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Monte Carlo simulated annealing strategies, carried out on four different potential energy surfaces, are applied
to benzenecyclohexane clusters, Bh = 3—7, 12, to identify low-energy isomers and to trace the evolution

of structures as a function of cluster size. Initial structures are first heated to ensure randomization, and
subsequent annealing yields optimized rigid, low-energy clusters. Five major structural isomers are identified
for BCs: one assumes the form of a symmetric, modified sandwich; the remaining four lack general symmetry,
assuming distorted tetrahedral arrangements. Foy & larger clusters, the number of low-temperature
isomers is large. It is, nevertheless, feasible to classify isomers into groups based on structural similarities.
The evolution of BG structures as a function of cluster size is observed to follow one of two primary paths:
The first maximizes benzen&yclohexane interactions and places benzene in or near thel&ger center;

the competing path maximizes cyclohexatgclohexane interactions and distances benzene from the cluster’s
center of mass. Results for B@nd BG are discussed with reference to experimental results and models
previously applied to interpret benzenargon cluster spectra.

I. Introduction El-Shall and Whetten reported one-color resonant two-photon
Properties and dynamics of molecular clusters are of funda- iolnization (R2P1) spectra of BZlusters measured through the
mental interest because of the unique role that clusters play inSo Vibronic transition of benzen®.Their data were interpreted
linking isolated molecules to bulk liquids and solids. Clusters N Support of a structural shell-filing model, and the two sharp
possess unique, size-specific properties that evolve in somef€atures in the BEspectrum were tentatively assigned togii€
fashion as a function of cluster size. In recent years, neat benzen@hromophorg occupying one of t‘{VO d|3t|.nCt positiersial or
clusters have received both experimehtéland theoretica? 18 equatoriat-within a pentagonal bipyramid structure.
attention, bringing significant new information to light regarding e recently reported one-color R2PyB— A1 6} Spectra
neat aromatic cluster systems. To extend the bgnzer!e clustepy BC, clusters,n = 1-102! The n = 1-3 spectra are
work, benzen(;cycI%hexan? clusters (Eapthaltlcot?tamasmgle _ dominated by van der Waals progressions, and most of the
CeHs moiety have been of interest, partially because experi- larger-sized clusters have only a few sharp features. Subse-

mental and computational results from BCan be compared quently, we also reported the results of a Monte Carlo simulated

directly to (GHe)(CeDe)n data. Both solvents, &t1o and GDe, annealing (MCSA) investigation focusing on low-temperature
have identical molecular masses, eliminating mass dependence 9 9 9 P

. : A o i
as a factor in side-by-side comparisons. In addition, when probed's.omlerS of_the dimer (B.g aan.t rlmfe ' (BQ)'h. Ahi' ngle parallel
in the appropriate region, the experimentally observgds®2, displaced isomer was identified for BQvhich—supported by

 Aqg vibronic transitions (Dand ) are well-separated from 2" MP2 frequency calculatiomicely accounts for the van der
spectroscopic absorptions of theHG, solvent, providing a Waals_ mod_e_ in the BCspectrum. Eight independent isomers
sensitive method to probe the environment of thgH& were identified for BG: Three assume a parallel-stacked
chromophore and to identify cluster properties. (sandwich) arrangement, while five assume trigonal arrange-
More than two decades ago Hoare elucidated a structural ments. The isomer distribution is consistent with the pair of
shell-filing growth sequence for van der Waals clusters Van der Waals progressions observed in the, Bibronic
composed of spherical (nonpolar) molecules or atoms, for SPectrum, which were tentatively assigned separately to each
example, argon clusters, A¥ The sequence includes an of the two isomeric groupsone progression representing the

equilateral triangle { = 3), tetrahedron ( = 4), trigonal sandwich group, and the other originating from the trigonal
bipyramid 1 = 5), octahedron(= 6), pentagonal bipyramid  group.
(n = 7), hexagonal bipyramidn(= 8), and icosahedrom(= In this report we expand the previous computational study

13)'| Sohme mgleculﬁr clurs]ter.s Odf nonsphelrlical .no.npor:ar mol- 44 include BG, n = 3—7, 12. Motivation for doing so includes
ecules Sovﬁ eenh lypot esize tto partla Yy m|m|cbt € SaMme, desire to address the following questions: (1) Are there a
Sequence. For such lower-symmetry Systems (e.g.: €NZeNe o hall number of isomers for these cluster sizes-ghdot—at
cyclohexane clusters), some deviation from Hoare’s structures . . )
A i . what cluster size does the number of isomers first become large?
is inevitable; nevertheless, those structures provide a useful 2 Are | i struct d/or structural ful |
reference to which the BCstructures have historically been @ r.e.|somer|c S rgc ureés andor structural groups gse uiin
compared? explaining the experimental BGpectra? (3) What fraction of
isomers approximate the model structures identified by Hoare?

* Author to whom correspondence should be addressed. E-mail: (4) Is it pqssible to identify a growth sequence that desgribes
de05@txstate.edu. the evolution of BG cluster structures as a function of size?
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(5) Can the experimental spectra be interpreted in terms of at significantly reduced rates relative to those at 306 K
calculated structures and an interpretation model previously consistent with our emphasis on cluster cooling after the

applied to benzeneargon clusters? evaporation process is essentially complete.
' The four PESs used in the simulations were adapted for
[I. Computational Approach benzene-cyclohexane clusters from models developed by

, . . Williams 23 van de Waal? Shi and BartelP* and Jorgensén??
We previously described and documented a ComprehenSIveDetaiIs of the four PESs are reproduced from ref 22 in edited

strategy for generating and identifying isomers of small . . . -
benzene-cyclohexane clusteé.Because the approach of this form and mcl_ud_ed in the Append_|x of this paper. A” monomers
are held rigid in these simulations. Benzene is assumed to

study is fundamentally similar, we provide here only an > T

overview of the process. Reference 22 should be consulted forpossesﬁ)eh symmetry, Wh'le cyclohe.xane IS 1 the challysf) .

complete detail conformation. We carried out density functional theory opti-
: mization and frequency calculations (B3LYP/6-31g(d), fre-

IlLA. Generation of Cold Structures. Several initial con- quency scaling factor 0.9804) separately on the chair and
figurations were generated for each cluster sizgeflCeHiz)n, boat conformations: The results reves = 25.5 kJ mot*

n =37, by starting with an unoptimizeul - 1 cluster structure for chair— boat isomerization at 298 K, equivalent*dORT.

an_d ado!mg one cyc_lo_hexane molecule in a rgndom position andAt 0 K, the difference between the respective sums (electronic
orientation. These initial structures were typically heated from ; o )
. . + zero point energy) is slightly larger: 27.1 kJ mblAlthough
2 to 200 K in 100 temperature steps, each consisting 6f 10 : . o
one might envision the possibility of one or more cyclohexane

isothermal Monte Carlo trial moves. The hot structures were . . X }
. . . chair conformations rearranging to the boat form in exchange
then cooled, firstd 1 K and then to 0.01 K in sequential stages . . e o .
for improved intermolecular stabilization within the cluster, this

both of which typically utilized 200 temperature steps consisting .
of 10* Monte Carlo (MC) moves each. Optimization is achieved appears .””""‘?'y- In .the tetramer, for examplel (th.e largest BC
cluster size with an identifiable number of major isomers), the

in the final cooling stage. . .
Th ted struct t the mini ttransformatlon of only one chair boat cyclohexane at 298 K
€ reported structures represent the minimum-energy (no would have to be compensated for by improvementd6%

final or ?"?rage) structures encountered during the simulation. in total cluster stabilization, without taking into account activa-
Such minimum-energy structures are normally encountered tion barriers

during the final temperature step (0.01 or 0.001 K). Results are . . . .
The cluster coordinate system employed in the simulations

consistently repeatable: For example, energy minima are . . bond pair in the b .
reproducible to six or more significant digitéar more than assigns one oppos[ngm ond pair in the benzene moiety ’as
the clusterx-axis, with the cluster-axis defined by benzene’s

are physically meaningful. Our calculations ofsBlusters via . i .
this techniqué12either matched or improved upon previously molecularCs axis. The standard orientation of cyclohexane takes
the moleculaz-axis as itsC; axis. The moleculax—y plane is

reported result§> 18 Recent state-of-the-art calculations have Lto th e with the oriain defined by th lecul
verified the minimum energies of ounBcalculations but were norma t? t ez-ax%'\\//lwt Tth e origin ehlne d ]}{t g rtr:o ecular
incapable of improving upon thefa. center tc') rr;ﬁsscgvl ¢ ).th e:(-a.X|st.|s t fen eblne ¢ y ahray
Variations on the basic sequence were applied to individual goggsit(i:vlg?-cogrdinatg oﬁtgrt?:zfyl/op:};nea ﬁ\a{hggiizg{ior?;mg
cluster sizes. For Bgall heating and cooling stages used 1000 the benzene molecule is held fixed at the origin in its standard

gptsi;?iEZtig%ntseﬁr?Sgra?Lre?(ofl(())‘l Og/lch mFo gregawghwsrrzir:li orientation. Each cyclohexane molecule is assigned six coor-
) : dinates: Threer( 0, ¢) designate the CM in spherical polar

stage was carried out in 200 temperature steps. Fer iBifial coordinates, and the remaining three 8, 7), are Euler angles
configurations were created by adding two cyclohexane mol- identifying rotational orientation with respect to the standard

ecules to B@ structures, and the heating stage involved 200 . .
temperature steps. For BCconfigurations were cooled only cyclohexane orlentatlon.. o
to 1 K. For BG,, the initial configuration was adapted from II.B. Symmetry Analysis and Isomer Identification. The
the published B Cs structurel? except that all distanceRj newly formgd cold structures were a_nalyzed to identify unique
coordinates were increased by 25%. This configuration was Structures (isomers). The configuration of each was evaluated
warmed in separate runs on the four potential energy surfaces9ainst conflgura_tlons of all of the remaining structures to test
(PESS) in two stages: first from 1 to 200 K in 200 steps*(10 for symmetry equivalenc’ [{Ar)*[represents the mean-square
MC moves), then from 200 to 300 K in 201 temperature steps difference in position a_lnd takes into account al! carbon and
(10* MC moves), resulting in four hot structures. The four hot Nydrogen atomic coordinates in the structures being compared.
configurations were then cooled separately on each of the four TWO Structures are considered equivalent in this study when
PESs from 300 1 K in 300steps (1OMC moves), giving 16 [Ar)Ois less than 0.3 The units of [{Ar)’Oare square
cold BG;; structures. angstroms (A throughout this report.

The choice of 200 K as the upper temperature for smaller  [1.C. Comparison to Model Structures. Part of the analysis
cluster simulations, though arbitrary, is reasonable. (1) In involved a quantitative comparison of simulation results to
multiple test runs, optimized cluster structures were subjected model structures. The model structure for a given cluster size

to simulations at a temperature of 200 K overx210® MC was defined as the corresponding minimum-energy configuration
steps. In every case, the final structure was fully randomized of a neat argon cluster. Specifically, model structures include:
relative to the starting structureonfirming the melting tem- ~ BCs = tetrahedron; Bg= trigonal bipyramid; BG = octahe-

perature to be below 200 K. (2) A large collection of distinct dron; BG = pentagonal bipyramid; B= hexagonal bipyra-
final isomers is consistently generated from a single initial Mid; BCi = icosahedror?

structure in all of these studiegmpirically confirming that the Calculations assessed deviations between simulated and
200 K structures are fully randomized. (3) Nothing substantial model structures, quantifying differences in both relative
is lost even though the experimental clusters being comparedintermolecular distances and angles. In the model tetrahedron,
were generated from a seeded mixture near 300 K. Warm for example, all molecular positions are equivalent, and distances
structures at 200 K exist in a fluid form but undergo evaporation between all pairs of molecules are equal. Molecular distances
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in the Monte Carlo B@ structures were evaluated against Ill. Results and Analysis
those of a model tetrahedron, and a root-mean-square deviation
was calculated. A parallel calculation assessed deviations
between BGintermolecular angles from those of a tetrahedron.

