isSemiplanar structures are found to persist at liquidlike temper-
used to help elucidate the structures and the nature of interactionitures for the smaller clusters, with bicyclic and polycyclic

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 activiti€s?>

Fundamental insight into the hydrogen bondiagyomatic

within the styrene (methanglklusters, SM, with n = 1—9. structures increasingly present in larger clusters. Large methanol
For comparison, we also study the corresponding pure methanolclusters have been studied by molecular dynamics simula-
clusters, M, n = 2—9. tions35757 Several properties such as the local density, electric

Methanol is the smallest alcohol that has both hydrogen Potential, surface potential, and surface tension have been
bonding and hydrophobic interactions. On the other hand, calculated using different potential modéts®’
styrene contains both an unsaturated side chain and an aromatic Our main emphasis in this study is on how hydrogen bonding
ring linked by a covalent bond. Therefore, styrene (methanol) among methanol molecules is modified by the presence of a
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styrene molecule, and whether it is possible to correlate the TABLE 1. Total Cluster Energy ( AE), the Contribution
resonant 2-photon ionization (R2PI) spectral shifts of the,SM from the Electrostatic Terms Only (AEC), the Energy of the

clusters, relative to the styrene origin transition, with the

Methanol Subcluster (AEy), and the Interaction Energy

between the Styrene and the Methanol SubclusterAEs-w)

interaction energies between styrene (S) and the methanolops (3-Site) Potential for Methanol, 16-Site Potential for
subcluster (M) in the SM, clusters. For methanol we use the Styrene, Energies in kcal/mol)

OPLS (optjmized potential for liquid simulation) potential methanol styrenemethanol
model?® This model reproduces the experimental temperature - -
dependence of the second virial coefficients of methanol vapor __" —AE —AE n_—AE —AE" —ABv —ABsw
with good accuracy, as well as several properties of liquid 2 6838 7.85 1 487 331 O 4.88
methanoP? For styrene, potential function parameters have been g’ (g) 17.60 20-83 22 (;‘) 133-29 11-;4 2-47 g-84
developed, and these are qsed in conjunctign with.the OPI_.S 4(a) éggl)g éZ:W 3((a)) 122'%3% 1211'.92 1 4555% 8-.5331
methanol parameters to obtain structures and interaction energiesy () 2450 27.49 3(b) 22.87 21.77 14.52 8.36
for various isomers of the Shlusters withn = 1-9. 3(c) 22.09 2135 17.38 4.71
In the remainder of this paper, section Il gives computational 5(a) 39.96 46.34
details. section Ill presents a summary of our results for pure 5(b) 37.16 41.15 4(a) 3531 3555 29.79 5.53
methanol clusters, describes and evaluates the new potentialg (c) 3356 3686 4(b) 3525 3553 20.77 5.49
: X ! . (@) 49.11 56.77 5(a) 46.46 4756 39.78 6.68
function for styrene, and investigates the structures and inter- g 1)) 4894 5596 5(b) 46.24 4752 39.78 6.46
action energies of SMclusters. Section Il also compares the 6 (c) 42.71 46.40
size-dependence of properties in $Sklusters to that in M 6(a) 54.04 53.65 47.39 6.66
clusters, and examines the strong correlations found between7((§; gg-éé ggég 6(b) 5379 5428 47.15 6.64
modeleo! and obseryed properties of Sblusters. Section IV 7(c) 5622 6047 7(a) 6450 64.68 55.90 8.60
summarizes the salient results of this work. 7(b) 6412 6451 55.70 8.42
8(a) 68.44 76.14
Il. Pair Potential Calculations of Structures and Energies 8(b) 68.07 76.03 8(a) 70.97 71.23 65.07 5.93
Cluster interaction energies were calculated from-ssiee 8(c) 6552 7037 8() 7093 71.07 6510 5.84
> 9(a) 7793 8480 9(a) 86.25 85.66 75.52 10.78
potentials of the form 9(b) 7775 8528 9(b) 84.87 86.35 76.70 8.17
9(c) 7231 77.04
on aon bj qiqje2 Aij Cij
Aey = zz —_—t——— Q) NVT ensemble are run for each cluster size using standard
T\ T r.?or® procedures, without truncation of the potential and at a tempera-

