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Identification of a New Cz Structure and Evidence for the Coexistence of Two (Benzeng)
Cluster Isomers in Free Jet Expansions: A Monte Carlo Study
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Receied: June 14, 2003; In Final Form: July 31, 2003

Low-temperature Monte Carlo computations have been carried out to investigate minimum-energy structures
of the (GHe)13 cluster. The simulations have identified a new cluster structu® esymmetry that is distinct

from previously identified structures. The newly identified isomer is found to occupy an isolated region of
the potential energy surface; this finding strengthens the hypothesis that distinct isomeric forms coexist within
experimental cluster beams.

I. Introduction surrounded by a closed shell of 12 ligand molecules, confirming

The structure determination of various molecular clusters has themagic numbestatus of the (§He)us cluster. The structures

N . .
been the goal of many experimental and theoretical investiga- of Williams® and van de Wadlwere both described as having

tions over the past few decades. Benzene clusters are of specia"il near 3-fold axis of rotation. The structure of Dulles and Bértell

interest for several reasons, including benzene’s unique role agyas described as having lower overall symmetry, lacking a

the prototypical aromatic molecule and the fortuitous energy 3-fold axis. ) ]

spacing between its ground and first-excited electronic states, Very recently, we reported the results of a study in which

which makes the measurement of resonance-enhanced twofh€ minimum-energy configurations of {€c)13 were investi-

photon ionization (R2PI) spectra of larger clusters possible with 9ated through low-temperature Monte Carlo studieSix

a minimum of cluster fragmentation. different potential energy surfaces were used for that study,
The ultraviolet By — Arg 08 spectra of the benzene trimer, including the potentials developed by Williams and Stéwan

. L 7 i 11 e 12
(CsHe)s, and tetramer, (4g)s, have both been interpreted within de Waal! Shi and Bartelf!! Karlstrom et al.12 and Easte?._
the weak-interaction model to deduce underlying physical All cluster structures were transformed to a common coordinate

structure€4 Although such efforts have generally been suc- SYStém to make direct comparisons possible. The lowest-energy
cessful, common wisdom dictates that extension of the same illiams structure was found to ha® point-group symmetry;
approach to determining structures of larger clusters will be hevan d? Waal, Shi(3), and Karlstneet al. structures hads
difficult because of complexities arising from a proliferation Symmetry; the Shi(5) and Easter(B13) structures were reported
of isomers, coupled with an increase in the number of to haveC symmetry. For each_o_f the Iat_ter five potential energy
intermolecular interactions as the number of constituent mol- Surfaces (excluding that of Williams), it was observed that the
ecules increases. Despite the generally pessimistic prognosis!OWes'f'enefgﬁrs anqgi structures were unique yet nearly equal
however, the structure of a specific (larger) clusteay be In energy; no specific evidence was observed that any of the

amenable to experimental determination if the cluster meets two SIX Potential energy surfaces predicted separate local energy
specific conditions: (1yery fewisomers with a substantial ~Minima for each of the two isomeric structures. On the basis of
population may be present under experimental conditions, andPoth (1) the “disagreement” of the six computational structures
(2) the isomers that are present must be relatively high in (8ll potential energy surfaces predictedsgle minimum
symmetry. structure of eitherS, Cs, or C; symmetry) and (2) the
Because the (&e):3 cluster meets both criteria, it represents |nterpretat|on qf spgctrosco;s)lp data (which are well explained
one larger cluster whose structure may be determinable fromPY tWo coexisting isomers)? it was hypothesized that two
experimental data. Both experimental and computational resultsdiStinct isomers of the (§4g)3 cluster coexist under experi-
demonstrate that 13 is magic numbeffor benzene clusters: mental expansion conditions and that a kinetic barrier circum-
the 13th molecule completes the first solvation shell of ligand VENtS their interconversion at low temperature. Average (com-
molecules surrounding the unique interior molecule. Experi- POSit€)Cs andC; structural coordinates, with relatively narrow
mental studies have consistently supported two conclusions: (1)95% confidence limits, were deduced from the computational
there are very few (§He)13 isomers present in the cluster beam results. The two-isomer hypothesis advanced in ref 9 was not

with any appreciable population, and (2) the isomers are of particularly compelling becaus®mneof the six potential energy
reasonably high symmet?y? surfaces predicted distinct local minima for both @eandC;

As a prelude to identifying the cluster structure experimen- structures. As a result, additional simulations were warranted.

tally, reasonable starting structures must be identified and In the present study we both expand and improve on previous
characterized through theoretical computations. Until very work. A seventh potential energy surface, that of Jorgensen and
recently, three such structures ofst)13 had been published. ~ Severancé? served as the starting point for additional Monte
The three are similar in that they all contain an interior molecule Carlo studies. The simulated annealing computations have
identified a newCs structure that is clearly distinct from the
*E-mail: easter@swt.edu. previously identified C3 isomer. Furthermore, simulations
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TABLE 1: Potential Energy Surfaces Used in The Monte TABLE 2: Jorgensen Potential Energy Parametera®
Carlo Studle.sa _ bond distance Ci2 Cs Ci
potential functional form ref c—c 1.40 46934257 —2344.9 18.37

Williams exp-6—1 10 C—H 1.08 308 335.8 —486.2 —18.37
van de Waal 126-1 7 H—H 20 256.2 —100.8 18.37
Shi(s 12-10-6—2— 8,11
Sh:ES; 12—69_1 0 1’1 a Tabulated values are derived from reported Lennard-Jones param-
Karlstrem 12-9—6—4—1 12 eters (ref 13) and transformed to the generalizeg@21 functional
Easter(B13) 129—6—4—1 9 form. All tabulatedvalues include more digits than warranteatiginal
Jorgensen 126—1 13 values ofe; were quoted to one significant figure, and origioaland

g values contained three significant digit€nergy values are in kJ
aThe functional form and original literature reference is identified mol- when distances are in A. Fixed intramolecular bond distances
for each parameter set. (A) are included for completeness.

confirm that the newly identifie@; structure occupies either a y
local or global energy minimum position, depending on the
potential energy surface. The details and implications of these
findings are the subject of this report.