I Sh.OUId b'e noted Fha.‘t molecullar orllentatlons were not are defined as those that were identified by at least 10% of the
considered in the deviation analysis, which was based solely _. S o
simulations; they also occupy a local minimum on all four PESs.

on molecular center-of-mass positions; furthermore, distance . - . -
deviation analysis was consistently based on ratios not absolutelsor’ner Lis subdivided because two .PESS. predict one op timized
distances st'ructure', and the pther two PESs identify a very similar but

' ) ] ) ) . slightly different optimized structure. Results from the Jorgensen

The model trigonal bipyramid contains three equatorial and gng shi PESs are referred to as Isomer 1A, and results from
two axial positions. To account for the two unique sites that he Williams and van de Waal PESs are labeled Isomer 1B.
can be occupied by ¢Els within a BG, cluster, two separate  gach of the four PESs predicts only one of the two structures,
sets of moleculemolecule distance ratios were calculated for g the mean-square atomic displacement between the two is
the model structure, each placing benzene in one of the twog 30.
unique positions. Relative intermolecular distances of the Monte 14 gefine the mean structural coordinates for each isomer,
Carlo structures were then compared separately to axial andoptimized molecular coordinateR,(®, ®, o, f, y) from each
equatorial expectations. In addition, the intermolecular angle pgs were used to calculate Cartesian coordinates of all carbon
expectations of the model structure (axial, then equatorial) were and hydrogen atomic positions; the atomic coordinates were then
compared to the simulated clusters, and root-mean-squareayeraged over the relevant PES structures, and the results were
differences were calculated. converted back to molecular coordinates via a nonlinear fit.

An analogous strategy was adopted for larger, BlDsters. Because a large body of data was generated in this study,
With the exception of B€—for which the model octahedron  data tables that support but are not crucial to the narrative have
has six equivalent sitesseparate calculations assessed devia- been collected in the Supporting Information. Table numbers
tions from benzene in the axial versus equatorial positions of in the Supporting Information are preceded by the letter S.
BCs and BG and between gHg occupying the interior versus  Tables StS6 list the mean molecular coordinates for all major

IIILA. BC 3 Clusters. Ill.A.1. Description of BG Isomers.
From 80 independent simulations, five major H&bmers were
identified. Six minor isomers were also found. Major isomers

first-shell sites in BG. BC; isomers, along with the optimized energy and the mean-
I1.D. Additional Studies on BCs. Because the B&simula- square displacement of each individual PES structure relative

tions identified a finite number of well-defined isomers, to the mean structure. Mean structures resulting from the Monte

additional studies were warranted. Carlo studies are illustrated in Figures land 2. Figure 1 presents

I1.D.1. Caloric StudiesFor each of five major isomers, the e isomers from the perspective of the-axis, while Figure
mean cluster structure was heated separately on all four PESE Shows the same structures from the-axis.
from 1 to 200 K in 200 steps, each consisting ok5L0* MC Ill.LA.1.a. BCz Isomer 1A. The mean structure for Isomer 1A
steps. The first 2.5 10* steps were used to attain equilibrium 1S derived solely from the Jorgensen and Shi PES results. The
at the new temperature; energies and positions were thenmolécular coordinates, minimum energy, and mean-square
monitored over the final 2.5 10¢ steps to determine average displacement values are listed in Table S1, and molecular

energy and standard deviations for (a) energy, (b) molecular stabilization .energies for_ egch .PES are collepted in 'I_'gblg S7.
centers of mass, and (c) atomic positions. Documentation of the distribution of interaction stabilization

I.D.2. Isothermal Simulations at 5 KAverage isomer energies specific to each PES is provided in Table B8
structures were run on the Shi PESSK for 2 x 107 steps. Isomer 1A the total interaction energy is distributed among

. . . - . CeHg, CeHi-1, GsH12-2, and GH12-3 in the approximate
1-879 ;Itrj[t) Slcz/\;set?epsuvsvee(;etipggfciltgtznﬁ]uerreme;};;/'l'g\r/aetr'ggét(;]ilf:lnsilerpercentages 24%, 28%, 24%, and 24%, respectively. Individual

. -~ molecular interaction energies are defined as one-half the sum
structures at 5 K. Resulting structures were compared quanti- g

. S . of all atom—atom pair potential energies involving that mol-
tatively to standard (initial) structures to determine whether the pairp g 9

initial isomer occupies a stable local minimum on the Shi PES ecule’s atoms.
at 5 K P All three cyclohexane molecular centers of mass lie above

o ) the clusterx—y plane (Figure 2). The cyclohexane molecule
II.D.3. MP2 Optimization and Energy Calculatioanhe  paying its plane parallel to the plane of the benzene molecule
optimized structures and their corresponding electronic energiesjs referred to as axial (Figure 2) and is represented by the
were calculated for two major MC isomers and also for one ¢ H,,-1 molecule in Isomers 1A, 1B, and 3 and igHz»-3 in
hypothetical isomer not identified by the MC simulations (next |somer 5. For Isomer 1A the axial moiety is located 4.31 A
paragraph). These calculations used the 6-31g(d) basis set withirom the coordinate system origin with center of mass coordi-
the MP2 method and were run within the Gaussian 03W pates, (1.04, 0.01, 4.18) A. The remaining two cyclohexanes,
software suité® whose molecular planes cut the plane of the benzene moiety,
11.D.4. Analysis of Hypothetical Tetramer Structur@free are referred to as equatorial and are denoted gitlg £2 and
hypothetical structuresnot identified by the simulations de-  CgHj2-3 for Isomers 1A, 1B, and 3. In Isomer 1A, their distances
scribed in sections Il.AC—were constructed by combining the  from the coordinate system origin are 5.70 and 5.50 A, and
cyclohexane molecular coordinates of BGn one side of their respective center of mass coordinates are (43320,
benzene with those of the one-sided BiCigonal 3 Isomer (ref 1.78) and £0.51,—4.91, 2.41) A. The axial molecule of Isomer
22, in three different relative orientations) on the other side. 1A has a molecular tilt of 179while the GH122 and GH12-3
The two-sided structures were optimized on each of the four equatorial molecules have molecular tilts of 71ahd 75.0
PESs, and one was optimized via an MP2 electronic structurerespectively.
calculation. All three structures were analyzed as potential Ill.A.1.b. Isomer 1B. The mean structure of Isomer 1B is
tetramer isomers, in the context of understanding and interpret-derived from the van de Waal and Williams PES results. Mean
ing the R2PI experimental spectrum. molecular coordinates, minimum energies, and mean-square
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Isomer 1A (z-axis) Isomer 1B (z-axis) Isomer 2 (z-axis)

Isomer 3 (z-axis) Isomer 4 (z-axis) Isomer 5 (z-axis)
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Figure 1. BC; isomers, viewed from the-z-axis. The carbon atoms in the benzene molecule are green, and the cyclohexane carbons are blue.
Hydrogen atoms are not shown. Isomers 1A (Jorgensen and Shi) and 1B (Williams and van de Waal) are similar and are believed to represent a
single isomer (see text).

displacement values are shown in Table S2. The total interactionsimilarities, we hypothesize that Isomers 1A and 1B are both
energy is distributed amonge¢Bs, CeHi-1, CGHi1-2, and approximations to the same “true” isomer.
CeH12-3 in the approximate percentages 25%, 28%, 24%, and  |||.A.1.c. Isomer 2. The mean structure of Isomer 2 is based
23%, respectively. All cyclohexane molecular centers of mass on results from all four PESs. The molecular coordinates,
lie above benzene’s molecular plane (Figure 2). The axial minimum energies, and mean-square displacement values are
cyclohexane is located 4.46 A from the coordinate system origin listed in Table S3. The isomer's total interaction energy is
with center of mass coordinates of (0.74, 0.30, 4.39) A. distributed among g, CsHi2-1, CsHi12-2, and GH12-3 in the
Distances of the two equatorial molecules from the coordinate approximate percentages 32%, 21%, 21%, and 25%, respec-
system origin are 5.86 and 5.67 A, with corresponding center tively. Isomer 2 adopts the form of a modified “sandwich”, with
of mass coordinates of (4.4%+3.10, 2.30) and<0.70,—4.88, CsHi-1 and GH;1-2 on opposite sides of and nearly parallel
2.81) A. The axial molecule of Isomer 1B has a molecular tilt to the plane of the benzene moiety (Figure 2). The sandwich
of 27.7 while the GH12-2 and GH1-3 equatorial molecules  structure distinguishes Isomer 2 from all other FB€omers.
have molecule tilts of 77°2and 74.0, respectively. The stacked structure results in more favorable interaction
Direct comparison of Isomers 1A and 1B (Figures 1 and 2) energy for the benzene moiety at the expense of cyclohexane
reveals clear similarities. The molecular energy distribution of cyclohexane interactiongesulting in a net decrease in overall
the two is the same within 1%. Differences between the center cluster stabilization. The two axial molecules are located 4.43
of mass coordinates in the two structures (in angstroms) are:A from the coordinate system origin and have center of mass
CeH12-1, (0.30,—0.29,—0.21); GH12-2, (—0.03,—0.10,—0.52); coordinates, (1.60, 0.43;4.10) A. Their molecular tilts are both
CeHiz3, (0.19, 0.03,—0.40); differences between absolute 9.4°. The GHi23 center of mass is 5.46 A from the origin; its
center of mass positions range from 0.44 to 0.53 A. The center of mass lies in the clustery plane with coordinates
difference between the axial molecule’s molecular tilt is°9.8  (4.98, 2.24, 0.00) A. The #8123 molecular tilt is 90.0.
and the differences between the equatorigd 2 and GH12-3 Quantitative analysis confirms that the structure of Isomer 2 is
tilts are 6.0 and 1.0, respectively. Table 1 contains the mean- characterized by mirror symmetry, with reflection through the
square coordinate differences of the cyclohexanes’ 54 atomic clusterx—y plane yielding an equivalent structure.
coordinates[{Ar)[] evaluating coordinate differences between IIILA.l.d. Isomer 3. The Isomer 3 structure is based on results
the five BG isomeric structures. The mean-square displacementfrom all four PESs. The molecular coordinates, minimum
between Isomers 1A and 1B is smaf{.3) whereas the next  energies, and mean-square displacement values are listed in
smallest value between isomers is 0.86. Because of theseTable S4. Isomer 3 is similar to Isomer 1 (A and B) in that the
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Isomer 1A (x-axis) Isomer 1B (x-axis) Isomer 2 (x-axis)
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Isomer 5 (x-axis)

Isomer 3 (x-axis)

Figure 2. View of each BG isomer from thet+x-axis. The carbon atoms in the benzene molecule are green, and the cyclohexane carbons are blue.
The hydrogen atoms are omitted. Isomers 1A (Jorgensen and Shi) and 1B (Williams and van de Waal) are similar and are believed to represent a
single isomer (see text).

TABLE 1: Mean-Square Coordinate Differences,{Ar)2[] of CeHs, CeHix1l, GHi2, and GHi>3 in the approximate
54 Atomic Coordinates in the Three Cyclohexane Molecules, percentages 25%, 24%, 26%, and 24%, respectively, with all
Comparing Structures of the Five Major BC; Isomers? four molecules benefiting nearly equally. Like Isomers 1 and
isomer 1B 2 3 4 5 3, all of the cyclohexane molecular centers of mass lie on the
1A [0.30] 24 26 8.4 1.1 same side of benzene’s molecular plane. Isomer 4 is different,
1B 27 2.3 6.7 0.86 however, because it contains no axial cyclohexane (Figure 1).
2 27 37 26 Locations of the @H1>-1, GsH12-2, and GH12>-3 molecules from
3 6.7 17 the coordinate system origin are 5.23, 4.88, and 5.30 A,

4 9.0 respectively. The corresponding center of mass coordinates are
aUnits are &R. Isomers 1A and 1B (in brackets) are believed to (2.01, 3.25, 3.57),2.11,—0.54, 4.36), and (3.28;7.98, 3.65)

represent the same isomer. Boldfaced entries indicate that the isomergi respectively. The molecular tilt angles fogt@2-1, CeHiz
are members of the same structural group, as identified in the text. All 2' and GH1»-3 are 64.1, 144.5, and 78.7 respecti\,/ely