[ [

whereAe,, is the interaction energy between two molecules a
and b, and the?; and C; can be expressed in terms of the
Lennard-Jones’s ande’s asA; = 4¢i0i12 andC; = 4¢i0;,6 and
the combining rulesy; = (AiA;)Y? and G = (C;Cj)Y? were
used. Theg; are the partial charges assigned to each siteeand
is the magnitude of the electron charge.

For methanol, the 3-site OPLS potential was used, which
treats the methyl group as a single $tt€or the sites (O, Ck
H) theo’s are (3.07, 3.775, 0), thés are (0.17, 0.207, 0), and
the g's are (—=0.700, 0.265, 0.435). The-€ bond length is

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 1012 K to confirm that a minimum has in fact been

1.43 A, the G-H bond length is 0.945 A, and the COH angle found and to be sure that the bottom of the well has been
is 108.8. For styrene, a 16-site (all-atoms) model was developed reached. For each cluster composition &d SM, 50—100
that includes the internal rotation of the ethylene group, as quenches were performed. Most minima were located numerous

described in a later section.

times.

The total cluster configurational energy can be expressed as A measure of cluster radius is given by the root-mean-square

AE = AE. + AE ; + AEq (2)
where AEc is the sum of all terms representing Coulomb
interactions, AE,; is the sum of all Lennard-Jones terms, and
AEs is the intramolecular torsional energy of the styrene.
Alternatively, the total energy can be expressed as

AE = AE,, + AEg_, + AEg 3)
where AEy is the sum of all terms involving metharol
methanol interactions, amtEs_y the sum of all terms involving
styrene-methanol interactions.

The software used for the Monte Carlo simulations was

distance between the molecules, givefilby

(4)

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

Ill. Results and Discussion
A. Methanol Clusters, M,, n = 2—9. The interaction

developed in our laboratory and has been used in severalenergies of some of the more stable structures of pure methanol
previous studied?2359Many of the core routines were adapted clusters are summarized in Table 1. Figure 1a displays the cluster
from Jorgensen’s MCLIQ (1990) prograi. total energy per molecul\E/n) and the Coulomb contribution
Cluster structures and energies are obtained through theper molecule AEc/n) as functions oh. For the small methanol
following simulation procedure. Monte Carlo simulations in the clusters of this study, the entire binding energy arises from the
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Figure 1. (a) Energetics of the pure methanol clusters and in the presence of styrene. The symbols @edatoetél energy per moleculeaf

coulomb terms only, per molecule]) total energy ) — total energy 6 — 1); (O, without connecting line) total energy per molecule, other
isomers; M) total energy, per methanol molecule, styrene present. (b) Root-mean-square distances between the molecular centers of mass for pure
methanol clustersd), methanol only with styrene prese)( and methanol-to-styrene only).
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Figure 2. Lowest energy structures of methanol clusters)(iith n ) )
=924, Figure 3. Lowest energy structures of methanol clusters)(ith n

=5, 6.

M, (a) M, (b)

Coulomb terms and the LJ terms are net positive. With the OPLS 152 @ The H-bond in the M@) structure (1.75 A) is shorter

potential, the LJ terms become net attractive onlyrfor 30. than in the M(a) structure, and the -€H- - -O angle is 167.5
There is a rapid decreaseAt/n with n up ton = 4, followed The second-lowest energy isomer for the trimers(®J] and

by relatively small changes until a notable decrease =t8. tetramer [M(b)] corresponds to a chain structure (shown in
The incremental interaction energies,, — AEy-1] vs n show Figure 2) at 14% and 18% higher energy, respectively, than
pronounced maxima (most negative) for the tetramer and hq corresponding cyclic structure.