Il. Potential Energy Surfaces

The functional forms and original literature references of the
seven potential energy surfaces used in this study are sum-
marized in Table 1. All seven parameter sets are based on 12- z X
site models for benzene. Each potential energy function can be
expressed in the general form

0

Vij (I’) = Cpre exp(_cexprij) + Z Cnrijin
n=12 Figure 1. (CeHe)13 cluster coordinate system. The plane of the central
molecule defines the clustary plane, with thex axis being defined
wherer; is the distance between atomsand j, Cyre is the by one pair of opposing €H bonds. Thez axis is PerDGNdiCU|6}r to
preexponential paramete,p is the parameter in the argument the molecular p[ane apd passes .throu.gh the interior molecule.s center
. . of mass. The orientation shown is defined as the standard orientation
,Of the exponential tgrmn is the absolute value of th_@ exponent of the GHes molecule for the purpose of assigning rotational coordinates
in the sum, andC, is the parameter corresponding to thé to the ligands.
term. Each potential energy surface is represented by three
separate sets of parameters: one for cartmambon interactions, ~ four relationships, theC; coefficients apply to interactions
one for carborhydrogen interactions, and the third for between like atoms (€C or H-H) and theC; coefficients
hydrogen-hydrogen interactions. The first six parameter sets apply to unlike (C-H) atom interactions. The resulting +2
in Table 1 have been discussed in some detail in ref 9, and thaté—1 parameter values collected in Table 2 yield energies in
discussion is not duplicated in this report. In the appendix of units of kJ mot* when distances are in A.
ref 9, potential energy parameters are collected for the six sets
and tabulated in a form that is consistent with the functional 'll- Procedure
form of Vi(r) identified above. lIlLA. Monte Carlo Computations. The computer code used
ILA. The Jorgensen Parameter Set® Because we have  for carrying out simulations within the Metropolis Monte Carlo
made use of the Jorgensen potential surface for this first time Methodt4 was developed in our laboratory. A typical simulation
in this study, a brief introduction is warranted. The surface is consists of 1®Monte Carlo steps per temperature cycle, with

based on 126—1 functions, Vj(r) = Clzfﬂlz + Csfﬂe + a total of 16 temperature cycles. Initial parameter step sizes
Ciry ! the collection of related; values will subsequently be  were adapted from coordinate standard deviations in previous
referred to as the Jorgensen parameters. simulations; step sizes were adjusted at the beginning of each

The parameter set was developed by the optimization of five temperature cycle to ensure an acceptance rate of 5096.
adjustable Lennard-Jones parameters, by fitting the results ofSix coordinates define the position and orientation of each
Monte Carlo simulations for liquid benzene both to experimental benzene molecule: each molecular center of mass is described
density data and to heat of vaporization data. The parametersby spherical polar coordinateR,(®, ®) and each molecule’s
were subsequently tested and were reported to give goodorientation is described in terms of three Euler angtes/
thermodynamic and structural results for three systems: the gas+). The system of molecular coordinates is discussed in detall
phase dimer, pure liquid benzene, and benzene in dilute aqueouén ref 9.

solution. I11.B. Coordinate System and Symmetry Operations.The

The five optimized Lennard-Jones parameters reported by standardized cluster coordinate system developed in ref 9 was
Jorgensen and Severance @ge= 3.55 A, ec = 0.07 kcal mot; used for all computations and is summarized here (Figure 1).
oy = 2.42 A, ey = 0.03 kcal mott; gy = —qc = 0.115. The plane of the central benzene molecule is chosen to define

Constant bond distances in the benzene molecule were takerthe clusterx—y plane; therefore, the line that passes through
to be 1.40 A for G-C bonds and 1.08 A for €H bonds. The the interior molecule’s center of mass and is perpendicular to
Lennard-Jones parameters are converte@qtaoefficients in the molecular plane defines the clustexxis. The clustex axis

the generalized 126—1 equation using recipes adapted from is arbitrarily defined by the line connecting two of the central
those given by Jorgensen and Severdfi€®yi = 4<i0i'% Cgji molecule’s opposing €H bonds. The Cartesian system is right-
= —4¢i0:%; Cpjj = (Clzjiclzjj)llz; Cejj = —(Clzjiclzjj)llz. In the handed.
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TABLE 3: Symmetry Operations? In Cj structures of (6Hg)13, theupper equatoriaimolecules

E G i (2, 4, and 6) are distinct from tHewer equatorialmolecules
(8, 5, and 7); theupper capmolecules (8, 10, and 12) are

R R R . : . "
o) o) -0 likewise distinct from molecules comprising th@ver cap(9,
@ ® + 27/3 D+ 11, and 13). We arbitrarily identify the first molecule of each
a a o+ set (i.e., molecules 2, 3, 8, and 9) as a “primary” ligand; the
B B complete cluster structure is then fully described by the
v y + 273 14 coordinates of the four primary ligand molecules. One additional

aThe operations are sequentially applied to generate the position convention adopted to ensure consistency in the assignment of
(R ©, ®) and orientationd, 3, y) coordinates of symmetry-related  molecular coordinates withirC; clusters requires that the
molecules. Angles are in rad. cluster’s center of mass havepasitive z coordinate.
In (CgHg)13 structures with inversiond) symmetry, there
y 2 are six unigue ligand groups:2, 5, {3, 6, {4, 7}, {8, 11,
. {9, 12, and{10, 13. The first member of each set (2, 3, 4, 8,
9, and 10) is identified as a primary ligand; the complete cluster
3 . structure is fully defined by the coordinates of the six primary
9 ligands. To guarantee consistency in the assignment of molecular
10 e coordinates, we have adopted the convention thastidwedard
C; orientation is one in which the distance coordinafesof
. the three primary equatorial ligands decrease in the dR{i{dr

8 @
. > R(4) > R@3).
. III.C. Sequence of Calculations.Four kinds of calculations

X were run in these studies. Simulations were normally carried
out using 100 evenly spaced temperature increments, with 10
® Monte Carlo steps at each temperature.
4 . 13 (1) Rapid cluster heating raised the cluster temperature from
12 1 to 100 K in increments of-1 K.
. (2) Cluster cooling (simulated annealing) was either ac-
6 complished in a single step or in two sequential steps, depending
. on whether the initial temperature was 1 or 100 K. In the first
5 step of simulations where the initial temperature was 100 K,
the temperature was stepped dowrltK in increments of-1

