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Correlated (MP2) calculations with 6-31G and 6-31G* basis sets have been used to probe the equilibrium
geometries of the benzene trimer, tetramer, and pentamer. The lowest energy configuration was found to be
a trigonal Cs, structure for the trimer and a tetrahedral Structure for the tetramer. For the pentamer, the
MP2/6-31G calculation yields the lowest energy structure, which is a trigonal bipyr&xd I the tetramer

and pentamer, the fourth and fifth benzene molecules occupy the apex of the trigonal bipyramid with their
molecular plane perpendicular to the 3-fold symmetry axis of the cyclic trimer motif. These structures, which
maximize nearest-neighbor coordination number, suggest manifestation of the Wefelmeier growth sequence
in benzene clusters.

Introduction bipyramidalCs, structure as the lowest energy conformer. These
results suggest the manifestation of the Wefelmeier growth

In the two recent papers we have reported the ab initio :
sequencein benzene clusters.

geometry search, carried out at the MP2/6-31G level of theory,
for the van der Waals (vdW) trimer of naphthalérend the Ab Initio Calculations
dimers of benzene, naphthalene, and anthrat&oe.naphtha-
lene trimer, the computation yielded the lowest energy cyclic
Csn equilibrium structure which is essentially identical to the
experimental geometry obtained from the rotational coherence

spectroscoy. Other trimer conformers were found to be . -
considerably higher in energy than the lowest energy configu- molecules, high level treatment of electron correlation, or the
use of large basis sets, is precluded. It is therefore fortunate

ration. For the dw_ners of benzene, naphthalgrje,_ and anthracenemat Mgller-Plesset (MP2) perturbation theory with 6-31G basis
the calculation yielded two low-energy equilibrium structures

of very similar energied They are the parallel-displace@) set appears to provide reasonable geometries for naphthalene

. trimer as well as the dimers of naphthalene and anthracéne.
and T-shapedd,,) structures for benzene and parallel-displaced Full geometry ootimizations for the benzene trimer and
(Can) and crossed[¥yg) structures for naphthalene and an- 9 y op

- . tetramer, at the MP2/6-31G and MP2/6-31G* leVélsising
thracene. The two dimer conformers of benzene are very similar . ; . -

. . I~ . redundant internal coordinat@svere performed with Gaussian
to those from previous high-level ab initio calculatidnkut

. 14 .
there is no experimental or other ab initio geometries with which 94 suite of programs:4The geometries for the pentamer were

) fully optimized in Cartesian coordinate space at the MP2/6
the computed dimer structures for naphthalene and anthraceneslxllevgI of theory using the parallel mOdLﬂe of MP2 gradients
can be compared. Nonetheless, the spectroscopy and photo=

physics of the two dimer conformers of anthradehere available in the GAMESS packadeAs in the two previous

1,2 - i
consistent with what would be expected of the crossed and theworks, the low-energy conformg rs of thg benzene trimer and
. . tetramer were located by performing a series of 100 ps molecular
parallel-displaced dimers.

In this paper we extend the ab initio calculation with MP2 dynamics (M.D). trajectori_es calculations, followec_i by  ful
correlation to benzene trimer, tetramer, and pentamer. An geometry optimizations with the molecular mechanics (MM3)

AT . .
interesting question the extension to larger benzene clusters cargﬁﬁzggg; TEZI ggtﬁhmﬁzggsggrlgég i)(/a ga(;:‘“tﬁse/:g\?vcgr?grl;)s/ E{i?]igr;]a:am

address IS yvhether the minimum energy structures are thoselocated using the MM3 force field, were then used as the initial
that maximize nearest-neighbor coordination nunioes, re- T .
guess for full geometry optimizations at the MP2 level with

vealed in the structures of atomic clust&ile show here that h .
the minimum energy configuration, obtained with 6-31G and the 6'319 and 6.'316 basis sets. AS. demonstrated for ngph-
thalene trimet, this scheme of calculations appears to provide