octamer. The lowest energy pentamer {4)] has a semiplanar cyclic

Figure 1b displays the variation &, with n for methanol  structure with an H-bond length of 1.74 A and-8- - -O angles
clusters in the absence and presence of styrene. ValuBs of near 174 (shown in Figure 3). The second- and third-lowest
were also computed using only the methanol-to-styrene distancesenergy isomers [Mb) and M(c)] correspond to a branched
in the SM, clusters and are also shown in Figure 1b. The trends tetramer and a chain structure at 7% and 16% higher energy,
observed inR, will be discussed in section E, following respectively, than the Ma) cyclic structure. The two lowest
discussion of the structures of these clusters. energy isomers of the hexamer correspond to a ring &ith

Selected structures for the methanol clusters are shown insymmetry [My(a)] and a chain structure [ib)], respectively,
Figures 2-6. For each cluster size with> 2, the two isomers as shown in Figure 3. Also shown in Figure 3 is the higher
lowest in energy are always included. The lowest energy energy isomer [M(c)], which has a lower symmetry ring

structure of the methanol dimer has an almost lineaHo- - structure. The cyclic structure gt) resembles the well-known

O bond with the G-H---O—H angle= 178.6. The lowest “booK structure found as one of the most stable water hexamer
energy structures of the trimer B¢h)] and tetramer [M(a)] structure$2.63

correspond to planar cyclic structures with, and C4, sym- The three lowest energy structures of Ban be described

metry, as shown in Figure 2. Thef4) cyclic structure has  as either a branched cyclic hexamer,{l)], or a branched cyclic
three equivalent H-bonds (1.85 A) with an O- -—@ angle of pentamer [M(b) and M(c)], as shown in Figure 4. The
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TABLE 2: Partial Charge Assignments for the Styrene
B .79 >d. Potential Function?
[¢]

?w,. site g site o] site ol site ol

SR A 1 -0.0071 5 -—0.1157 9 01203 13 0.1185
%O 2 2 —01193 6 —0.1281 10 0.1197 14 0.1092
3 -0117v9 7 -—-0.0678 11 0.1194 15 0.1054
4 -01216 8 —-0.2364 12 0.1199 16 0.1013

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

M, (a) M, (b) M, (c)

Figure 4. Lowest energy isomers of (methanolM-.
study the structure having the three methyl groups on the same

‘x:PQO%. & z:a. side of the G-O—0 plane (similar to the lowest energy structure
e ./Q; *30“0’ @ o found in the present study) was found to lie only 0.8 kcal/mol
.3.535’0‘0 e 4 et above the global minimurff
a% O o B. Potential Function for Styrene. An all-atom potential
f function was developed for styrene using the all-atom (12-site)
OPLS potential for benzene as a departure point, and a derivative
M, (2) M (b) M (0) of W. L. Jorgensen’s MCLIQ (1990) program for liquid

simulations® As in the OPLS benzene potential, all carbon
carbon bond lengths were set to 1.4 A, all carbbgdrogen
bond lengths set to 1.08 A, all bond angles set to°1260d the

Figure 5. Lowest energy isomers of (methanglMs.

"goc? . . Lennard-Jones parameters, €) were set to (3.55, 0.07) for
.\oo(g. [ be .Yp@‘ o g e each carbon and to (2.42, 0.03) for each hydrogen. This leaves
.?D‘éf!g e He Bo-Ongy only the partial chargeg to be assigned for styrene. Trial values
5@ H%--Ooio’. for the g; were taken from ab initio (HF/6-31G** basis set)
i calculations for the styrene mononférThe g were then
optimized using results from simulations of liquid styrene in
Mo (a) Mo (b) My (c) the NPT ensemble at 2& and 1 atm. Standard MC procedures
Figure 6. Lowest energy isomers of (methanplMe. such as Metropolis sampling, a cubical cell with 128 monomers,