Figure 2. Simplified structure of (€He)1s, viewed from the+z axis. K. In all sequences, cluster structures initially at 1 K were cooled
Molecular orientations are not represented. Larger, darker hexagons

represent benzene molecules with more positigeordinates; as the to 0.01 K in increments 0f-0.01 K. ] ) )

z coordinate decreases, the hexagon size decreases and the shading (3) Constant temperature (1 K) simulations interrogated

becomes lighter. average cluster structures and energies and involveMa@ate
Because many of the simulations were carried out with Carlo steps, with parameter step sizes being adjusted as needed

symmetry restrictions, it was necessary to move symmetry- €Very 10 steps. Reported averages are typically based on the

related molecules simultaneously as a group. Given the six final 10° Monte Carlo steps.
coordinates of one “primary” ligand molecule, the coordinates ~ (4) Controlled cluster heating increased the cluster temper-
of symmetry-related molecules are directly generated by se-ature in 0.1 K increments from 1 to 50 K, with each temperature
guential application of the operations in Table 30xnbenzene increment consisting of 2Monte Carlo steps.
structures there are four symmetry-distinct groups of ligand  In the initial sequence of simulations, the goal was to identify
molecules; there are six unique groupsGnstructures. The ~ Minimum-energy structures of §He)13 using the Jorgensen
symmetry operations in Table 3 treat each atom as if it were parameters. The Williamss structure’ used as the initial
distinguishable. structure, was subjected to rapid cluster heating wise
The numbering scheme used to distinguish each of the 13symmetry was maintained. Simulated annealing to 0.01 K was
molecules was presented in detail in ref 9 and is illustrated in applied to the resulting configuration in three independent
Figure 2. Because of the monomeDsg, symmetry, there exist ~ Simulations: the first sequence constrained the clustetsto
a number of distinc{R, ©, ®, a, 8, y} coordinate sets that ~ symmetry; the second sequence impoSesymmetry; the third
describe identical structures when the interchange of like atomssequence was run without any symmetry constraints. The best
is permitted. Consequently, a number of arbitrary conventions resulting structures o€z and C; symmetry were then used as
must be adopted to ensure that the six molecular coordinatesinitial structures for annealing (without any symmetry restric-
are uniquely and consistently assigned. Three such conventiongions) from 1 to 0.01 K in search of lower-symmetry structures.
apply to all structures regardless of their point-group symmetry. The besiC; andC; structures for each parameter set were also
(1) The C-H bond that defines the clustaraxis is selected used as starting configurations for constant-temperature simula-
such that the angular position coordinate,of ligand 2 is 1.30 tions at 1 K.
+ 0.03 rad. (2) The Euler anglg, corresponding to the angle When it became evident that the minimum-ener@y
between the clusteraxis and the molecule’s naturabxis, is structure wasew (in the sense that it had never previously
restricted to values between 0 amt2. (3) The Euler coordinate,  been identified), additional simulations were pursued, with this
o, of the ligands is restricted to the range<Oa < 7/3 for new structure serving as the starting configuration. For each of
ligands above the—y plane and to the range < a < 4x/3 the other six potential energy surfaces (listed in Table 1), the
for ligands below thex—y plane. Additional conventions that new Cgz structure was first subjected to rapid cluster heating to
are adopted for specific cluster symmetries are identified below. 100 K, followed by simulated annealing witi; symmetry
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TABLE 4: Calculated Lowest Energies (in kJ mol™) for the (C¢Hg)13 Cluster in Specific Configurations at 0.01 K

parameters Williams van de Waal Shi(5) Shi(3) Kaflstro Easter(B13) Jorgensen
S —325.329 —325.049 —322.507 —325.665 —371.849

Cs —325.329 —325.27% —323.068 —326.223 —372.960 —324.892 —312.006
G —325.329 —325.105 —325.096 —325.891 —372.883 —325.116 —312.013
Cs(A)? —324.723 —324.291 —324.173 —325.980 —373.595 —325.788 —312.873
unrestricted —325.329 —325.272 —325.096 —326.223 —372.960 —325.785 —312.873

aValues in the C3(A)” row and the “Jorgensen” column are new; other values in the table are reproduced fronP &dl@faced entries
indicate the highest-symmetry structure for which the computed energy is a global minfithese entries were reported in ref 9 as minimum-
energy values; they are higher than the energy of the @g#) structure.

TABLE 5: Molecular Coordinates of the New Ground-State C3(A) Structure (0.01 K) Based on the Jorgensen Parameter SeE(
= —312.87 kJ motab

primary ligand E°(0.007Y R(0.014y © (0.004y @ (0.007Y o (0.009} (0013 v (0.013}
2 —20.58 5.4070 1.3564 1.3075 0.6798 1.3083 2.0189
3 —22.34 4.9474 1.7382 2.4286 3.8954 1.2640 5.7578
8 —23.61 5.3484 0.5699 0.3014 0.7888 1.3362 2.6136
9 —22.93 5.3777 2.5693 1.5000 3.4051 1.3786 2.3589

aEnergies are in kJ mol, distances in A, and angles in rédCoordinates of the remaining eight ligand molecules are generated by sequential
application of theC; symmetry operatiort Molecular interaction energie$Composite standard deviation (in parentheses), basddkosimulations
with unrestricted symmetry.