11 (major and minor) isomers are compared in Table S55. g
III.LA.1.f. Isomer 5. The mean structure of Isomer 5 is based

interaction energy is distributed amongHg, CsHi-1, GsHi- on all four PESs. The molecular coordinates, minimum energies,
2, and GH12-3 in the approximate percentages 24%, 28%, 24%, and mean-square displacement values are shown in Table S6.
and 24%, respectively, and that all three cyclohexane molecularThe isomer’s interaction energy is distributed amongi&
centers of mass lie above the clustety plane (Figure 2). The  CeHiz1, GHi2, and GH12-3 in the approximate percentages
axial cyclohexane molecule has a molecular tilt of 3@@d is 24%, 24%, 25%, and 27%, respectively. Recalling thgd&3
located 4.43 A from the origin with center of mass coordinates, is analogous to gHi2-1 in Isomers 1 and 3, the three distribu-
(—0.87,—0.40, 4.32) A. The equatorial molecules are 5.57 and tions are similar. Like Isomers 1 and 3, Isomer 5 possesses an
5.75 A from the origin, with respective center of mass axial cyclohexane molecule,s812-3. (Table S13 and Figure
coordinates of (3.72+-2.95, 2.91) and{1.02, —5.25, 2.13) 1). The distances of the 811, CHi>2, and GHi2>-3

A. These molecules have molecular tilts of F1ahd 88.8. In molecules from the coordinate system origin are 5.23, 4.88, and
comparison to Isomer 1, the center of mass coordinates for all’5.29 A, respectively. The corresponding center of mass coor-
cyclohexanes in Isomer 3 differ by 0.07 to 2.0 A. The differences dinates are (1.88, 3.03, 3.82);4.23,—1.06, 2.18), and (3.13,

between the @121, GH12-2, and GHy2-3 molecular tilts when ~ —1.90, 3.82) A. The respective molecular tilts fogHG2-1,
comparing Isomer 3 to Isomer 1 range fromtd 13, from CeHi12-2, and GHi3 molecules are 97:283.8, and 33.8.
13° to 2C°, and from 13 to 15°, respectively. IIILA.1.g. Uniqueness of the Five Isomers. As discussed

III.LA.1.e. Isomer 4. The results for Isomer 4 are based on all above, Isomers 1A antiB are hypothesized to represent the
four PESs. Molecular coordinates, minimum energies, and same isomer, based on similar molecular energy distributions,
mean-square displacement values are documented in Table S&yclohexane orientations, and a small mean-square displacement
For this isomer, the total interaction energy is distributed among (0.3 A2 between the two. From Table 1, it is observed that
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TABLE 2: Distinguishing Characteristics of the Three Structural Groups of BC3?

% of BC; average clustde  average benzerte average distance average angle

group cyclohexane location no. axial clusters ratio (%) ratio (%) deviation (%) deviation (%)
1 all on same side of—y plane 1 77 99.7 (0.3) 83 (1) 10 (1) 15(2)
2 all on same side of—y plane 0 12 98.9 86 5 5
3 both sides ok—y plane 2 11 90.3 100 25 34

aIncluded are cyclohexane location, the number of axial molecules, percentage soB@rs represented by each group, average benzene and
cluster energy ratios as defined in the text, and the average relative distance and angle deviations from the model tetrahedron, with standard
deviations for Group 1 (in parentheses). Values are derived from the five major isomers.

Isomers 3 and 5 have the smallest mean-square displacement I1l.A.2.a. BC; Group 1. Major isomers 1, 3, and 5 belong to
relative to Isomers 1A and 1B. For all three, all cyclohexane Group 1 (Tables StS4 and Figures 1 and 2). Also in the group
molecular centers of mass are located abovextheplane, one are minor isomers 6, 8, 9, and 10 (Tables S56,-S580, and
occupying an axial position with the other two being equatorial. S65 and Figures S1 and S2). For members of this group, all
Because absolute energies calculated for a given structure diffethree cyclohexane moieties are located on the same side of the
for each PES, energies were analyzed as ratios, relating theclusterx—y plane. Furthermore, the cyclohexane molecules are
calculated energy to the most favorable energy (i.e., global positioned on the same half of the benzene hexagon (Figure 2)
minimum) value of all of the Bgisomers calculated on the and therefore occupy only one quadrant of the coordinate
same PES. The averaged energy ratios are used to directlysystem. The axial cyclohexane encircles thaxis and is
compare results among the four PESs. oriented horizontally, having/a(molecular tilt) coordinate<0.9

For Isomer 1A the mean ratio is 99.8% for the total cluster radians. Both equatorial cyclohexane molecules are vertically
energy and 84.1% for the benzene stabilization energy. Theoriented § > 0.9 radians). Of the 80 BCsimulations, 77%
benzene stabilization energy ratio, as used in this report, isresulted in Group 1 structures.
defined as the benzene stabilization energy within the isomer, || A 2 b. BC, Group 2. Major isomer 4 and minor isomers
divided by the most favorable benzene stabilization energy 7 and 11 belong to Group 2 (Tables S5, S57, S61, and S65 and
among all same-sized isomers calculated on the same PESFigyres 1, 2, S1, and S2). Like Group 1, Group 2 structures
The corresponding total-cluster and benzene stabilization haye all three cyclohexane molecules on the same side of the
energy ratios for Isomers 1B, 3, and 5 are (99.9%, 82.7%), y—y plane. However, they possess no axial cyclohexane
(99.9%, 83.6%), and (99.4%, 81.7%) respectively. These valuesmolecule; instead, the three cyclohexane moieties form a

indicate that Isomers 1, 3, and 5 all have near-optimal over- iangular ring around the-axis (Figure 1). Of the 80 B
all cluster stabilization. Similarity between the three is con- gjmulations. 12% resulted in Group 2 structures.

firmed by the mean-square atomic displacements, collected in
Table 1.

Isomer 4 is different from Isomers 1, 3, and 5 because all
cyclohexane centers of mass are located on the same side o
thex—y plane, but none occupies an axial position. The energy
ratios for Isomer 4 are 98.9% for the total cluster energy and
86.3% for the benzene molecule stabilization energy. Like
:::é?ge;-s 1,3, and 5, Isomer 4 has near optimal total cluster positioned in the clustet—y plane. Of the 80 Bgsimulations,

Isomer 2 is fundamentally different from the other four. This 11% resulted in Group 3 §trgctures. )
is demonstrated by its large mean-square displacement values_'!l-A-3. Energy and Deiation Comparisons for the BC
(Table 9 relative to the other major isomers. This stems from Structure GroupsTable 2 lists '[he_ average benzene stabilization
Isomer 2 assuming a “sandwich” formation, containing two axial €nergy and cluster energy ratios within each group o BC
molecules and one equatorial, assembled with mirror plane iSOmers, with their standard deviations (in parentheses). Group
symmetry. Energy ratios for Isomer 2 are 90.3% for the total 3 isomers have the most favorable benzene stabilization, while
cluster energy and 100% for the benzene stabilization energy_Group 1 has the least favorable. However, Group 3 has the least
The sandwich configuration clearly maximizes benzene ~favorable overall cluster energy, and Group 1 has the most
cyclohexane interactions; however, this occurs at the expensef@vorable. These observations reflect the fact that ing BC
of cyclohexane-cyclohexane interactions, with the net result Sandwich symmetry results in improved benzeogclohexane

I11.A.2.c. BC3 Group 3. Isomer 2 is the sole member of Group
3 (Tables S3 and S65 and Figures 1 and 2), which is unique
Pecause of its mirror symmetry. All three cyclohexane molecules
are on the same half of the benzene hexagon; two axial
cyclohexanes are horizontally orientgt~ 0.165 radians) and
stacked on either side of tlxe-y plane (Figure 2). The equatorial
cyclohexane is vertically orientegB (= /2 radians) and is

being less favorable overall cluster stabilization. interactions at the expense of cyclohexangclohexane inter-
l1l.A.2. Structural Groups in BEClusters.The Monte Carlo actions. Standard deviations of the benzene and total cluster
simulations attest to five well-defined major B@someric energies within Group 1 (based on three major isomers) are

structures and six minor isomers. These can be classified intoSmall, providing additional justification of the group assignment.
groups; such classification establishes the foundation for Values in Table 2 are derived from the five major isomers only.
discussing and analyzing BCand larger) clusters. As empha- To further assess the three groups, structures were quantita-
sized in the discussion that follows, all B€lusters, withn > tively compared to expectations for a model tetrahedron, in
4, exist in a large number of isomeric forms, making the which all intermolecular distances are equal and ailBx-C
identification of individual isomer structures impractical for molecular angles are 80For each of the major isomeric
those sizes. structures, the average intermolecular distance was calculated,
On the basis of the conclusion that Isomers 1A and 1B are and the relative root-mean-square deviation (actual vs average
representations of the same isomer, Isomer 1A was arbitrarily distances) was determined (see average distance deviation in
chosen to represent Isomer 1 in the following discussion. The Table 2). Similarly, the 12 intermolecular angles within each
11 isomers of Bgclusters are conveniently classified into three isomeric structure were determined, and the relative root-mean-
structural groups. square difference from the tetrahedral model°j6@as calcu-
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Figure 3. Relative mean energies of the five major B€omers and T/K

a hypothetical isomer (H) as a function of temperature from 1 to 100
K. Traces represent the average of independent runs on all four PES
at 1 K resolution. Energy data from each PES is first converted to
relative energy (defined in the text) to allow for averaging.

igure 4. Mean atomic displacements, in angstroms, of the five major

Cs isomers and one hypothetical isomer (H) when heated from 1 to
100 K. Traces represent the average of independent runs on all four
PESs &1 K resolution.

lated (average angle deviation). For Group 1 isomers, standard ||| A.6. Isothermal Simulations at 5 lRecause all 11 isomers
deviations in Table 2 are small. (For additional quantification, occupy distinct local minima only on the Shi PES, isothermal
detailed distance and angle deviation data are collected in Tablesjmylations-starting with the minimum energy structuresere
S14.) Group 2 structures show the smallest distance and anglezarried out on this PES to determine mean structures at 5 K.
deviations, conforming most closely to the model tetrahedron. The results, documented in Table S66, indicate that minor
GI’OUp 3 isomel's ha.Ve the |argest deViationS because the|somer 6 Spontaneous rearranges to Isomer 3 at 5 K. Th|s
sandwich structure is significantly different from the model jndicates a very low isomerization barrier between the two
tetrahedron. Group 1 is intermediate but is much closer to the jsomers. Three hypothetical isomers (described later) were also
tetrahedral model than Group 3. evaluated; only one of the three, H2, spontaneously isomerized
IIILA.4. Summary of Characteristics of Structure Groups. to a different form, i.e., H1.
Table 2 summarizes the defining characteristics of each group 111.A.7. MP2 Optimization and Energy Calculatiorihree
of BC; clusters. Group 1 has three cyclohexanes located aboveseparate MP2/6-31g(d) calculations were carried out using initial
thex—y plane with only one occupying an axial position. These structures for Isomers 2, 3, and H2 as optimized on the Williams
isomers have the most favorable cluster energy values and thePES. The optimized MP2 coordinates are included in Tables
least favorable benzene energy values (Table 2). Group 1S3, S4, and S63, and corresponding relative electronic energies
isomers have intermediate distance and angle deviations fromare determined to be 6;0.5, and+4.4 kJ mot?, respectively.
the model tetrahedral structure. Group 2 isomers also have allMP2-optimized structures are close, though not identical to the
three cyclohexanes located on the same side oktheplane;  MC structures, wit{Ar)23> values ranging between 1 and 3
however, none of these occupies an axial position. They haveA? relative to the corresponding mean MC structures.
favorable total cluster energies and are closest to the model |II.B. BC 4 Clusters. In BC4 and all larger B clusters, a
tetrahedron (Table 2). In Group 3, two axial cyclohexane minimum of 14 isomers were identified for each cluster size.
molecules are located on opposite sides ofxhg plane, with In all cases, the isomer count was limited by the number of
an equatorial molecule in the plane. These structures havesimulations, and the existence of additional unidentified isomers
maximum benzenecyclohexane interactions, accompanied by is certain. As a result, a detailed description of individual isomer
the least favorable total cluster energy (Table 2). They are structures for BG (n > 4) is impossible. Nevertheless, the
significantly distorted from the tetrahedral model structure.  sijtuation is not hopeless because structures are observed to fall
I1ILA.5. Caloric StudiesFigure 3 reveals the evolution in  into identifiable groups. The characterization and description
relative energy as each of the five major isomers and one of these structural groups provides useful insight into general
hypothetical isomer are heated from 1 to 100 K. For each of properties, intermolecular interactions, and structural relation-
the four PESs, the relative energy quantifies the temperature-ships between neighboring-size clusters.
dependent energy relative to the minimum optimized energy 11l.B.1. BC, Structural GroupsTwenty-eight simulations (7
(i.e., global minimuny calculated among all tetramer isomers on each PES) identified 23 unique structures, establishing a
on the same PES. Traces represent the average value over albwer limit for the number of B¢ isomers. No attempt was
four PESs. Figure 4 shows the mean atomic displacements frommade to identify each isomer on all four PESs to obtain an
average positions as a function of temperature, an indicator ofaverage structure; therefore, the molecular coordinates repre-
molecular freedom of movement within the structure. The plots sented in Tables S15518 are specific to the PES on which
fail to distinguish Isomers 1, 3, 4, and 5. However, Isomer 2 the simulation was run. It is observed that B&ructures can
and the hypothetical isomer H (described later) are each uniquebe classified into two major groups, each consisting of two
at temperatures below 25 K. Between 50 and 75 K, all of the subgroups. Representations of the subgroups are presented in
isomers become indistinguishable. The uniqueness of isomersFigure 5, wherein each structure is shown from two different
2 and H-clearly demonstrated in Figures 3 ane-i4 one perspectives in the—y plane.
important key to interpreting the experimental data (section Ill.B.1.a. BG, Group 1. In Group 1 structures, cyclohexane
IV.C). molecules are both above and below they plane but are
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Figure 5. Representative structures for each structural subgroup @cBGters. Structures are shown from two different views inxhg plane.