_ ) ) _ o periodic boundary conditions, and a cutoff correction to the
interaction energies of the #b) and M,(c) isomers are within  energy were used. The production run of &8.0° configura-

2% or less of the interaction energy of the most stable isomer tions was made after more than >4 10° configurations of
Mz(a). For M, the two most stable structures are semiplanar equilibration. The intramolecular torsional energy is represented
rings [Ms(a) and M(b)] with Mg(b) exhibiting a larger and more  ysing®

open ring, as shown in Figure 5. Another interesting octamer

structure was also found [§t)], consisting of two cyclic V() = (V,/2)(1 — cosp) (5)
tetramers without H-bonds between them, and at only 4.3%
higher energy than the lowest isomeg(&). whereV, = 2.20 kcal/mot6 and ¢ is the angle between the

The lowest energy isomer of thegMluster, [My(a)] (shown plane of the phenyl ring and the plane of the ethylene group.
in Figure 6), can be described as a twisted cyclic structure = | the optimization of they, a single scale factor was used
consisting of a tetramer and a pentamer as upper and lower partsyg scale alky, and with modest scaling. (= 0.80) the resultant
respectively, of a fully cyclic structure that traces out like a potential function well reproduced key properties of liquid
“figure 8”. The second isomer [yb)] appears as a more open  styrene. The optimized charges are given in Table 2.

cyclic structure, and the third isomer ff8)] consists of a cyclic For styrene, the enthalpy of vaporizat#no the ideal gas
tetramer and a branched tetramet-§ without H-bond bridges  and to the real gas are the same and the enthalpy departure
between the two substructures. function,H° — HY%,, is nearly zero, because the temperature of

~ The cluster energies given in Table 1 indicate that the the simulations (25C) is far below the boiling point of styrene
interaction energies of the lowest energy cyclic trimer, tetramer, (146 °C), and

pentamer, and hexamer arel7.6, —30.0, —40.0, and—49.1

kcal/mol, respectively. The corresponding interaction energies AH. . = (9) — () + RT
per H-bond are-5.9, —7.5, —8.0, and—8.2 kcal/mol for the vap = Eroa St
trimer, tetramer, pentamer, and hexamer, respectively. A similar = Enya9) — Einiedl) — Enwa) + RT (6)

trend has been observed in the density functional calculations

of methanol clusters, where the interaction energies per H-bondEins(g) is computed for a Boltzmann distribution for the
were found to be-6.1, —8.2, and—8.6 kcal/mol in the cyclic torsional potential with a value of 0.36 kcal/mol, and from the
trimer, tetramer, and pentamer, respectivély. MC simulationEjny(l) is 0.287 4 0.002 kcal/mol andEine(l)

The structures of the methanol clusters obtained using theis —9.88 £ 0.02 kcal/mol. Our value foEi4(l) matches that
OPLS potential generally agree with the results obtained by obtained by Jorgensen for anisole, as OPLS anisole has a
Buck et al. using a potential based on the methanol wave torsional potential identical to that used here for styrene. The
functions?* The main differences are the lowest energy struc- calculated value for styrene is thus 104£40.02 kcal/mol, in
tures of the trimer and tetramer where lower symmetry ring excellent agreement with the experimental value of 1Qt50
structures were found as reported in ref 24. It should be noted 0.10 kcal/mok®
that ab initio and density functional calculations predict the  The constant pressure heat capacity for the liqQid)), is
global minimum of the methanol trimer to be a cyclic structure estimated as a contribution from the fluctuation in the inter-
with two methyl groups on one side of the-@—0 plane and molecular energyCe"e", plus an intramolecular term taken as
the third one on the other sid&%® However, in the ab initio  the ideal gas heat capacit@p°(g), lessR, the gas constasf.
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Figure 7. Lowest energy structures of styrene (methanoljisters Figure 8. Lowest energy structures of styrene (methanolyster

(SMy) with n =1, 2. (SM).