constraints imposed. For each potential energy surface, the The mean cluster energy in symmetry-unrestricted simulations
resultingCs structure was then used as the initial configuration at 1 K is —312.6 kJ mot?!, whereas the static energy of the
for two further simulations: (1) a constant-temperature (1 K) average structure is—312.84 kJ moil. Average coordinate
simulation, and (2) a simulated annealing study (from 1 to 0.01 values &1 K reflect the ground-stat€; structure; thewerage
K) with no symmetry restrictions, to search for lower-symmetry coordinate values differ by a maximum &f0.03 (A or rad)
structures. from those of the ground state with an average deviation of
Finally, a dual set of computations was run involving the +0.01; all average molecular stabilization energies are within
controlled heating, from 1 to 50 K, of the best Jorgen€gn 0.04 kJ mot? of the ground state. Composite standard deviations
andG; structures. of the average coordinates are included in the first row of Table
5.
IV. Results IV.A.2. A New IsomerSuperficial comparison of the coor-
dinates in Table 5 with those in Table 11 of ref 9 might overlook
Computed energies are summarized in Table 4 for each seta critical difference in the rotational coordinaje,of ligand 9.
of potential energy parameters in five different cluster symmetry In the compositeCs structure of ref 9y(9) = 0.450 rad; in the

configurations. For each potential energy surface hilgbest newCs(A) structure,y(9) = 2.359 rad. The physical implication
symmetry structure corresponding to the global energy minimum js that three ligand molecules (9, 11, and 13) of ®uA)
is boldfaced. The notationCs(A), represents the nevCs structure are rotated by approximately one-third of a revolution

structure identified in this study; the other symmetry designa- relative to their orientation in the composi@ structure. The
tions refer to the, Cs, andC; structures identified in ref 9. difference can be seen by the comparison of Figures 3 and 4,
IV.A. Results Based on the Jorgensen Parameterb/.A.1. where a seven-molecule fragment of the cluster is shown. The
The Lowest-Energy Structuréhe minimum-energy structure  fragment includes the interior molecule and the six ligands
for the Jorgensen potential energy surface@asymmetry and having negativez center-of-mass coordinates. The composite
an energy 0f—312.873 kJ moil. It should be noted that all ~ Csconfiguration (ref 9) is shown in Figure 3, and the néyA)
optimal energies calculated from the Jorgensen parameters arstructure is presented in Figure 4. In both figures, ligand
higher than their counterparts from the other parameter sets.molecules are numbered according to the convention depicted
The difference is not deemed to be significant, however, becausein Figure 2 and the fragment is viewed from the axis.
two of Jorgensen’s Lennard-Jones parameters were reported to To distinguish the newCs isomeric structure from the
only one single significant digi compositeCs structure described in ref 9, we designate the
Coordinates of the four primary ligand molecules are collected former as theCs(A) structure; the designatior; andC; are
in Table 5. The upper equatorial molecules are located at aused to refer to the two composite structures defined in ref 9.
distance of 5.407 A from the cluster center, 1.152 A above the Additional computations using the Jorgensen parameters
x—y plane, and are inclined at an angle of 74;%6eir lower successfully identified low-energy structures corresponding to
equatorial counterparts are located 4.947 A from the cluster the other two (i.e.Cs andC;) configurations; the calculates
center, 0.820 A below the—y plane, with an inclination angle  andC; energies are extremely close312.006 and-312.013
of 72.42. The upper cap molecules are locatedRat 5.348 kJ mol1, respectively. Extended simulations were carried out
A, 4.501 A above tha—y plane, with an inclination of 76.56 at 1 K using all three@s, Ci, andCs(A)) structures as starting
the lower cap molecules are located Rt= 5.378 A, are configurations: none of the initial configurations was trans-
distanced 4.521 A below the-y plane, and have an inclination  formed into any of the other configurations. When cooled from
of 78.99. The stabilization of the central molecule in this 1 to 0.01 K without symmetry restrictions, the higher-energy
structure is—44.47 kJ mot?; stabilization energies of the four  C; structure ¢312.006 kJ moll) retained its structure. In
primary ligand molecules are summarized in Table 5. In the separate simulations, all three structures served as starting
C3(A) configuration, the cluster center of mass of the ligand configurations for cooling from 1 to 0.01 K without any imposed
molecules is located &= +0.071 A. symmetry restrictions; no lower-symmetry low-energy configu-
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Figure 5. Configuration energy of the cluster as a function of
temperature. Th€3(A) configuration (solid line) is initially lower in

energy than theCi configuration (dotted line). The separation of
configuration energies continues well beyond 10 K.

Figure 3. Lower half of the composit€; structure described in ref 9 of the potential energy surface. This point will be addressed

as viewed from the-z axis. Molecules are numbered according to the below. . . s I
scheme in Figure 2. After the C3(A) structure was identified as being “new”, it

became desirable to explore tlig(A) structure using the six
potential energy surfaces from ref 9. For the Easter(B13) and
Karlstram parameter sets, the né(A) structure replaced the
structure previously identified as being lowest in energy. For
the other four parameter setsCg(A) structure was identified
that occupies &cal minimum on the relevant potential energy
surface.

IV.B. Results Based on the Easter(B13) Parameter3.he
Cs(A) structure calculated from the Easter(B13) parameters has
an energy of-325.785 kJ mati?, which is lower in energy than
the C; structure previously reported as lowest in energy.
Coordinates of the four primary ligand molecules (2, 3, 8, and
9) are collected in Table 6. The upper equatorial molecules are
located at a distance of 5.499 A from the cluster center, 1.128
A above thex—y plane, and are inclined at an angle of 73;73
their lower equatorial counterparts are locate®at 5.062 A,
0.852 A below thex—y plane, with an inclination angle of
71.56. The upper cap molecules are locatedRat 5.462 A,
4.568 A above thex—y plane, with an inclination angle of
75.37; the lower cap ligands have a distance coordinate of 5.488
A, are located 4.574 A below the-y plane, and are character-
Figure 4. Same view of the newZ3(A) structure. Ligands 9, 11, and  jzed by an inclination of 78.42 The stabilization of the central
_13 are rotated_by one-third ofarevol_utio_n relative to their orientations glecule in the structure is-45.54 kJ motL; stabilization
in the compositdCs structure shown in Figure 3. energies of the ligand molecules are summarized in Table 6.
rations were identified. Taken as a whole, the results suggestThe center of mass of the cluster is located at +0.064 A.
that all three isomers correspond to different local energy  The mean cluster energy in symmetry-unrestricted simulations
minima on the Jorgensen potential energy surface. at 1 K is —325.5 kJ mot?, whereas the energy of the static

IV.A.3. Heating Cures. To obtain a qualitative assessment average structure is325.79 kJ mot?; all average coordinate
of the separation between ti@3(A) and C; structures on the  values are in agreement0.04) with the ground-stat€s(A)
potential energy surface, both structures were subjected tostructure. The average molecular stabilization energies agree
controlled heating from 1 to 50 K. Each constant-temperature with those of the ground state within0.1 kJ mot. Standard
configuration energy was calculated as an average over 10 deviations of the average coordinates in the simulations at 1 K
Monte Carlo steps; configuration energies were computed in are included in Table 6. In a separate simulation, @6A)
temperature increments of 0.1 K. The two heating curves are structure served as the starting configuration for cooling from
shown in Figure 5, where the total configurational energy is 1 to 0.01 K without any symmetry restrictions; no lower-energy
plotted against the cluster temperature. configurations were identified.