The carbon atoms in the cyclohexane molecules are blue, and the carbon atoms in the benzene molecule are green. Hydrogen atoms are not shown
for clarity.
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confined to one-half of the benzene hexagon. The cyclohexaneside of the ring and a cyclohexane oriented horizontally on the
molecules form a partial shell around the benzene (Figure 5). opposite side (Figure 5). In some subgroup 2A structures, the
Each Group 1 structure has two cap molecules, i.e., cyclohexaneing is not centered about the clusteaxis. Furthermore, the
moieties located on either side of they plane with centers of  molecules above and below the triangular ring are not exactly
mass near the-axis. The cap molecules are generally horizontal parallel to each other. The distinguishing feature of subgroup
in orientation, having smajt (molecular tilt) coordinates; they  2A is the presence of a three-member cyclohexane ring. In the
are not, however, precisely parallel to each other. The remaining structures belonging to subgroup 2B all four cyclohexane
two cyclohexane molecules form the midsection of a half shell. moieties assume a relatively vertical orientation and form a
Table S15 lists the molecular coordinates for isomers identi- staggered ring either above or below the benzene molecule
fied with subgroup 1A. In these structures three cyclohexane (Figure 4). The four-member ring need not be centered about
centers of mass (CMs) are located on one side of the benzendhe z-axis, nor are the four centers of mass exactly coplanar.
plane and one on the other (Figure 5; structure 17). The two Eight of the 23 BG structures £35%) belong to Group 2. Of
noncap cyclohexane molecules tend to be oriented morethese, six are in subgroup 2A, and the remaining two are in
vertically than horizontally, angbecause they are on the same 2B. Of the BG population, these represent26% and~9%,
side of thex—y plane—both are closer to the same cap molecule respectively.
than to the other. The molecular coordinates of structures II.B.2. Energy and Deiation comparisons for B¢ Because
identified with subgroup 1B are listed in Table S16. Structures simulations were run on four different PESs, computed energies
in subgroup 1B have the cyclohexane CMs evenly split on either cannot be compared directly. Instead, the ratios of a given
side of thex—y plane; this is the only structural distinction structure’s benzene stabilization energy and total cluster energy,

between subgroups 1A and 1B. Fifteen of 23,B@nulation relative to the most favorable benzene and total cluster energies
structures £65%) belong to Group 1. Of these, 12 are in among all of the isomers calculated on the same PES, were
subgroup 1A, and three in subgroup 1B, corresponding3% used for comparison. Table 3 lists the average benzene and
and~13% of the BG population. cluster energy ratios for each BGtructural subgroup, along

111.B.1.b. BC, Group 2. All four cyclohexane molecules in  with their associated standard deviations. Complete documenta-
the isomers identified with Group 2 are located on the same tion of the benzene and total cluster energy ratios for all
side of thex—y plane. Group 2 is subdivided (2A and 2B) on structures is collected in Table S19. Total energy ratios average
the basis of cyclohexane positions and orientations. Molecular from 95% to 100% for all subgroups. Nevertheless, a clear
coordinates for subgroup 2A structures are listed in Table S17, distinction between groups is observed in the benzene mol-
and those corresponding to subgroup 2B are in Table S18. Inecule’s stabilization energy. Subgroups 1A and 1B both have
subgroup 2A, a ring consisting of three cyclohexanes is large benzene energy ratios, i.e., from 97% to 100% of the
observed, with the benzene moiety oriented horizontally on one corresponding optimal benzene stabilization. Subgroups 2A and
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TABLE 3: Average Benzene Energy Ratio and Cluster
Energy Ratio along with Their Corresponding Standard
Deviations (in Parentheses) for Each B¢ Subgroup?

Table 5 summarizes the key characteristics of eacly BC
subgroup. The structures belonging to subgroups 1A, 1B, and
1C all have a partial shell formation around the benzene

properties Group 1A Group 1B Group2A  Group 2B molecule, lack a four molecule plane, and possess relatively
average benzene 98.2 (2.2) 97.0(0.9) 71.3(3.9) 86.0(0.9) high benzene stabilization energy ratiagith the exception of

E ratio (%) subgroup 1C, whose benzene stabilization is only moderate. The
aveEfagt? Cl;StEY 98.9(0.9) 99.7(04) 992(0.5) 959(1.3)  structures of subgroup 1A have two vertically oriented cyclo-
aver;%zlaod(is%nce 85(14) 91(06) 95(47) 89(0.4) hexanes located in the-y plane, while subgroup 1B he_ls only

deviation (%) one. Subgroup 1C also has one cyclohexane located ix-the
axial 17.0(1.1) 175(0.5) 7.4(2.4) 18.3(0.1) plane, but it assumes a horizontal orientation. The percentage
equatorial 11.0(1.5) 11.5(0.9) 22.3(1.7) 6.4(5.9) of BCsclusters possessing the characteristics of subgroups 1A,
average angle  13.7(18) 147(13) 137(34) 135(19) 1B, and 1C are-19%,~19%, and~4%, respectively. Group
axg?v'at'on (%) 202(18) 19.6(1.2) 142(27) 21.5(4.3) 2 structures lack a four molecule .plane and possess four
equatorial 12.8(2.2) 135(1.2) 20.4(1.1) 12.6(4.2) cyclohexanes located on the same side ofxthg plane, three

of which form a triangular ring. These structures have moderate
benzene stabilization energy ratios and represeti% of all
BGCs clusters. Subgroups 3A, 3B, 3C, and 3D all possess a quasi-
four-molecule plane, with true planarity decreasing in the order
2B have smaller ratios, ranging from 70% to 86%, reflecting 3A > 3B > 3C > 3D. Cyclohexanes in 3A are located on both
decreased benzeneyclohexane, but increased cyclohexane  sides of thex—y plane forming a partial shell around the
cyclohexane interactions. Also included in Table 3 are the benzene; in subgroups 3B, 3C, and 3D the cyclohexanes are
average distance and angle deviations from the model trigonalall located on the same side of the-y plane and form the
bipyramid. All two-molecule interaction distances are consid- four-member ring structure. Furthermore, 3A has relatively large
ered, as are all three-molecule angles. In addition, analysis ofbenzene stabilization; in contrast, the corresponding ratio for
benzene’s position (axial versus equatorial) within the model 3B, 3C, and 3D is relatively small. The percentages o BC
was undertaken. (For detailed documentation of the results for clusters belonging to subgroups 3A, 3B, 3C, and 3D-a4&0,
each of the 23 Bgstructures, see Table S20.) From Table 3, it ~23%, ~8%, and~12%, respectively.
is observed that all subgroups of BClusters have similar l11.D. BC ¢ Clusters. All 28 structures obtained from the BC
overall distance (8:59.5%) and angle (13:514.7%) deviations  simulations represent unique isomers. Molecular coordinates for
from the trigonal bipyramid. A distinction between subgroups individual isomers are tabulated in Tables S®40. BG
is seen in the axial versus equatorial analysis. In Figure 6, acjusters were classified in four groups, and representative
representative structure from each subgroup of BGshown  stryctures are presented in Figures-S8. All BC; structures
to emphasize the benzene molecule’s position (axial or equato-yere evaluated in terms of conformity to the model pentagonal
rial). In subgroups 1A, 1B, and 2B, benzene more closely yinyramid (PBP) structure. As part of the analysis, a three-
occupies an equatorial position, based on both the distance angjimensional (3-D) linear regression to the equation of a plane
angle deviations and confirmed by studying the structures. Sub-,o¢ performed using the CM coordinates of the five molecules
group 2A is unique in that its benzene occupies an axial position. appearing to be most closely coplanar. Resulting aveRige
I1.B.3. Summary of Characteristics of Structure Subgroups. yajyes, listed in Table S69 for each subgroup, and the results
Table 4 summarizes the defining characteristics of each BC from the deviation calculations were primary considerations in
subgroup. Subgroup 1A and 1B structures have a partial-shelline classification of Bgstructures. The relative deviations for
cyclohexane formation with benzene in an equatorial position, (a) cluster CM-to-molecule distances, (b) molecule-to-molecule
resulting in favorable benzene stabilization energies. SUbgrOUpdistances, and (c) axial versus equatorial angles for each
1A structures have three cyclohexane CMs located above thegpgroup are collected in Table S70. Detailed results of the
x—y plane while subgroup 1B structures only have two. ye\iation analysis for individual isomers are collected in Table
Respectively, the subgroups account fe62% and~13% of S41. Detailed analysis of the BGubgroups-including their

t|"|||eft0t8| B? Eopulatlon.ISublgrolup 2tAdand tth structur%s ha}\iﬁ structures and energies (analogous to sections IH-B.for
all four cycloheéxané molecules Jocated on the same Side ol INep -y is included in the Supporting Information; only a

x—y plane and exhibit the least favorable benzene stabilization summary of that analysis is included here.

energies. In subgroup 2A, three cyclohexanes form a triangular : L e
fing, and benzene occupies an axial position. In subgroup 2B Table 6 summarizes key characteristics that distinguish the

all cyclohexanes combine to form a four-member ring, and BCs Subgroups. As the group number increases, the balance
benzene occupies an equatorial position. Of all simulateg BC between the number of cyclohexane molecules above/below the

structures, subgroups 2A and 2B account$@6% and~9%, benzene plane becomes more lopsided. In general, the more
respectively. uneven the cyclohexane distribution, the less effectively the

IIIl.C. BC 5 Clusters. From 28 simulations, 26 unique BC benzene molecule is stabilized. Subgroups 1A, 1B, 2A, 3A, 4A,
isomers were identified. The molecular coordinates of each a}nd 4B have PBP-like structures,'based on the presence ofa
isomer are documented in Tables SE28. BG isomers were five-molecule plane and/or small distance and angle deviations

classified into three major groups. Representative structures from'€lative to the model PBP. These represent 60% of the
each subgroup in Groups 1 and 2 are illustrated in Figure 7, subgroups; however, they represent a smaller fraction (30%)

and Group 3 subgroups are represented in Figure S4. Detailec?f the 28 simulated BEstructures.

@ Also included are the distance and angle deviations, analyzing for
benzene in the axial and equatorial positions of a trigonal bipyramid.
All values are in percent.

analysis of the B&subgroups-including their structures and
energies (analogous to sections Ill.B2 for BC4)—is included

in the Supporting Information; only a summary of that analysis
is included here.

I1l.LE. BC 7 Clusters. A total of 14 simulations were carried
out on BG clusters, all using the Jorgenson PES. (The choice
of the Jorgensen PES was arbitrary for the;B@nulations.)
Molecular coordinates for the 14 structures, all unique, are listed
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Figure 6. Each BG subgroup is illustrated to emphasize the position of the benzene molecule (axial or equatorial). Carbon atoms in cyclohexane,
are blue and those in benzene are green.