From the simulationCpMe" is 16.97+ 1.44 cal/(mol K), and blue shift and little fragmentation to the S\hannel following
with Cp°(g) as 28.726 cal/(mol KY/ the estimate@p(l) is 43.71 ionization consistent with the absence of a single H-bonding
+ 1.44 cal/(mol K). This is in excellent agreement with the interaction to the styrene ring. The second calculated structure
experimental value of 43.F 0.1 cal/)mol K)56.68.69 SMy(b) matches the observed behavior of the assigneg-$M

The simulated liquid density is 0.9144.0.0012 g/crd, which isomer, which shows a strong blue shift of 84 ¢nand strong
differs by 1.4% from the experimental value of 0.9018 ¢¥¢fn fragmentations to the SMchannel following the ionization of
In the large set of OPLS potential functions, simulated results the cluster.
for the enthalpy of vaporization and liquid density are typically It is interesting to find that the lowest energy isomer of the
within 1—2%. For the liquid alcohols, the average error in the SMj cluster incorporates the methanol trimer as an H-bonded
liquid density is 1.8% and is of the same magnitude as obtained chain rather than as the cyclic structure found in the isolated
here for styrene. M3 global minimum. The structure of Mn SMs(a), shown in

It should be noted that the scaled charges shown in Table 2Figure 8, is actually similar to the structure of the second lowest
are not symmetric with respect to flipping of the vinyl group. energy isomer of isolated MThis is also evident by comparing
Symmetrizing the charges to make both ortho hydrogens the interaction energy of Min SMs(a) (—14.6 kcal/mol) with
equivalent resulted in slight modifications of the charges [3.5% that of Ms(b) (—15.2 kcal/mol). Another structure of the SM
(ortho C’s), 0.75% (ortho H'’s), 0.94% (meta C’s), or 0.083% cluster, shown as Sib) in Figure 8, has an energy similar to
(meta H’s)]. Repeating the simulation of liquid styrene with SMgs(a), but a different orientation of the Mhain with respect
symmetrized charges changed the liquid properties as follows: to styrene. Another isomer [Sit)] was also found, as shown
Etotal (0.3%6), Einter (0.4%), Eingra (3.6%),Cp (6.7%),Cp™e" (17%), in Figure 8, but at 3.5% higher energy than $&J. Interestingly,
density (0.20%). The properties computed from fluctuations, this isomer incorporates Mas a cycle similar to the lowest
the liquid heat capacity, the isothermal compressibility, and the energy structure of the isolated methanol trimer. The energy of
coefficient of thermal expansion, all decreased upon symmetriz- the methanol cyclic trimer in Sy(c) (—17.4 kcal/mol) is close
ing the potential, which seems reasonable. The symmetrizedto that of isolated M (—17.6 kcal/mol). However, unlike the
potential gave slightly more accurate values for the enthalpy of symmetric ring of M with three equivalent H-bonds, thesM
vaporization and the liquid density (both potentials do quite well ring in SMs(c) has one elongated H-bond 4€H- - -O3, 1.92
on these properties), but gave a poorer value for the liquid heatA) and two shorter equivalent H-bonds (1.83 A).
capacity. Although both simulations consisted of %510° It is important to note that the interaction energy between
configurations, longer simulations are perhaps needed forstyrene and the methanol trimer is stronger in;Gij1 (—8.3
adequate convergence of the heat capacity. The average errorkcal/mol) than in SM(c) (—4.7 kcal/mol). This indicates that
in the properties of liquid styrene calculated using the parametersthe interaction of styrene with the methanol trimer chain
given in Table 2 in comparison with experimental data, are provides extra stabilization over that resulting from the cycliza-
comparable to the errors reported using the OPLS-AA force tion of the methanol trimer. This is consistent with previous
field for organic molecules recently developed by Jorgerisen. studies of benzene (methanpblusters, where the methanol