The configurational energy of th@s(A) structure is initially IV.C. Results Based on the Karlstton Parameters. The
lower than that of th&; structure at 1 K. As the two structures new C3(A) 0.01 K ground-state structure determined from the
are independently heated, the separation of configurational Karlstrém parameters haS; symmetry and a calculated energy
energies continues, with the first possible crossover observedof —373.595 kJ moil. Coordinates of the four primary ligand
near 15 K. The separation between the two curves at low molecules (2, 3, 8, and 9) are collected in Table 7. The upper
temperature suggests that the structures occupy separated regiomsjuatorial molecules are located at a distance of 5.201 A from
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TABLE 6: Molecular Coordinates of the Ground-State C3(A) Structure (0.01 K) Based on the Easter(B13) Parameter SefE(=

~325.79 kJ mol-1)2

primary ligand E (0.05p R (0.015) © (0.005) @ (0.008Y o (0.011 B (0.017Y ¥ (0.015)
2 —22.09 5.4992 1.3643 1.3096 0.6787 1.2869 2.0128
3 —23.33 5.0620 1.7399 2.4264 3.8819 1.2490 5.7665
8 —24.18 5.4618 0.5803 0.2980 0.7990 1.3155 2.5018
9 —23.80 5.4875 2.5561 1.4855 3.3844 1.3687 2.3772

a Energies are in kJ mol, distances in A, and angles in rddStandard deviation (in parentheses), derived from symmetry-unrestricted simulations

at 1 K.

TABLE 7: Molecular Coordinates of the New C3(A) Ground-State Structure (0.01 K) Based on the Karlstton Parameter Set

(E = —373.59 kJ mot1)

primary ligand E (0.08 R(0.012§ © (0.005¥ @ (0.008Y o (0.009% 8 (0.012Y ¥ (0.011y
2 —24.96 5.2015 1.3648 1.2793 0.6738 1.2700 2.0212
3 ~26.63 4.7078 1.7336 2.4076 3.8839 1.2304 5.7264
8 —27.95 5.1226 0.5702 0.2705 0.7802 1.3320 2.5643
9 —25.52 5.1685 2.5663 1.4835 3.4174 1.3653 2.3723

aEnergies are in kJ mot, distances in A, and angles in rad. The interaction energies and distances should be viewed with caution because of
scaling issues associated with the parameter set’s application to benzene dimers (se€ &thmdard deviation (in parentheses), derived from

simulations at 1 K.

the cluster center, 1.064 A above they plane, and are inclined
at an angle of 72.77 their lower equatorial counterparts are
located aR = 4.708 A, 0.763 A below the—y plane, with an
inclination of 70.50. The upper cap molecules are foundrat
=5.123 A, 4.312 A above the—y plane, with an inclination
angle of 76.32 the lower cap ligands are B= 5.168 A, are
located 4.337 A below the—y plane, and have an inclination
of 78.23. The stabilization of the central molecule in this
structure is—52.39 kJ mot?; stabilization energies of the ligand
molecules are summarized in Table 7. In t8igA) structure,
the center of mass of the cluster is located at + 0.064 A.
The energy of the static averag€s) structure &1 K is
—373.55 kJ mot?, and the mean cluster energy in symmetry-
unrestricted simulations is373.3 kJ mot™. Average coordinate
values in tle 1 K simulations are in agreement with the ground-
stateCs(A) structure, differing by no more thah0.05; average

V. Discussion and Analysis

V.A. Summary of Key Results. The minimum-energy
(CsHe)13 C3(A) structure, initially identified by simulations on
the Jorgensen potential surface, Rasymmetry but is distinct
from the Cs structure reported in ref 9. The fundamental
difference between the two structures lies in the orientation of
primary ligand 9 and the two symmetry-related ligands (11 and
13); the third Euler rotationy, differs by ~2 rad between the
two structures.

In our description of the orientation of a given ligand, a
benzene molecule in standard orientation, as illustrated in Figure
1, is rotated through the first Euler angte, in the x—y plane
(from thex axis toward they axis). The molecule is then tilted
through the second Euler angje, in the original x—z plane
(from the z axis toward thex axis). Finally, the molecule is

molecular stabilization energies agree with ground-state valuesrotated through an angje(from theoriginal x axis toward the

within 0.04 kJ motl. Standard deviations of the average
coordinatesn 1 K simulations are included in Table 7. In a
separate simulation, th@s(A) structure served as the starting

configuration for cooling from 1 to 0.01 K without any

symmetry restrictions; no lower-energy configurations were
identified.

original y axis) while the atomiz coordinates are unchanged.
All other coordinates being equal, a difference of 2 rad in the
y coordinate implies a rotation of the molecule’s tilt axis (i.e.,
its natural zaxis) by approximately one-third of a revolution
around theoriginal clusterz axis.

Comparison of the orientations of molecules 9, 11, and 13

It should be noted that energy and distance scaling problemsin Figures 3 Cs) and 4 Cs(A)) demonstrates the fundamental
have been identified when the parameter set is applied to thedifference in orientation between the two structures. Both figures

study of benzene dimet8 Consequently, the energy values and

include only the six ligands having centers of mass with negative

distance coordinates must be viewed with caution. In our zcoordinates; the view is from the perspective of theaxis.

analysis (section V) we have included all of tlagular

The same perspective of the composiestructure identified

coordinates but have consistently omitted both the energy valuesin ref 9 is provided in Figure 6. Comparison of Figure 6 with

and distance coordinates derived from the Kartstrsurface.
IV.D. Results Based on the Other Four Potential Energy

Surfaces: Williams, van de Waal, Shi(3), and Shi(5)A new

low-energyCs(A) structure was successfully identified for each

Figures 3 and 4 reveals that tBeorientations of molecules 9,
11, and 13 are similar to those of t@g structure but are clearly
disparate from orientations in th&s(A) structure.