TABLE 4: Key Characteristics of the Four BC4 Subgroups, Including Cyclohexane Location and Formation, Fraction of
Clusters Represented, Average Benzene Energy Ratio, and Benzene Position within a Quasi-Trigonal Bipyramid

percentage of average benzerte axial or equatorial
subgroup cyclohexane location cyclohexane formation BC, clusters (%) ratio (%) benzene
1A 3 abovex—y plane 1 below partial shell 52 98.2 equatorial
1B 2 abovex—y plane 2 below partial shell 13 97.0 equatorial
2A all abovex—y plane three-member ring 26 71.3 axial
2B all abovex—y plane four-member ring 9 86.0 equatorial

in Tables S43-S45. Representative structures of the two;BC  molecules displaced from the first-shell positions; all ;BC
structural groups are illustrated in Figure S9. structures have the benzene molecule in or near the cluster
Our analysis included a 3-D linear regression to the equation center, surrounded by a complete or partial shell of cyclohexane
of a plane, using the six most coplanar cluster members. Themolecules (Figure S10). Detailed analysis of the BObgroups-
largest calculated®? value was 0.225, indicating that none of including their structures and energies (analogous to sections
the BG structures closely resembles a hexagonal bipyramid. I11.B.1—2 for BCs)—is included in the Supporting Information;
The distance deviation calculations (Tables S47 and S71) furtheronly a summary of that analysis is included here.
confirm the lack of conformity to the model structure. Detailed Table S74 summarizes distinguishing characteristics of the
analysis of the B&subgroups-including their structures and  BC;, groups. Group 1 structures, representing 30% of the

energies (analogous to sections IIl.BA for BCs)—is included simulated structures, are characterized by a quasi-icosahedral

in the Supporting Information; only a summary of that analysis 12-member cyclohexane shell surrounding benzene in the cluster

is included here. interior. As the group number increases by one, one cyclohexane
Table 7 summarizes the characteristics of the Bdbgroups. molecule is removed from the first solvation shell, resulting in

Group 1 structures contain cyclohexanes located on both sidesa less icosahedron-like structure.

of thex—y plane and have relatively high benzene stabilization

energy ratios. Cyclohexanes in subgroup 1A are restricted to |\/. Discussion

one-half of the benzene hexagon, whereas one of the cap

molecules crosses tleaxis in subgroup 1B. The majority of IV.A. Number of Isomers as a Function of Cluster Size.

the cyclohexane molecules in Group 2 are located on the sameThe isomeric structures of BGand BG were identified and

side of thex—y plane and are restricted to a single quadrant of characterized in a previous repéttBC; is represented by a

the benzene hexagon. Group 2 structures have relatively lowsingle isomer possessing a parallel-displaced structure. Eight

benzene stabilization ratios. Respectively, subgroups 1A, 1B, BC; isomers were reported: Three assume parallel-stacked

and 2 represent 79%,~7%, and~14% of the BG population. (sandwich) structures, and five have trigonal arrangent@nts.
II.F. BC 1, Clusters. A total of 20 calculations were run for ~ The present study establishes the coexistence of five major BC

BC1», five on each of the four PESs. All 20 structures are unique. isomers and as many as six minor isomers. One isomer assumes

Molecular coordinates of the 20 structures are collected in Tablesa mirror-symmetry, modified sandwich arrangement, but the

S48-S53. BG,, clusters were divided into six groups based on others lack overall symmetry. For cluster sizes larger thag BC

degree of conformity to the model icosahedron. Distance and our Monte Carlo simulations reveal a plethora of isomers,

angle deviations for the B@structural groups are tabulated in making the identification and characterization of individual

Table S72, and detailed data for individual structures are isomers impossible. For BCthe tetramer (B€) is the largest

included in Table S54. Representative structures of the,BC cluster size having a manageable number of identifiable

groups are shown in Figure S10. Six (30%) of the structures Structural isomers.

are compact, with benzene surrounded by a complete cyclo- [V.B.Evolution of Structure as a Function of Cluster Size.

hexane shell (Table S72); in contrast, no closed-shell structurelV.B.1. Relationships between Bénd BG1 Structures for n

is observed with a cyclohexane molecule occupying the interior = 1-6: IV.B.1.a. BG and BG. The three “sandwich” isomers

position. All BCy, structures are related to the closed-shell of BC, are directly related to the parallel displacedB&bmer

structure, differing primarily by the number of cyclohexane by the addition of one cyclohexane moiety on the opposite side
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Figure 7. Representative structures for BGroups 1 and 2. Structures are shown from two different views ixtheplane. Cyclohexane carbon
molecules are blue, and those of benzene are green. Hydrogen atoms are omitted. Detailed analysisafpBGs included in the Supporting
Information.

of the benzene molecule. Of the eight Bi€omers, three share  through thex—y plane—identical to the BG Sandwich 2 isomer
this direct relationship to the BGstructure?? and similar to Sandwiches 1 and3Second, the Trigonal 1, 4,
IV.B.1.b. BG and BG. Three general relationships are and 5 isomers of BgLare related to B& Group 1 (which
observed between BCand BG clusters. First, the modified  contains isomers 1A, 1B, 3, and 5; Figures 1 and 2) in that
BCs sandwich isomer (Isomer 2 in Figures 1 and 2) has two both groups contain one axial and one or more equatorial
parallel axial cyclohexanes, mutually related by reflection cyclohexanes. Finally, the BArigonal 2 and 3 isomers both
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TABLE 5: Key Characteristics of the Subgroups of BG Clusters Including Cyclohexane Location, Cyclohexane Formation,
and the Regression CoefficientR?) from the Linear Plane Fit2

percentage average

cyclohexane of BCs benzene
subgroup cyclohexane location formation four molecule planB? range clusters (%) E ratio (%)
1A 2 in plane, 2 above, 1 beloxy plane partial shell no four molecule plane 19 96.8
1B 1 in plane (vertical), 2 on either side xfy plane partial shell no four molecule plane 19 97.8
1C 1 in plane (horizontal), 2 on either sidexofy plane partial shell no four molecule plane 4 80.4
2 1 above and 4 below—y plane three-member ring no four molecule plane 12 81.3
3A 1in plane (vertical), 2 on either side »fy plane partial shell four molecule plaf@/= 0.933 4 95.7
3B all abovex—y plane four-member Ring four molecule plane/07%®? < 0.89 23 68.0
3C all abovex—y plane four-member ring  four molecule plane/ 0:6@R? < 0.70 8 68.8
3D all abovex—y plane four-member Ring four molecule plane/ 04®&2 < 0.50 12 65.0

a Also included are the percent of BGtructures assigned to each group and average benzene stabilization ratios.

TABLE 6: Key Characteristics of the Subgroups of BG Clusters Including Cyclohexane Location, Cyclohexane Formation,
Presence of a Five-Molecule Plane, Benzene Position (Axial/Equatorial), Percent of Simulated Structures Representing the
Group, and the Benzene Molecule Stabilization Ratio

axial or percentage average
cyclohexane location five molecule average equatorial of BCs  benzende
subgroup (relative tox—y plane) cyclohexane formation plane deviations (%) benzene clusters (%) ratio (%)
1A 3 above and 3 below partial shell moderate fit small axial 7 91.4
1B 3 above and 3 below partial shell five molecule plane large equatorial 7 97.8
1C 3 above and 3 below partial shell none large N/A 25 94.1
2A 2 on one side and 4 on the other partial shell moderate fit small axial 4 97.6
2B 2 on one side and 4 on the other three-member ring none large N/A 18 80.8
3A 1 on one side and 5 on the other partial shell five molecule plane large equatorial 4 63.6
3B 1 on one side and 5 on the other partial shell encirzkess moderate fit large N/A 11 67.9
4A 6 on one side encirclesaxis none small axial 4 65.2
4B 6 on one side encirclesaxis five molecule plane large equatorial 4 64.8
4C 6 on one side encirclesaxis none large N/A 18 62.7

TABLE 7: Key Characteristics of the BC; Subgroups: Cyclohexane Location, Percentage of BClusters Belonging to the
Subgroup, and the Benzene Energy Ratio

percentage of BC average benzene

subgroup cyclohexane relativexey plane cyclohexane relative maxis clusters (%) E ratio (%)
1A both sides ok—y plane one side of benzene hexagon 79 90.8
1B both sides ok—y plane both sides of benzene hexagon 7 99.6
2 6 or 7 on one side of—y plane one quadrant of benzene hexagon 14 49.3

have cyclohexane moieties positioned well abovexthg plane,
similar to BG Group 2 (containing isomer 4; see Figures 1
and 2). Structural connections betweenBhid BG4, sub-
groups are indicated in Figure 8.

IV.B.1.f. BCs and BG. The BG Group 1 structures can be
constructed by addition to a BGroup 1 or Group 2 structure.
Similarly, BC; Group 2 structures can be attained by adding to
a BG; Group 3 or Group 4 isomer.

IV.B.1.c. BG and BG. BC, structures can be related to BC Figure 8 summarizes general structural connections between
by the addition of a cyclohexane molecule in one of the adjacent-sized cluster groups. Solid lines connect®®C+1
following three ways. First, B&€Group 1 (A or B; Figure 5) groups whose structures are most similar. It is important to
can be formed by the addition of an axiadHG, to BC; Group emphasize that in nearly all cases, addition of one cyclohexane
1 (Isomers 1A, 1B, 3, and 5; Figures 1 and 2) or by the addition molecule to BG, by itself, is insufficient to generate the related
of an equatorial molecule to Group 3 (Isomer 2; Figures 1 and structure of BG:i; the addition must be accompanied by
2). Second, BE&Group 2A structures (Figure 5) are related to repositioning and reorientation of the original B&ember
BCs Group 2 (Isomer 4; Figures 1 and 2) via the addition of a molecules. The relationships are important because they predict
cyclohexane on the side of the trigonal cyclohexane ring that major paths that will be followed if a B cluster is built via
is opposite the benzene molecule. Finally, .BGroup 2B addition to a rigid BG cluster or, conversely, if a B{xluster
structures can be constructed by addition of one cyclohexaneresults from rigid-BG+1 evaporation. Two evolutionary tracks

either to BG Group 1 or to Group 2 structures.

IV.B.1.d. BG and BG. Inspection of Figures 5, 7, and S4
reveals two general relationships between ,B&hd BG
structures. BeGroup 1, Group 2, and Group 3A structure types
can all be created by the addition of one cyclohexane tq BC
Group 1. BG subgroups 3B, 3C, and 3D structures can be
generated by the addition of onetG, to a BG, Group 2
structure.

IV.B.1.e. BG and BG. Comparison of Figures 7 and S4 with
Figures S5-S8 reveals two general relationships between the
two cluster sizes. BE€Group 1 and Group 2 structures can be
generated by addition of a cyclohexane molecule to aB@up
1, 2, or 3A structure. Similarly, Groups 3 and 4 structures can
be derived by addition to a B&Gubgroup 3B, 3C, or 3D isomer.

are observed in Figure 8. The left track contains structures that
maximize cyclohexanecyclohexane interactions and tend to
exclude the benzene moiety from the cluster center. In contrast,
structures in the right track tend to place benzene in or near the
cluster center, maximizing the benzene molecule’s stabilization
via solute-solvent interactions. The two tracks are generally
isolated but are connected betweensBd BGC.

IV.B.2. Fraction of Clusters Similar to the Model Structures.
BC, clusters with a trigonal arrangement are most similar to
the model structure, an equilateral triangle. Five of the eight
BC, isomers (62.5%) have a trigonal structéfeThe BG
isomers in Group 2 most closely resemble a tetrahedron, and
those in Group 1 have structures that are somewhat tetrahe-
dral: These represent 12% and 77% of calculated structures,
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BC]
Parallel-Displaced
BC2 BCZ
Trigonal 1-5 Sandwiches 1-3
BC; BGC; BGC;
Group 1 Group 2 Group 3
BCy BCy BCs
Group 2B Group 2A Group 1 (A & B)

BC;s
Groups 3B-3D

BCs
Groups 1, 2, 3A

BC6 BC6
Groups 3-4 Groups 1-2
BC, BC;
Group 2 Group 1

Figure 8. Structural connections between B&nd BG,; clusters.
Connections between subgroups indicate that the.-B§ructure can
be generated by the addition of one cyclohexane to thedkQcture,
when accompanied by translation and reorientation of the original BC
molecules.

respectively. All of the B@ structures are reasonably close to
a trigonal bipyramid: The benzene molecule occupies an
equatorial position in subgroups 1A, 1B, and 2B (74%) and an
axial position in subgroup 2A (26%). The 27% of B€usters
belonging to subgroups 3A and 3B have octahedral-like

Easter et al.

not necessarily imply other similarities between the two.
Consider, for example, the three structural subgroups of BC
that approximate a pentagonal bipyramid with benzene in an
equatorial position. Of the three, subgroup 1B has a benzene
stabilization ratio of 98%, which contrasts with corresponding
ratios of ~65% for subgroups 3A and 4B. Whileghs is
equatorial, it experiences a substantially different environment
in the three isomers. Because the chromophore’s local environ-
ment differs for each isomer, we do not expect to identify a
single peak in the ultraviolet BSpectrum that can be assigned
to represent all clusters possessing an equatorial benzene
molecule.