C. Styrene (Methanol), Clusters, SM,, n = 1-9. The trimer was found to adopt a chain rather than a ring structure
lowest energy structure found for the SM cluster places the in the presence of benzef&The structure SM(a) is a good
methanol above the phenyl ring of styrene with the hydrogen candidate for the assigned $M isomer, which exhibits a large
of the OH group pointing toward the center of the ring, as shown blue shift and shows very strong fragmentation to the,SM
in Figure 7. This is a direct result of the columbic attraction channel following ionization, consistent with H-bonding inter-
between H and tha-system. The structure is similar to that of action. The structure of SM(c) is in agreement with the
the benzene (methanol) cluster obtained using OPLS potentialobservation of the SW-II isomer, which has a small blue shift
functions’? and shows little fragmentation to the $Mhannel following

The two lowest energy isomers [S#4) and SM(b)] of the ionization.
SM; cluster are shown in Figure 7. The difference in the binding  The two lowest energy isomers found for the Shluster
energies between the two structures is only 0.2 kcal/mol. It is [SMy(a) and SM(b)] are shown in Figure 9. Both isomers
interesting to note that the hydrogen bond length in,&iylor contain highly symmetric cyclic lisubclusters and differ mostly
SMy(b) (1.78 A°) is almost the same as in the isolated M in the orientation of the Mring with respect to styrene. Again,
structure (1.79 A), but the O-H- - -O geometry is less linear  the interaction energy of the Ming in the SM clusters 29.8
in SMz(a) or SMy(b) (172) than in the isolated Mstructure kcal/mol) is nearly similar to that of the isolated cyclic tetramer
(179). Also, the energy of Min SMy(a) or SMy(b) (—6.5 or (—30.0 kcal/mol). The exceptional stability of the methanol
—6.6 kcal/mol, respectively) is slightly higher than in isolated tetramer ring results in a relatively weak interaction with styrene
M2 (—6.9 kcal/mol). In SM(a) the two methanol molecules (—5.5 kcal/molj—most of the SM interaction energy resides
show interactions with both the phenyl ring and the ethylene within the methanol subcluster rather than in the styrevig
chain, whereas in Spb) most of the interactions are with the attachment. This is clearly evident in the styrene-to-methanol
phenyl ring. subcluster interaction energiesAEs-yv) for SMs(a) and

The SM(a) structure is a good candidate for the assigned SMy(a). SMs(a) incorporates the less stable chain (rather than
SM,—Il isomer (see preceding papé?f)which shows a small cyclic) M3 subcluster and has af\Es-y of —8.3 kcal/mol,
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SM; (a) SM; (b)
Figure 9. Lowest -energy structures of styrene (methanoljisters
(SMy) with n = 4, 5. SM; (a) SM, (b)
Pl Figure 11. Lowest -energy structures of styrene (methancljsters
0, (SMy) with n =8, 9.

AA®
*T &

has an energy 4.3% higher than that of the most stable isolated
methanol octamer [Ma)]. The lowest energy isomer [Sk&)]
exhibits a smaller styrene-to-methanol interaction enetdps (v

= —5.9 kcal/mol) than the lowest energy isomers of thesSM
SMy clusters AEs-y = —6.7, —6.7, and—8.6 kcal/mol, for
SMs(a), SMs(a), and SM(a), respectively]. This indicates that
most of the stability of the SMcluster is due to the large

.C%‘yg‘. stability of the methanol octamer in the “twin-cyclic tetramer”
configuration.
SM; (a) The two SM isomers (displayed in Figure 11) show large