Although it had not been identified by previous studies, the

of the four remaining potential energy surfaces; the correspond- Cz(A) structure is demonstrably not an artifact of the Jorgensen
ing energies are included in Table 4. Although none of the four potential. Each of the other six potential energy surfaces also
structures represents the global minimum, each does represenidentifies an analogous low-ener@s(A) structure with mo-

a local energy minimum on its respective potential energy lecular coordinates that are very close to those calculated from
surface. In independerl K simulations involving 10 Monte the Jorgensen parameters. For the Kanatand Easter(B13)
Carlo steps without symmetry restrictions, each of the @A) surfaces, theCg(A) structure is thelowestenergy structure,
initial structures maintained its general structure. When the four dislodging the structures previously identified as such (which
optimizedCs(A) structures were cooled from 1 to 0.01 K with  were theC; andC; structures, respectively). For the other four
no symmetry restrictions, final structures were unchanged from parameter sets, the energy of the n@€y(A) structure ranges
the initial configuration; no nearby lower-symmetry structures from 0.24 to 0.98 kJ mol higher than that of the lowest-energy
were found having lower energy. structure. In simulations using all seven parameter sets, cooling
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TABLE 8: Coordinates and Their 95% Confidence Limits (in Brackets) for the New Consolidated (GHg)13 Structure in C3(A)
Configurationab

mol R (C] (] o p y
2 5.46 [0.08] 1.359 [0.007] 1.292 [0.015] 0.678[0.007] 1.287 [0.015] 2.004[0.017]
3 4.99 [0.09] 1.737 [0.004] 2.415[0.013] 3.878[0.010] 1.249 [0.014] 5.752[0.019]
8 5.40[0.08] 0.572[0.004] 0.279[0.017] 0.785 [0.007] 1.329[0.010] 2.578[0.019]
9 5.43 [0.08] 2.566 [0.006] 1.498 [0.030] 3.412[0.013] 1.366 [0.010] 2.375[0.016]

aDistances are in A and angles in r&dlhe R values corresponding to the Karlatngarameter set were disregarded because of scaling issues.

Figure 6. Lower half of the composit€; structure (described in ref

9) viewed from the-z axis. Molecules are numbered according to the
scheme in Figure 2. The orientations of ligands 9, 11, and 13 are similar
to those in theC; structure (Figure 3) but disparate from orientations
in the C3(A) structure (Figure 4).

Figure 7. CompositeCs(A) structure viewed from the-x axis. Only

the interior molecule and the six ligand molecules with positive center-
of-massx coordinates are shown. Molecules are numbered according
to Figure 2.

Cs(A) structure were omitted from the analysis because of the

the optimalCg(A) structure without any symmetry restrictions scaling issues previously identifiéd.
invariably failed to locate any nearby structures of lower energy. | addition to the fundamental difference in the rotational
The C3(A) structure _occupies either a local or global minimum coordinate,y(9), one other difference between tBe(A) and
on all seven potential energy surfaces. Cs coordinates is worth mentioning. In ti@(A) structure the

In low-temperature simulations using all seven parameter sets,difference between distance coordinate€) and R(3) is
clusters initially configured as(A) structures were never increased relative to th€; structure. Furthermore, in th@s
observed to locate either of the othéZ;(or Cj) structures. structure R(8) is slightly larger thafR(9), but in the newCs(A)
Furthermore, initialCs or C; structures were never observed to  structure, the order is reversed: ligand 9 is consistently further
locate the newC3(A) configuration in low-temperature simula-  from the cluster origin than ligand 8. Figure 7 shows a seven-
tions. This partially explains why th€s(A) structure had not  molecule fragment of th€s(A) composite cluster from the
been identified previously. A crossover between the two perspective of thetx axis; all six of the ligands shown have
structures was observed only in simulations where the initial positive center-of-mass coordinates; the interior molecule is
configuration was first heated to 100 K and then annealed.  also shown for reference. In Figure 7, ligands 2 and 6 are related

The configuration energy vs temperature profiles ofGe@) by Cs symmetry, as are ligands 9 and 13.
andG; structures for the Jorgensen surface are distinct at low  V.B.2. Refined Compositez@nd G Structures.In ref 9,
temperature (Figure 5). Th€s(A) configuration energy is  coordinates and confidence limits were reported for the com-
unambiguously lower than th@; energy from 1 to 15 K, and  posite C; and C; structures that were based on the optimal
significant overlap of configuration energy values is not structures computed from six parameter sets. The present work
observed until the temperature reache30 K. has identified analogous structures on the Jorgensen potential

V.B. Relationships between theCs, C;, and C3(A) Struc- energy surface. By incorporation of the new structures in the
tures. V.B.1. The Composites@®\) Structure A C3(A) structure analysis, refined averages and confidence limits were calculated
represents either a local or global minimum on all seven for both (C;3 andC)) structures. The results are recorded in Tables
potential energy surfaces, and molecular coordinates are con9 and 10. All coordinates in the refined composite structures
sistent between all seven structures. We have used the lowestare quite close to the original values, and in most cases
energyCs(A) structure determined from each parameter set to confidence limits of the coordinates have been improved. The
calculate an average compo<igA) structure and to determine  two refined composite structures are illustrated in Figures 8 and
the confidence limit associated with each molecular coordinate 9 from the same perspective as Figure 7, that is, fromitke
(Table 8). The distanceR} coordinates from the Karlstno axis. Both figures show a seven-molecule fragment that includes
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TABLE 9: Coordinates and Their 95% Confidence Limits (in Brackets) for the Consolidated (GHg)13 Structure in Cs
Configuration, Updated to Include the Optimized Structure Corresponding to the Jorgensen Paramete

mol R (C] (] o p y
2 5.38 [0.07] 1.344[0.011] 1.294[0.013] 0.737[0.036] 1.321[0.032] 1.940 [0.039]
3 5.07 [0.12] 1.751 [0.006] 2.365 [0.009] 4.071[0.032] 1.327 [0.008] 5.889 [0.035]
8 5.42[0.08] 0.570 [0.005] 0.277[0.015] 0.776 [0.009] 1.305[0.011] 2.578[0.018]
9 5.41 [0.08] 2.570[0.006] 1.296 [0.009] 3.919[0.010] 1.317 [0.012] 0.454 [0.014]

aDistances are in A and angles in r&dhe refined coordinates are quite close to the original values (ref 9, Table 11); confidence limits are
narrower for all coordinates excep(9), which is increased by 0.001.