IV.C. Relation to Experiment. Easter and Davis reported
one-color resonant two-photon ionization spectra for,BC
clustersn = 1—10, measured through benzenes B- A1q 6
transition near 260 nrf. We observed a B spectrum
dominated by a van der Waals (vdW) progression consisting
of six peaks, most having multiplet splitting. Analyzed as a
single progression, the vibronic origin was identified at a spectral
shift—relative to the molecular gEis 6; transitior—of —136.6
cm~1; the van der Waals fundamental and anharmonicity were
determined to be 10.6 and0.7 cnT?, respectively?!

It is possible that a low-frequency vdW mode, with a
fundamental frequency near 10 this common to each of
the major BG isomers represented in the spectrum. If true, then
the observed multiplet (quartet or higher) splitting could
originate from coexisting isomers, each with slightly different
origins and fundamental frequencies. In addition, it is conceiv-
able that the-136.6 cn1? transition origin corresponds to one
group (e.g., Group 3), with the other groups (e.g., Groups 1
and 2) having nearly the same van der Waals frequerd@ 5
cm™ 1) but with origins blue-shifted by either 10.5 or 21 th
relative to the Group 3 origin. Such accidental overlap would
give the appearance of a single vdW progression with multiplet
splitting.

From these comments it must not be inferred that the spectral

structures, and the 19% in subgroups 3C and 3D are somewhafNift is required in any fundamental way to be proportional to
similar to the model structure. None of the BElusters is a  Penzene’s stabilization energy in the isomer; in fact, the shift
tight match to the pentagonal bipyramid structure; however, the '€flécts zero-point differences between the excited and the
30% of structures in subgroups 1A, 1B, 2A, 3A, 4A, and 4B 9round states. Nevertheless, the spectral intensity of the peak
are somewhat close. Of these, half put benzene in an axialat —136.6 cm*and the calculated ratios of isomeric structures
position (subgroups 1A, 2A, and 4A), and half in an equatorial N Our simulations empirically support the second hypothesis.
position (subgroups 1B, 3A, and 4B). None of the/Bfllisters The spectral shifts of aromatic molectlere gas clusters
resembles a hexagonal bipyramid. The 30% of,BE@usters (MA ) have been interpreted in the literature in a simple manner.
belonging to Group 1 mimic an icosahedron, with the 12 Generalinterpretation principles are summarized as follows from
cyclohexane molecules forming a complete shell that completely ref 27: (1) The spectral shifts induced by rare gas atoms (A)
solvates the benzene moiety. FurthermorgHd3hows a clear ~ are toward lower energy (red shift); (2) the spectral shift induced
nonrandom preference for the interior site of 8CThis by a single rare gas atom is nearly linearly dependent on the
preference, not observed in smaller B€usters, is probably  polarizability of A; (3) MA, clusters exhibit several spectro-
related to the relative compactness of the benzene motecule scopic features for a given, assignable to van der Waals
effecting a better physical fit inside the cluster center. vibrations and electronic origins of different isomers; (4) spectral
Van der Waals (vdW) clusters built from spherically sym- shifts are not additive per added rare-gas atom (The wording is
metric atoms (e.g., Ar) assume minimum-energy structures thatfrom ref 27. In context, we interpret the statement as meaning
can be predicted by maximizing the effectiveness of nearest- that one cannot simply multiply the number of Ar atoms by a
neighbor interactions. The present study reveals that only asingle, fixed per-atom shift value to obtain the cluster’s total
fraction of BG, cluster isomers assume structures that are similar red shift.); (5) with increasing size, spectral features origi-
to the Ar, cluster models. The percentage increases from 62% hating from different isomers overlap, resulting in inhomoge-

for BC, to 89% for BG and maximizes at 100% for BC
Thereafter, the percentage decreases to 46% i B@®% in
BCe, and then to 0% for B¢ For BG», where the model

neously broadened spectral features; (6) at large enouie
inhomogeneously broadened feature converges to the bulk
value?’

predicts a closed-shell icosahedron, 30% of isomers have This model has been simplified and applied with some success

structures similar to the model.
In this context, it is important to emphasize that approximate
conformity to the same model by two different isomers does

to benzeneargon clusters by incorporating the following
additivity assumptions (see ref 29). (1) For one-sidegH>
Ary structures, the first Ar atom is usually located near tie C
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benzene axis, and additional Ar atoms<{2h < 7) occupy Six
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Extended to the pentamer= 4, where the primary feature

successive and equivalent peripheral sites above the gaps formeih the R2PI spectrum has a red shift near 40 &rthe additivity
by two adjacent hydrogen atoms. In these (centered) structuresmodel would assign a one-sided structure with no cyclohexanes

the most central Ar atom is deemed mainly responsible for the

occupying a parallel-displaced position above benzene, BC

shift observed, with each successive peripheral Ar atom (nonestructures of Groups 2A and 2B share these characteristics.

of which fundamentally alters the cluster structure) accounting
for a small additional blue shift of~3 cn1.28 One-sided
structures may also be formed with all symmetrically positioned

Clearly, the additivity modetwhich has been used with some
success to interpret benzer@rgon cluster spectrds only
partially satisfactory for making assignments consistent with

Ar atoms (none in the center), resulting in decreased spectralour MC results. It would be incorrect to conclude from this

shifts compared to the corresponding centered isoRI€().
For two-sided (GHg)Ar, structures, each side of thests

that one or the other is fundamentally incorrect. Plainly, the
cyclohexane molecule is not argon-like: It is neither compact

molecule is considered and treated separately. The total spectrahor spherically symmetric. It occupies significantly more volume

shift is then calculated as the simple sum of independent
contributions from the two sides; this is referred to as the
additivity rule3° (3) Structures in which Ar atoms are positioned

than Ar and consists of 12 partially positive hydrogen atoms
surrounding six partially negative carbon atoms. It is obvious
that cyclohexane cannot pack around benzene in the same

in the plane defined by the benzene molecule (i.e., equatorialfashion as argon. Even in the dimer, the cyclohexane is not

or bridging atoms) are never expected fogkig)Ar, with n <

centered about the-axis??2 and the notion of seating seven

5. For larger sizes, the presence of in-plane bridging Ar atoms cyclohexane molecules on the same size of a benzene metecule

affects an additional red shift, resulting in experimental spectra
that do not follow the simple additivity rule The extent of the
red shift in such cases has not been quantffdebr the purpose

of the discussion that follows, we will refer to this scheme of
interpretation for (GHg)Ar, clusters as the additivity model.

If one assumes thatg8l1> can be modeled as an oversized,

one in the central position and six in equivalent positions
between hydrogen atomss unthinkable. To make things more
complex, the relative orientation of each cyclohexane molecule,
with respect both to benzene and to the other cyclohexane
molecules present, is critical for BCwhereas for small
benzene-argon clusters the orientation of Ar is irrelevant.

irregularly shaped argon atom, then one might attempt to assignFinally, equatorial cyclohexane molecules (i.e., in which a

the (GHe)(CsH12)n Spectré! via the additivity model. For the
dimer (h = 1), the cyclohexane moiety is calculated to assume

portion of the cyclohexane crosses they plane) are common
in small BG, clusters, whereas bridging argon atoms are

a parallel-displaced (axial) orientation and has an experimentalunknown in smaller BA clusters.

red shift of 72.3 cm!2%22 For the trimer § = 2), two
progressions are observed with red shifts of 65.7 and 57:8,cm
respectively. The experimental resolution for all cluster spectra
was 0.75 cml.2L22 According to the additivity model, the

In short, the simplicity of the additivity model for benzene
argon cluster spectra relies heavily on the compactness and
spherical symmetry of the argon moieties and their ability to
pack in well-defined symmetry-related sites on the benzene

overall effect of adding a second cyclohexane molecule on the surface. Cyclohexane differs fundamentally from Ar because

same side of the cluster is to bring a small blue shift relative to
the dimer; this is generally consistent with the trigonal isomeric
forms identified in ref 22, all of which are “one-sided” and have
an axial GHip; three BG isomers contain one equatorial
(bridging) GH12—which crosses the—y plane—while the other

of its size and shape, it breaks tkey plane in many structures,
and orientation plays a significant role on intermolecular
interaction energies, rendering it impossible to predefine specific
sites on benzene where a cyclohexane moiety must attach itself.
Furthermore, cyclohexareyclohexane interactions play a far

two have a cyclohexane moiety that is intermediate between more important role in determining low-energy structures than

axial and equatorial and is entirely above the plane. (This
assignment from the additivity model, if correct, differs from
the assignment originally proposed in ref 22.) It is important to
note that the relative positions and orientations of axial
molecules in the trigonal trimers differ from each other and also
from those of the dimer and cannot be viewed as equivalent.
We also note that the additivity model would require a
hypothetical red shift near 145 crhfor assignment to any of
the three (calculated) higher-energy sandwich dirdgssich a
shift is not observed in the spectrum.

The tetramerr{ = 3) has a transition origin red-shifted by
136.6 cntl.2! The experimental shift is not greatly different
from the sum of 72.3 cmt (dimer) + 65.7 cnt? (trimer);
therefore, the additivity model would assign a two-sided form.
Isomer 2 (modified sandwich) is the only structure calculated

corresponding argoerargon interactions in equal-size BAr
clusters. Consequently, the additivity model would have to be
modified, taking these complexities into account, to fully and
adequately describe BClusters. Such a modification of the
model is beyond the scope of this report.

To further assess our results, MP2 calculations (optimization
and energy) were carried out on three initial tetramer struc-
tures: Isomer 2, Isomer 3, and a hypothetical isomer, H2
(described below). In preparation, three hypothetical two-sided
structures were created that are consistent with possible expecta-
tions of the additivity model described above. To create the
structures, the cyclohexane molecular coordinates of &C
one side of benzene were combined (in three different orienta-
tions) with those of the one-sided BCrigonal 3 Isomer (ref
22) on the other side. This yielded three two-sided starting

in our studies that has cyclohexane centers of mass on bothstructures containing no cyclohexane molecules that breach the

sides of benzene. The way to reconcile our study with the
additivity model is to hypothesize that both axial cyclohexanes
contribute 72 cm! to the red shift, with the vertical equatorial
cyclohexane molecule affecting an additional blue shift of 8
cm™L. This assignment is not completely satisfactory, however,
because (1) it fails to account for the observed multiplet (quartet
or higher) splitting in the spectra and (2) it fails to account for

x—y plane. Initial structures were then optimized to 0.001 K
several times on all four PESs, resulting in the identification of
three hypothetical isomers (HH3; Figure S3 and Tables S62
S64). Each hypothetical isomer was verified to occupy a local
minimum all four PESs. Of the three, only H2 spontaneously
rearranged into a different structure (H1) during isothermal
simulations &5 K on the ShiPES. All four PESs predict the

the presence of any one-sided tetramer isomers, which are sdowest-energy hypothetical two-sided (H1) isomer to be 5 kJ/

prevalent in our results.