Figure 10. Lowest energy structures of styrene (methancl)sters monocyclic methanol subclusters that span both sides of the
(SM») with n =6, 7. styrene phenyl plane. The sudden increasélbliz -y (—10.8
kcal/mol) in SMy(a) is probably due to efficient wrapping of
whereas SM(a) incorporates the most stable Bubcluster and  the My subcluster around both sides of the styrene plane.
has anAEs-m of only —5.5 kcal/mol, as shown in Table 1. It should be noted that upon repeating the simulation of the
The two nearly degenerate structures of they8Mster, SM- SM cluster with the symmetrized styrene potential, the cluster
(a) and SNM(b) are excellent candidates for the single isomer properties changed as follow&;os (0.010%),Ec (0.11%),E, ;
observed for this cluster. This cluster shows a remarkable switch(0.063%),Einra (5.1%), R, (0.025%), and the cluster structure
in the spectral shift from blue to red, in full agreement with the was (visually) indistinguishable from that obtained with the
formation of a methanol tetramer ring where the interaction with (unsymmetrized) potential with the parameters given in Table
styrene becomes predominantly dispersive. Dispersion inter-2. This result indicates that for the energetics and structures of
actions are usually associated with red spectral shifts in clusterssmall gas-phase clusters at 0 K, the use of a symmetrized
containing an aromatic chromophadfre. potential gives results similar to those of the potential utilizing
The two lowest energy isomers of the §busters are shown  charges as obtained from ab initio calculations.
in Figure 9. Both SMstructures show methanol pentamer rings  D. Growth Patterns and Correlation with Spectral Shifts.
similar to (but less symmetric than) the isolated cyclic pentamer, The perturbation of the structures of the most stable methanol
and these are the first clusters to show the methanol subclustekiusters caused by the presence of styrene can be examined using
present on both sides of the plane of the phenyl ring of styrene. the root-mean-square distance between the moleculgsi(Rn
These structures are in agreement with the observation of twoby eq 4, which provides a measure of relative cluster radius
red-shifted isomers for each of the $bind SM clusters. For  and is useful in assessing the relative degree of compactness
the SM; cluster, the two lowest energy isomers (shown in Figure among a series of clusters. The plot in Figure 1b gf/&n for
10) do not incorporate the methanol hexamer in its most stablethe methanol subclusters in $Mhows an interesting even
isolated structure. In both S§¢a) and SN(b), the methanol  odd alternation, which is not present in the isolated methanol
subcluster is present as a cyclic pentamer with an attachedclusters. Fom = 4, 6, and 8, R for the methanol cluster is
monomer (branched structure), rather than the hexagonalsmaller when the styrene is present, yetriee 3, 7, and 9, R
structure found for the isolated hexamer. is larger when the styrene is present. Ror 5, the R, values
The two lowest energy isomers of SMre shown in Figure  are nearly equal in the presence and absence of styrene. This
10. Both structures of SMshow branched cyclic methanol pattern can be explained by comparing the structures of the
hexamers resembling the lowest energy structures of the isolatedowest energy isomers of SSM,, which are shown in
M. Also, similar to SM, but unlike SM, the methanol Figures 12 and 13. It is clear that in the Stlusters, the even-
subcluster in SMlies on both sides of the plane of the styrene methanol subclusters lie entirely on one side of the plane of
ring. the styrene phenyl ring, as shown in Figure 12, whereas the
The structures of the two isomers of glidisplayed in Figure oddn subclusters are present on both sides of this plane to about
11) show a pair of cyclic methanol tetramers without H-bonds equal extents (shown in Figure 13). This indicates thanfer
between them. Interestingly, both tetramers lie entirely on one 4, 6, and 8, the methanol subcluster is more compact than the
side of the plane of the styrene phenyl ring. These isomers showisolated methanol cluster of the same size. These compact
the methanol octamer in the same structure a&c)Vwhich clusters can optimize all intermolecular interactions with the
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QC Figure 14 displays plots of interaction energ¥s-u (the
co o o> styrene-to-methanol interaction energy) as a function @dr
.\o’o é}. O»Q@O’. %‘. the SM, clusters, as well as the observed spectral shifts reported
IE - @ .\%0 in the preceding papé?.The similarity between the two trends
foc»oo—tﬁ.‘b 3 )‘%\. 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 SMSimilarly, the red shift observed for
> the SM; cluster correlates with the styrene-to-methanol inter-
SM, (a) SM; (b) SM(a) action energy calculated for this cluster. Also, the clusters that