TABLE 10: Coordinates and Their 95% Confidence Limits (in Brackets) for the Consolidated (GHe)13 Structure in C
Configuration, Updated to Include the C; Structure Corresponding to the Jorgensen Parameteir®

primary ligand R (€] [} o s y
2 5.47 [0.07] 1.25[0.08] 1.28[0.03] 0.60 [0.09] 1.28[0.06] 2.06 [0.08]
3 5.06 [0.13] 1.71[0.06] 2.32[0.02] 4.13[0.10] 1.37[0.10] 5.82[0.06]
4 5.13[0.12] 1.43[0.05] 3.45[0.01] 0.90[0.03] 1.41[0.07] 3.87[0.01]
8 5.36 [0.09] 0.54[0.02] 0.15[0.14] 0.70[0.08] 1.32[0.02] 2.64[0.08]
9 5.47 [0.08] 2.46[0.14] 1.26 [0.07] 4.10[0.32] 1.14[0.28] 0.24[0.38]
10 5.36 [0.15] 0.54 [0.05] 2.51[0.16] 0.78[0.04] 1.40[0.10] 4.68 [0.04]

aDistances are in A and angles in r&dhe refined coordinates are quite close to the original values (ref 9, Table 12); the confidence limits are
narrower for all coordinates excep(4) and®(3), which are unchanged.

Figure 8. Refined composité€; structure viewed from the-x axis.
Only the interior molecule and six ligand molecules with positive center-
of-massx coordinates are shown. Molecules are numbered according
to Figure 2.

Figure 9. Refined composit&; structure viewed from the-x axis.
Only the interior molecule and six ligand molecules with positive center-
of-massx coordinates are shown. Molecules are numbered according
to Figure 2.
the interior molecule and the six ligand molecules having .
positive center-of-masscoordinates. A comparison of Figures Rotation
7 and 8 once again emphasizes the fundamental uniqueness of
the orientation of ligands 9, 11, and 13 in t@¢A) structure.
In the C; structure (Figure 9), the molecular pairs (2, 6) and (9,
13) are unrelated by symmetry. C
V.B.3. The (@Hg)13 Potential Energy SurfaceSimulation i 56
outcomes consistently point to the conclusion that the Gg) Figure 10. Two separate regions on the &)1z potential energy
structure occupies a region on the potential energy surface thatsurface. The; region contains th€s, Ci, andS structures, which all
is isolated at low temperatures from the region occupied by the have similar orientations for molecules 9, 11, and 13. Transformation
Cs andC; structures. A simple cartoon illustrates the relationship Peween theCs and Cs(A) regions requires a concerted rotation of
in Figure 10. ligands 9, 11, and 13, which initially requires the breaking of favorable
e intermolecular carbonhydrogen interactions.
In ref 9, distinct low-energyCs and C; structures were
identified for all except the Williams potential energy surface. In the present set of low-temperature simulations, no initial
In all those simulations, when thegherenergy structureGs configuration in theCs region was ever observed to migrate to
or C;) was annealed to 0.01 K without symmetry restrictions, theCz(A) region, nor vice versa. (The migration between regions
the structure always evolved into tteever-energy configuration. was observed, however, when the initial structure was first
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heated to 100 K before undergoing annealing.) Although our TABLE 11. Predicted Symmetries of Coexisting Isomers
present data are insufficient to accurately establish the minimumand Their Computed Energies (kJ mol)

temperature corresponding to an activation energy for inter-  parameter set Csregion Cs(A) region
conversion, that temperature cannot be lower than 15 K and is Williams S (—325.329) C(A) (—324.723)
more likely to be near 30 K, based on the heating curves in van de Waal Cs(—325.272) Cs(A) (—324.290)
Figure 5. Shi(s) Ci (—325.096) Cs(A) (—324.173)

Qualitatively, the existence of a potential barrier between the ~ Shi(3) Cs (—326.223) C4(A) (—325.980)
Cs andC3(A) regions is reasonable because of the differences Eggfetigls) g?((__332752'ffg)) gzgzg E:g;g?gg;
in orientation between ligand molecules 9, 11, and 13. In the  j5rgensen G (—312.013) Ca(A) (—312.873)
C; and C; (and &) structures, the three ligands asenilarly C; (—312.006)

oriented; transformations among these three structures involves , ., lowest-energy structure in this region is identified for each
movement of molecular centers of mass and relatively small ,orameter set. For the Jorgensen potentialQiendC: isomers have
changes in orientation but does not require the breaking of nearly identical energies.
favorable carborrhydrogen intermolecular interactions. On the
other hand, the transformation of a cluster from @eregion the seven parameter sets. One of the isomers will always assume
to theCs(A) region requires a concerted rotation of three ligands, the C3(A) structure. Identification of the isomer representing
which substantially alters their orientations relative to other theC; region differs, depending on the potential energy surface.
molecules in the cluster. Such reorientation cannot be effectedThat isomer may have a point-group symmetrgofwilliams),
without first breaking up favorable carbehydrogen inter- Cs; (van de Waal, Shi(3), and Karlstg, or C; (Shi(5),
molecular interactions, which requires the input of energy. At Easter(B13), and Jorgensen). (It should also be noted that,
low temperatures, ambient energy is insufficient to overcome pecause the Jorgens€gstructure is extremely close in energy
the barrier to rotation. to theC; structure, there is a small likelihood thfreecoexisting
V.C. Correlation to Experiment: Coexistence of Isomers isomers.)
in Free Jet Expansions.Experimental results based on the The coexistence of two isomers in the cluster beam is
ultraviolet spectroscopy of @)1z have led to ambiguous  consistent with, and helps to clarify, the experimental spectro-
conclusions in regard to the symmetry of thekig)1s cluster. scopic data. (1) The presence of two isomers, irrespective of
The apparent absence of absorption from the cluster’'s centralsymmetry, accounts for the “doublet” that is observed originating
molecule in the B, — A1q 03 spectrum is cited as support for ~ from absorption of the interior §6ls molecule in the (€Hg)-
a Cs (or higher symmetry) structurfepn the other hand, the  (CgDg)12 By — A1g 6(1) spectrum. The two peaks that comprise
presence of a “doublet” feature arising from the central the doublet differ in intensity by about 2% and are separated