mol higher in energy than Isomer 3 (Table 8), which is
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TABLE 8: Relative Optimized Energies of Tetramer A final comment is in order. The MP2 calculations may
Isomers 2 and 3 and a Hypothetical Two-Sided Tetramer indicate that the energy difference between Group 1 and Group
Isomer 2 isomers is relatively small and that the ordering may (though
relative energies (kJ mol) not certain) be inverted in our MCSA results. Hypothetically,
Isomer 2 Isomer 3 Isomer H1 the ordering could be affected by changing the algebraic formula
trigonal sandwich two-sided used for assigning partial charges to hydrogen atogms; Ce
Jorgensen MC 1.2 0.0 57 (n+ 1), whereC is a constant for the PE8js the fundamental
Shi MC 1.1 0.0 55 charge, anadh represents the number of hydrogen atoms in the
van de Waal MC 0.8 0.0 4.9 molecule’s—(CHn)— groupst®23 The effect of changing the
Williams MC 0.7 0.0 5.1 partial-charge formula in the PESs would be to alter the relative
MP2/6-31g(d) 0.0 05 44

energies of solventsolute versus solutesolute interactions.
However, even if the energy ordering between the one-sided
and the bridged isomers were hypothetically reversed, then two
) . i . other results would still need to be observed in simulations using
cal cluster's relative MP.Z energy beingbOkT higher than the the modified PESs for them to be consistent with assignments
lowest-energy MP2 major Isomer at 10 K. . based on the additivity model in its present form. (1) One or
The MP2/6-31g(d) calculations represent the highest level 46 new bridged isomers would have to be identified to explain
of th_eory qchlevab_le on the tetramer_wnh the hardware/software ;o experimental spectrum, which contains multiplet (quartet
configuration available. In comparison to MC results, MP2  higher) splitting. (2) The ratio of Group 3 isomers identified
energies are reversed for Isomers 2 and 3, _Wlth a (elatlve shift;y the simulations £11% in our work), which reflects the
between the two between 1.2 and 1.7 kJ ah addition, the  555r0ximate population of such isomers in the experiment,
energy of isomer H1 is improved in the MP2 calculation relative -\ q1d have to increase significantly. While such results cannot
to that of Isomelr 3 by approximately the same amount, i.e., pe ryled out without performing additional studies, it appears
1.0-1.8 kJ mor™. It has been documented that MP2/6-319* |jely that the additivity model will need to be more fully
calculations on the benzene dimer overestimate the binding developee-extended to included nonpolar polyatomic molecties

energy of the parallel-displaced arrangement structure comparedygtore it can fully and unambiguously assign features in the
to that of the T-shaped geomefyAlthough cyclohexane lacks g 'Rop spectra.

as-electron system and the two cluster systems are clearly not
equivalent, it is nevertheless possible that the MP2 calculation
overestimates the binding stabilization of parallel benzene
cyclohexane interactions relative to T-type interactions in BC
clusters as well. If this is true, then Isomer 3’s energy, relative
to those of Isomers 2 and H1, could easily be21kJ mol™
more favorable than the MP2 values indicate, consistent with

significantly larger thakT at 10 K (0.083 kJ mail). The MP2
calculations confirm this result qualitatively, with the hypotheti-

IV.D. Isomerization in the Tetramer. The caloric studies
of the five major BG isomers clearly separate Isomer 2
(modified sandwich) from the others (quasi-tetrahedral), with
a barrier that prevents isomerization at temperatures below 50
K. Our isothermal data also reveal that trigonal Isomers 1 and
3—5 are distinct and occupy separate local minima on the PES
our MC calculations. In this context, it is also necessary to at 5 K. Isomerization barriers are presumed to be small between

recognize that the MP2 energy differences between structuralthese isomeric forms, but further quantification is not possible.
isomers can have associated errors on the order of 1 kcatmol IV.E. Appropriateness of the MCSA Methodology and the
Because this potential error is not significantly smaller than the Influence of the PES.Recently, state-of-the-art global mini-
calculated MP2 energy differences in Table 8, it is fair to Mization methods have been developed, including genetic
conclude that the MP2 resultby themselvesare insufficient ~ algorithms}” Monte Carlo plus minimizatioft; parallel temper-
to establish the relative energy ordering among the isomers. TheiNd Monte Carlgi* and a new heuristic and unbiased method
value of the MP2 results is that they are independent of and by Takeuchi® These approaches are regarded as efficient for
appear to offer qualitative support for the MC calculation results. OPtimizing van der Waals clusters to global minima. The MCSA
In their report, EI-Shall and Whetten tentatively assigned two Methodology that we have employed in this study has been
sharp features in the BGpectrum to €Hs occupying an axial _cr|t|C|_z_ed _because individual simulations ofte_n _result in the
or equatorial position within a pentagonal bipyramid struci@re. identification of local (but not global) energy minima; further-
Results of this study cast some doubt on those aSSignmem‘,\.,_more, mqlt_lple simulations are required to identify and confirm
First, only~30% of BG cluster structures are loosely described 9/obal minima.
as pentagonal bipyramidal; half of these hawel€n an axial It is important to emphasize in this context that “more
position, and the other half in an equatorial position. The efficient” does not imply “more accurate”. Our recent MCSA
situation is further complicated by the fact that axial benzene calculations on (€He)13 clusterd®*3have either verified previous
is present in three different subgroups; equatorial benzene isresult3® or improved upon thert:8.36 Furthermore, a recent
also present in three other subgroups. Within the “axial” state-of-the-art optimization study has only confirmed our
subgroups, the benzene stabilization energy ranges from 65%published results but could not improve upon th&nThe
to 97%, and the corresponding range for “equatorial” benzenesminimum energies and related structures that we report are
is 64% to 98%. On the basis of these findings, it is unlikely consistently reproducible.
that either “axial” or “equatorial” benzenes are separately  Furthermore, it must be emphasized that a perceived “weak-
represented by single sharp features in th@6s spectrum. ness” of the method actually benefits this study. The MCSA
We here re-emphasize that the experimental red shift dependsnethod has been faulted because many simulations end in local,
on differences in the ground and excited states, and their nonglobal minima. For our purposes this “deficiency” is a bonus.
magnitude is not directly related to benzene stabilization energiesFrom previous work, it is clear that the formation of molecular
in a straightforward manner. Nevertheless, differences in the cluster structures (isomers) in supersonic jets is governed
benzene stabilization energy indicate differences in local primarily by kinetic not thermodynamic influencés?! To the
environment, which should give rise to different transitions and extent that the PESs used mimic physical reality, the ratio of
distinct spectral features, barring accidental degeneracy. isomers identified in our simulations reflects the approximate
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ratio of isomers present in experimental expansions. Under-
standing these ratios is crucial to the interpretation of R2PI
spectra.

IV.F. Influence of the PES. In these studies, we have used
four different PESs for the purpose of identifying local minimum
energy structures, with the goal of minimizing artifacts origi-
nating from any one PES. We find it remarkable that all four
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though relative stabilities of the four trigonal isomers cannot
be assigned unambiguously, the implementation of average
relative energies is useful for purposes of comparison.

Minor PES-related differences are also observed in the BC
tetramer results, reported in section IIlLA. (1) Absolute values
of cluster stabilization energies follow the same trend as for
BC; and BG: Ejorgensen™ Ewiliams > Evan de waar> Esni. (2)

PESs are in such strong agreement regarding their predictionsThe Jorgensen and Williams PESs predict Isomer 1 to be lower

of structures and properties for 2 BC; and BG,22and BG
(section II.A).

In the By3 studies, all four PESs predict the same two lowest-
energy isomers within small confidence limits. Specifically, the
95% confidence limits of the two composite structures for either

in energy than Isomer 3 by 0.11 and 0.07 kJ miglespectively,

with relative energy differences of 0.19% and 0.14% between
the isomers. The Shi and van de Waal PESs reverse the order,
with energy differences of 0.20 and 0.07 kJ mptespectively,
corresponding to relative differences 0.41% and 0.14%. (3) The

isomer (averaged over the four PESs) are never larger than (0.120ptimized structure of Isomer 1A predicted by Jorgensen and

A, 0.011, 0.030, 0.036, 0.032, 0.039) for the molecular
coordinatesr, ® @, a, 3, ¥), where angles are in radiak.
Expectedly, absolute energies do differ somewhat, with the

Shi differs slightly from that of Williams and van de Waal (1B),
with a relative [{Ar/A)?0Ovalue of 0.27, indicating an rms
deviation of 0.5 A in the 54 cyclohexane atomic coordinates.

magnitudes of absolute cluster stabilization energies decreasing4) Approximately 20% of the Williams and van de Waal

as follows: Eshi > Ewiliams > Evan de waa™ Ejorgensen The most
noteworthy differences in the 1B results are two: (1) One
isomer (A) is identified as the global minimum by all except
the Jorgensen PES; (2) the Williams PES attrib@esymmetry

to isomer A, while the other three PESs predigtsymmetry.
For all four PESs, isomer B is attributed wi® symmetry.

simulations on Bgresulted in high-symmetry Group 3 (modi-
fied sandwich) tetramer structures, compared to 5% and 0%,
respectively, for simulations on the Shi and Jorgensen PESs.
(5) Three of the minor tetramer isomers (Tables-S569) do

not occupy relative minima on one or more PES: Isomer 6 is
found on neither the Williams nor Jorgensen PESs, and local

The energy differences between the two isomers (A and B) are minima corresponding to Isomers-8 are not identified by the

as follows: Williams= —0.60 kJ mof* (0.18%); van de Waal
—0.98 kJ mot? (0.30%); Shi= —0.24 kJ mot?! (0.07%);
Jorgensen= +0.86 kJ mot? (—0.27%)—where the percent (in

Jorgensen PES.
In summary, it is unsurprising that individual PESs have slight
differences in their predictions. Most such differences are minor,

parentheses) indicates the difference relative to the absoluteand the data do not permit a systematic statement of how these

energy of Isomer A on the same PES. Clearly, all such
differences are very small.

In the BG and BG studies, the PES ordering of total cluster
stabilization energy differs from that ofB Ejorgenser™ Ewilliams
> Evan de waa™> Esni.22 All four PESs unanimously predict a
single parallel-displaced dimer structure, with the maximum
[{Ar/A)2[value between an individual PES (van de Waal) and
the mean composite structure being 0.0148, indicating a root-
mean-square (rms) displacement of no more than 0.12 A,

differences will affect other calculations. Two points are worth
noting, however. (1). Within the same system (e.g.,B@e
ordering of absolute calculated energies appears to follow a
single pattern,Ejorgensen > Ewiliams = Evan de waal > Eshi
However, the order is not universal and differs for other systems
(e.g., B). This punctuates the importance of analyzing energies
as relative energies on the relevant PES and of correlating
multiple PES results to minimize artifacts originating from a
single PES. (2). It is possible (though not proved by these data)

evaluated over all 18 cyclohexane carbon and hydrogen atomicthat the exp 61 form of the Williams PES favors higher
coordinates in the structure. Caloric studies on the dimer (ref Symmetry in its minimum energy structures, compared to the
22; Figures 3 and 4) also demonstrate that trajectories averaged-2—6—1 functional form of the other three PESs. For example,

over all four PESstal K resolution and plotted on a relative
energy scale (as in Figure 3 of this report) provide information
indistinguishable from that of a single PES (Jorgensen) simula-
tion at 0.1 K resolution.

In the BG trimer studies, minor variations are observed
between the PESs. For example, the energy ordering of Trigona

Isomers 1, 2, 3, and 5 differs for the Shi and van de Waal PESs,
compared to the mean ordering (which is the same as that of

the Jorgensen and Williams PESSs). Specifically, while the mean
ordering of these isomers is51 > 2 > 3, that of Shi is 1>

2 > 5> 3, and that of van de Waal is% 2 > 3 > 1. On the
basis of relative energies (calculated with reference to the
Trigonal 4 isomet-the global minimum on all four PESSs), the
average and standard deviations of the four trigonal isomer
relative energies (5, 1, 2, 3) are (0.9870.008, 0.983t 0.002,
0.979+ 0.013, 0.974+ 0.012). The 95% confidence limit of
the difference between any two isomer energiés)(is
given by Ap = tgsyslz(l/Nl + 1/N2 1/2, where S, =
V(N D)SH((N,~ 1)SIN,+N,—2. Here,N; = N, = 4, and

the value of the Studentdistribution parametetgs,— = 2.45

(v = 6 degrees of freedom). In all pairwise cases, the energy
difference between isomers is smaller thgn Thus, variations

the Williams PES predicts symmetry for Bs isomer A,
compared to th€; symmetry predicted by the three-18—1
PESs. Furthermore, simulations of the tetramerz,Bfh the
Williams PES result in a higher percentage of Group 3 structures
than either the Shi or Jorgensen PES, although they match the

|percentages derived from the van de Waal PES. Further studies

will be necessary for confirmation of this possible trend.