Figure 12. Lowest energy isomers of the SMlusters withn even eXh"P't maxima in the magnitude of the blue spectral shift
(4, 6, and 8). Note that the methanol subcluster is present on one side'elative to the isolated styrene molecule (§/8M;, and SM)
of the styrene plane. also exhibit maxima in magnitude &Es_y.
Because the calculatexEs—v pertains to the cluster ground
Q’. state, the strong correlation between styrene-to-methanol inter-

g Q’ 9& action and spectral shift suggests that these shifts are mainly
.8 se O _ &30 ’~’mo .\O% dependent on the ground-state styrene-to-methanol interaction.
(&

é}%mm
%&. @‘ IV. Summary and Conclusions

In the present work, new potential function parameters have
SM; (a) SM, (b) SMy(a) been reported for styrene that yield results in general accord

Figure 13. Lowest energy isomers of the SMlusters withn odd (5, with the properties of liquid styrene. This potential, in conjunc-

7, and 9). Note that the methanol subcluster is present on both sides oftion With the OPLS potential for methanol, yields results strongly
the styrene molecular plane. correlated with the experimental observations of the R2PI study

of styrene-(methanol) clusters. The progressive addition of
styrene with little hindrance; hence a red shift in the cluster's methanol molecules to styrene leads to the formation of stable
origin is observed. The opposite trend is observed for the clustersmethanol clusters similar to those of pure isolated methanol
with 7 and 9 methanol molecules, as these expanded clusterslusters, with the exception of the styrene (methancl)ster.
tend to rap around both sides of the styrene molecules. In this case, the lowest energy structure does not incorporate
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Figure 14. (a) Experimental spectral shifts of the §iMluster origins relative to theg(brigin of isolated styrene molecule (see ref 73). (b)
Calculated interaction energies between styrene (S) and the methanol subclugtier tfid lowest energy isomers of the §Klusters.
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the methanol trimer as a cyclic structure, but as a hydrogen-

bonded chain. In all the larger sizes=<€ 4—9), cyclic methanol
subclusters have been found in the styrene (methacloBters.

We have observed three computational quantities or structuraly, .

El-Shall et al.
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154, 225.
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(32) Bulgarevich, D. S.; Otake, K.; Sako, T.; Sugeta, T.; Takebayashi,
Kamizawa, C.; Shintani, D.; Negishi, A.; Tsurumi, C.Chem. Phys.

features that correlate with the observed spectral shifts in small 2002 116, 1995.

SM, clusters: (1) the S-to-Msubcluster interaction energies,
(2) the shift inR, for the M, clusters when styrene is present,
and (3) the evenodd alternation in how the Msubclusters

are positioned with respect to the plane of the styrene ring. The
nonadditivity and size specificity of the observed spectral shifts

(33) Sarkar, S.; Joarder, R. N. Chem. Phys1993 99, 2032.
(34) Shilov, I. Yu.; Rode, B. M.; Durov, V. AChem. Phys1999 241,
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is explained through the use of a series of compact and expanded 991, 95, 3924.

structures, with the interaction energy calculated between the

(38) Pugliano, N.; Saykally, R. &ciencel992 257, 1937.

styrene and the methanol subcluster. The correlation between (39) Anwander, E. H. S.; Probst, M. M.; Rode, B. @hem. Phys1992

the experimental spectral shifts and the solgelvent inter-

action energies in the ground states of the clusters (and the othe5428

correlations as well) support the validity of using potential

166, 341.
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(41) Liu, K.; Loeser, J. G.; Elrod, M. J.; Host, B. C.; Rzepiela, J. A,;
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small clusters generally, and in particular they build confidence

in the styrene potential function presented in this work.
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