molecule’s absorption in the isotopically labeledt(g(CsDs)12 by 1.8 cn11® consistent with the coexistence of two isomers
Bou — Ay 63 spectrum argues against the idea that there is with nearly equal populations and slightly different energies.
only one isomer in the beam and that it I&ssymmetry? The That the doublet feature consists of two (not three) peaks

hypothesis of the coexistence of two isomers in experimental possibly rules out the presence of three isomers (noted above
cluster beams was advanced in ref 9 and was primarily in relation to the Jorgensen potential) although “accidental”
motivated by a desire to reconcile apparent discrepanciesequality ofCs; andC; transition energies, though unlikely, could
between experimental results. The two-isomer hypothesis wasconceivably result in the observed doublet feature.
rationalized from the observation that two low-energy isomers  The argument foCs or higher symmetry from the @Ele)13
(Cs and C;) were predicted by five of the six parameter sets, 08 spectrum in the original experimental report was based on
even though only one such isomer corresponds to a local energythe absenceof a specific spectral feature corresponding to
minimum for a given parameter set. absorption from the central molecule; this absorptiofoibid-

Results of the present study provide substantial new supportdenin the (8 spectrum when the central molecule’s environ-
for the coexistence of two isomers in the spectroscopic experi- ment hasCs (or higher) symmetry.In ref 9, it was argued that
ments. Furthermore, the theoretical foundation in support of the the presence of two isomers in the cluster beam (one of which
two-isomer hypothesis is made much more compelling through was presumed to b@ in symmetry) could not be ruled out for
these results, by providing an improved model of the dynamics three reasons: the corresponding feature in fhep@ctrum is
that result in coexisting isomers. small; the experimental signal used to measure §rspéctrum

As clusters form and then are cooled during supersonic is between 2 and 3 orders of magnitude weaker than @he 6
expansion, their temperatures decrease rapidly. Below a criticalsignal; therefore, the apparent absence of a very weak hypo-
temperature, defined by the potential energy barrier illustrated thetical featureouldbe the consequence of experimental signal
in Figure 10, each cluster will be trapped in either @aegion limitations. The same arguments continue to apply if the two
or theC3(A) region. Clusters trapped in tl@&; region ultimately coexisting isomers hav€; and C; symmetries, which is the
anneal to &Cs, C;, or S configuration, depending on which of  combination predicted by three of the parameter sets.
the three represents the energy minimum. Clusters trapped in  However, these new results raise two other possibilities: that
the C3(A) region will ultimately anneal to th€s(A) configu- both isomers haveC; symmetry (van de Waal, Shi(3), and
ration. The cluster becomes trapped in one of the two regions Karlstram) or that one isomer h&3; and the othe& symmetry
when the temperature drops below the critical temperature, and(Williams). In both of these combinations, none of the isomers
the ambient energy is insufficient to effect the concerted rotation has a symmetry lower thads, which is entirely consistent with
of ligands 9, 11, and 13. The separation of clusters into the two the original interpretation of the 8— A4 0 spectrum.
regions is kinetically driven; as a first approximation, therefore,  An important question remains: Are there additional isomers
it is supposed that approximately equal populations will be that have not yet been identified? In the four studies published
trapped in each region. prior to this report, th€€3(A) isomer remained hiddet? even

On the basis of this model, the predicted symmetries of the when initial structures were cooled from 100 K by temperature
two coexisting isomers are collected in Table 11 for each of steps of—1 K, with each temperature step consisting of 10
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Monte Carlo step&The principal difference in the present study compelling theoretical foundation in support of the hypothesis
is that initial structures were first heated to 100 K before cooling; that two isomers of (gHeg)13 coexist under experimental

in ref 9, initial structures (derived from previously published conditions.

results) were cooled from 100 K without prior heating. As a  The isomer representing the ne®y(A) region is uniquely
result, twice as many Monte Carlo moves were applied in the Cgzin symmetry. The specific symmetry of tkx region isomer
current simulations compared to those of ref 9. If the potential is still undetermined. The seven parameter sets predict that it
barrier between th€; and C3(A) regions is sufficiently high, will have eitherSs, Cs, or C; symmetry; all three possibilities
the probability of crossover between the two regions would can be reconciled with spectroscopic results. Ongoing efforts
substantially increase with the increasing number of Monte Carlo in our laboratory focus on the identification of the second
steps; this could explain why th€sz(A) structure was not isomer’s symmetry and structure. Spectroscopic two-color data
identified previously. Does it follow that additional isomers have been measured forgds)13in both the @ and fébands of
would be identified by carrying out additional extended simula- the cluster's B, < A1q vibronic transitiont> The clusters were
tions? The spectroscopic data suggest the presence of only twgenerated under cold expansion conditions, and the spectra are
(CeHe)13 isomerss; the probability of yet-unidentified isomers  characterized by reproducible sharp features. Current efforts are
appears to be small but cannot be ruled out. This question will being made to interpret those spectra within a weak-interaction
be ultimately settled in one of two ways: (1) further simulations model to establish the structures and symmetries of isomers that
that positively identify additional isomers or (2) interpretation coexist in the experimental free jet expansion.

of the experimental data via a realistic model that fully and

unambiguously characterizes all isomers present in the free jet Acknowledgment. The author gratefully acknowledges the
expansion. Robert A. Welch Foundation for support of this work through
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