V. Conclusions

Five primary conclusions result from this investigation. (1)
BC; is the largest BEcluster that exists in few enough isomeric
forms to permit the isomers to be uniquely identified and
characterized. Of the five major BG@somers, one assumes a
symmetric, modified-sandwich arrangement. The other four are
more tetrahedral in arrangement but lack specific symmetry.
(2) Isomers of BG@ and larger clusters can be classified on the
basis of common structural characteristics. Although the clas-
sification scheme developed in this report contains arbitrary
elements, it provides a foundation for assessing relationships
between adjacent-size clusters. (3) Two major, parallel tracks
have been identified that describe the evolution of cluster
structures as a function of size (Figure 8). These are proposed

among the four PESs are not statistically meaningful. Thus, evento represent primary pathways followed when (a),BGs built
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from a rigid BG, cluster by addition of one cyclohexane or (b) TABLE Al: Potential Energy Parameters for the Williams
BC, is formed by evaporation of one cyclohexane from a rigid €xp 6-1 PES'

BC,+1 structure. In almost all cases, the addition (or evaporation)  williams Core Cexp Cs |Cy1| (CeHe)
of a cyclohexane molecule must be accompanied by translation™  ~—~ 367 250 360 “oa14
and/or reorientation of existing cluster members. The two C—H 65 485 3.67 —573
evolutionary tracks are generally isolated, although they are  H—H 11677 3.74 —136 32.523

Conne'cted between B@nd BQ._One tra(?k tends to maximize aThe C, coefficient in the last column applies only to benzene
solvation of the benzene moiety, while the other tends t0 penzene interactions; other parameters are applicable to interactions in
maximize cyclohexanecyclohexane interactions and pushes mixtures of hydrocarbons.

benzene to the cluster surface. (4) Only a fraction of BlGsters ) ) )

assume structures mimicking those predicted for neat rare-gas/ABLE A2: Relative Atomic Charges in Benzene and

clusters. The fractions are larger for small clusters (tQ)BDt Cyclohexané

rapidly decrease for larger sizes. In BOwhere a closed-shell C(GHe H(CHe) C(CeHi) H(CeHao)

structure is expected, the fraction increases to 30%. Due to the C/Ci(H—H, GHe) ~ (=1) +1) (=) (+5)

plethora of isomers, it is improbable that experimental spectra C (CsHe) (—1) 1 -1 +413 -2,

are amenable to a straightforward interpretation in terms of H (CeHe) (+1) +1 —43 +23
C (CeH12) (—*%a) +2%g =¥y

specific sites within rigid clusters for clusters larger thansBC H (G (421 o
(5) The R2PI spectra can only be partially understood in terms ' 8 o

of the additivity model, whichto be unambiguouswill require aThe column and row headings identify the four kinds of atoms
refinements that extend to nonpolar polyatomic molecular and their relative charggs: Individual entrie_s in the table ind_icate the
solvents. factor that must be multiplied by th@; entry in Table 1 to obtain the

C . | d . | di f b correctC, coefficient for each pairwise interaction. Only the last two
omputational and experimental studies of neat benzene ., mns are needed for €B6)(CeH12)n clusters, which have no

clusters have historically been based on single isomeric struc-penzenebenzene interactions
tures for each size, with the exception ofsBwhich is known

to coexist in two low-energy isomeric form3This historical TABLE A3: Atomic Coordinates and Bond Distances for
emphasis contrasts with our present findings for,Blisters: € Williams and Van de Waal Potential Energy Surfaces
A single isomer is identified for B eight for BG, five major Williams and bonded bond
isomers for BG, and a large, unknown number of isomers for vandeWaal x(&) y@&)  z(A) pair  distance (A)

BC, and larger. Additional comprehensive studies of neat B Ci(B) 1.3970 0.0000 0.0000 -©C(B) 1.397

and G, clusters may clarify the extent to which isomerization Ha(B) 2.4240 0.0000  0.0000 -€H(B) 1.027
originates from symmetry-breaking within the seeded,BC Ci(C) 1.4387 0.0000  0.2543 €C(C) 1.526
clugter. Exp_erimeljtation with_the algebraic formula used to Ei:((gg i:f‘ég? 8:8888 70'3%13 C%:':ggg 1:838

assign atomic partial charges in the PESs would affect relative

strengths of solventsolute and solventsolvent interactions that a Cartesian coordinates are indicated for five symmetry-unique atoms

could affect isomer energies, structures, and their predictedWith the molecule in its reference orientation. Coordinates are generated
. . . o ' . - from the bond distances assumed by the PES, based on the assumption
relative populations in experimental supersonic expansions.

that cyclohexane’s bond angles are tetrahedral.

Appendix TABLE A4: Parameters of the van de Waal 12-6—1
Potential Energy Surface

Potential Energy Surfaces.Four different nonbonded pair

potential energy functions are used in ourghig)(CsHio)n Van de Waal Ci2 Cs |C1| (CeHe)
simulations, derived from the work of Williams and St&rgan c-C 4869 316 —2765.3
de Waalt® Shi and BartelP* and Jorgensen and Severafte. C-H 681 906 —625.6

In previous modeling of neat benzene clusters, we adapted H=H 89476 —1394 32.523
several authors’ original interaction parameters to a COmmoN taABLE A5: Parameters of the Shi(3) 12-6—1 Potential

functional form Energy Surface
12 6 1 Shi(3) Ci Cs |C1] (CeHe)
Vij (I’) - Cpre exp(_cexJij) + C12rij + CGrij + C1rij c-C 2899 300 —2291.0
C—H 369 090 —433.9
whererj is the distance between atornandj.*213 Using our H-H 21010 —66.2 30.13

adapted parameters, potential energies are calculated in unit$C,| is then multiplied by the appropriate factor (Table A2) to
of kJ mol* when distances are in angstroms. For neat benzeneobtain the G parameter for a specific atoratom interaction.
simulations, three separate sets of parameters are requiredThis follows the approach of Williams and St&#Their original
corresponding to each of the three interactions:GZ C—H, C; coefficients were based on the assumption that for neutral
and H-H. With benzene and cyclohexane molecules simulta- hydrocarbons hydrogen atoms can be assigned atomic charges,
neously present in the cluster, the original PES parameters musgy = 0.3062n + 1, wheren represents the number of hydrogen
be adapted to include¢81,, which has unique bond lengths atoms in the molecule’s-(CHp)— groupst®23 For benzene,
and partial atomic charges associated with its atoms. Potentialhydrogen’s atomic charge is proportionaltge (n = 1), whereas
energy parameters and their corresponding molecular bondfor cyclohexane the charge is proportional fge (n = 2).
distances are provided in the tables that follow Note that all Consequently, the hydrogenic charge in cyclohexart;isf
tables containing A in their identification label are located in the corresponding value in benzene. Molecular neutrality
the Appendix (e.g., Table A4). demands that the charge on the carbon atom is proportional to
The primary difference from the parameters tabulated in ref —/,e in benzene and te-%ze in cyclohexane. In Table A2,
12 is that we tabulate only the absolute valu€gfspecific to each of the four kinds of atoms is indicated in both the column
benzene-benzene interactions (Tables Al, A4, A5, and A7). and the row headings, along with its relative charge. Tabulated
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TABLE A6: Atomic Coordinates and Bond Distances for References and Notes

the Shi(3) PES _
- - - (1) Bornsen, K. O.; Lin, S. H.; Selzle, H. L.; Schlag, E. W.Chem.
sShi(3) x(A) y(@A) z(R)  bonded pair bond distance (A)  Phys.1989 90, 1299.

CuB) 1.4010 0.0000 0.0000 -€C(B) 1.401 (2) Easter, D. C; Harris, J. P.; Langendorf, M.; Mellott, J.; Neel, M.;
HiB) 2.4320 0.0000 0.0000 -EH(B) 1.031 We'SSS’ T.J. Phys. g_‘em- A998k_102 10032. v, BL.Chem. P99
C(C) 14519 0.0000 0.2567 -€C(C) 1540 09 ‘(19)4£Easter, D. C.; Baronavski, A. P.; Hawley, M.Chem. Physl993
H:i{C) 2.4325 0.0000—0.0900 C-He(C) 1.046 ' : . .

H.(C) 14519 0.0000 12067 -€HA(C) 1040 o7 &Aé)?SE-aster, D. C.; Khoury, J. T.; Whetten, R.L.Chem. Physl992

*The bond distances for cyclohexane were not included in the ., (5) Easter, D. G Li, X.; Whetten, R. L. Chem. Phys1991 95

original model and were assigned as described in the text. (6) Easter, D. C.: Whetten, R. L.: Wessel, J.JEChem. Phys1991

. _ ; 94, 3347.
Eﬁgrlél)z/ éz.rf;aerameters of the Jorgensen 12-6—1 Potential (7) Bornsen, K. O.; Selzle, H. L.; Schlag, E. \l/.Chem. Phys1986

85, 1726.
Jorgensen Ci2 Cs |C1| (CsHe) (8) Schlag, E. W.; Selzle, H. L1. Chem. Soc., Faraday Trank99Q
86, 2511.
c-C 4693425.7 —2344.9 (9) limori, T.; Aoki, Y.; Ohshima, Y.J. Chem. Phy2002 117, 3675.
C-H 308 335.8 —486.2 (10) limori, T.; Ohshima, Y.J. Chem. Phys2001, 114, 2867.
H-H 20 256.2 —100.8 18.37 (11) limori, T.; Ohshima, Y.J. Chem. Phys2002 117, 3656.
. ) . 12) Easter, D. CJ. Phys. Chem. 2003 107, 7733.
TABLE A8: Atomic Coordinates and Bond Distances for gmg Easter. D. CJ. ths_ Chem. BOO::: 107 2148,
the Jorgensen Potential Energy Surface (14) Easter, D. CJ. Cluster Sci2004 15, 33.
Jorgensen x (A)  y(A) z(A) bonded pair bond distance (A) (15) Williams, D. E.Acta Crystallogr., Sect. A98Q 36, 715.
(16) Van de Waal, B. WJ. Chem. Phys1983 79, 3948.
Cy(B)  1.4000 0.0000 0.0000 -GC(B) 1.400 (17) Van de Waal, B. WChem. Phys. Lettl986 123 69.
Hy(B)  2.4800 0.0000 0.0000 -€H(B) 1.080 (18) Bartell, L. S.; Dulles, F. 1. Phys. Chem1995 99, 17107.
Cy(C)  1.4519 0.0000 0.2567 -&C(C) 1.546 (19) Hoare, M. RAdy. Chem. Phys1979 40, 49.
HiC) 2.4796 0.0000—0.1067 C-H(C) 1.096 (20) El-Shall, M. S.; Whetten, R. LChem. Phys. Lett1989 163 41.
H74(C) 1.4519 0.0000 1.3467 -H4C) 1.09@ (21) Easter, D. C.; Davis, K. AChem. Phys. Let2003 380, 471.

(22) Easter, D. C.; Terrell, D. A.; Roof, J. A. Phys. Chem. 2005

9 673.

(23) Williams, D. E.; Starr, T. LComput. Chem1977, 1, 173.

(24) Shi, X. Q.; Bartell, L. SJ. Phys. Chem1988 92, 5667.

entries are the products of contributing relative atomic charges; (25) Jorgensen, W. L.; Severance, D.JLAm. Chem. S0d99Q 112,

therefore, tabulated coefficients must be multiplied by the value 47?36) Frisch, M. 3.: Trucks, G. W.: Schlegel, H. B.: Scuseria, G. E.: Robb

of |C4| (CGHQ) to Obt_am the correct; coefficient for a given M. A.; Cheeseman, J. R.; l\’lloﬁtg(;mery, J. A.; Vreven, T.: Kudin, K. N.;_

atom—atom interaction. Burant, J. C.; Millam, J. M.; lyengar, S. S.; Tomasi, J.; Barone, V.;
The Cartesian coordinates of five atoms in their reference Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G. A;

; ; ; ; Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.;
orientations are_ also provided in Tables A3, AG, f’md AT. Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Klene, M.; Li,
Because bond distances for cyclohexane were not available fromy ; knox, J. E.; Hratchian, H. P.; Cross, J. B.; Adamo, C.; Jaramillo, J.;
refs 24 or 25, the distances were chosen to reflect the original Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J.; Cammi, R.;
authors’ choice for benzene: Distances are assumed to bePomelli, C.; Ochterski, J. W.; Ayala, P. Y.; Morokuma, K.; Voth, G. A.;

L . Salvador, P.; Dannenberg, J. J.; Zakrzewski, V. G.; Dapprich, S.; Daniels,
standard for the Jorgensen potential; for the Shi and Bartell A" 5. Syrain. M. C.. Farkas, O. Malick. D. K.. Rabuck, A. D..

aThe bond distances for cyclohexane were not included in the 10
original model and are assumed to be standard.

surface, the €C bond is taken as standard, but thel€bond Raghavachari, K.; Foresman, J. B.; Ortiz, J. V.; Cui, Q.; Baboul, A. G.;
is foreshortened to compensate for the asphericity of the Clifford, S.; Cioslowski, J.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz,
hydrogen atom& P.; Komaromi, I.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A,;

Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.; Johnson,
) ) B.; Chen, W.; Wong, M. W.; Gonzalez, C.; Pople, J. Baussian 03
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