6-31G* basis sets, is a symmetrical cydlg, structure for the . .
. a good compromise between accuracy and computational
trimer and a tetrahedrals structure for the tetramer. For the ) . . .
efficiency. As in the study of naphthalene trinferelative

pentamer, the MP2/6-31G calculation points to a trigonal energies of different conformers were directly computed without
* Goodyear Chair in Chemistry at The University of Akron. E-mail: ~ COITections for basis set superposition error. All ab initio
elim@uakron.edu. Fax (330) 972-6407. guantum chemical calculations were carried out on a Cray-T94
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Accurate ab initio studies of aromatic clusters must include
electron correlation in order to obtain good representations of
dispersion and electrostatic forces that are responsible for
binding of the species. Because of the large size of the vdW
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at the Ohio Supercomputer Center and on an IBM SP2 parallel
supercomputer available at the National Institute of Standards \

2 2
and Technology. \ 5
3 3
Results and Discussion i —_— \ !

Experimental Data, Force Field Calculations, and Mo-

. . . . cyclic () cyclic {b) sandwich
lecular Dynamics Simulations.Before presenting the results
of the ab initio calculations, it is useful to summarize the :
available experimental data, force field calculations, and MD
simulations, pertaining to the structures of small benzene 2 ! 3 2
1 3 2

clusters. e e ‘ S

For both the benzene trimer and tetramer, the experimental N

data concerning their geometries come from low-resolution
Raman and REMPI (resonance-enhanced multiphoton ioniza-
tion) spectra and binding energy measurements, which do not
yield quantitative structural data. Nonetheless, the results of added to one of the molecules in the cyclic trimer in a T-shaped
mass-selective ionization-loss stimulated Raman spectroscopyedge-to-face configuration. On the basis of the energy minimi-
(ILSRS) experiment of Felker and co-work¥rdemonstrated zation using the exp-6-1 potential, van de Waaroposed a
that the three benzene moieties in the trimer reside in equivalentfused double tetrahedron structure for the pentamer.
sites (i.e., the totally symmetric-€H stretching fundamental The structures of small benzene clusters have also been
has only a single feature). The most likely structure of the probed using molecular dynamics (MD) simulatidfsThe
benzene trimer is therefore a cyolig structure. A cyclic trimer  trimer was found to have a cyclic structure. The tetramer is
geometry was also proposed by Neusser and co-wotkerisp formed from the cyclic trimer by attaching the fourth benzene
determined the dissociation energies for monomer evaporationmolecule in edge-sandwich configuration. For the structure of
from the measurement of ionization and appearance potentialsthe pentamer, Li et & obtained a fused double tetrahedron
and by de Meijere and Huiskéfwho measured laser fluence sharing a face, as in the structure proposed by van de #aal.
dependence of IR photodissociation. For the benzene tetramer To summarize, while the semiempirical and nonempirical
and pentamer, the results of ILSRS experiments suggest thatmodel potentials are in agreement that the preferred geometry
the benzene moieties occupy three or more inequivalent sitesof benzene trimer is a symmetrical cyclic structure, they differ
(i.e., three or more bands are present in theHCstretching on the question of whether the cyclic structur€isor Cz, and
fundamental regioni but the possibility of these species having whether the para €H (i.e., G-H, and G-H) bonds of each
only two major inequivalent sites cannot be definitely ruled benzene moiety are oriented parallel to g axis. For the
out?! On the basis of IR photodissociation, and the structure tetramer, there is no agreement concerning its minimum energy.
calculation with the exp-6-1 force fiefd, de Meijere and Ab initio Structures. In the case of the trimers and the
Huiskerf® proposed a tetramer structure in which the fourth tetramers, it has been found that optimizations at the MP2/6-
benzene molecule is added to the cyclic trimer in such a way 31G level predict geometries (not shown) that are very similar
to form a dimerlike arrangement with the neighboring moiety to the ones obtained with MP2/6-31G* calculations (vide infra).
in the trimer. That the; (C-H stretch) ILSRS spectra of the  The only significant difference is that the intermoiety distances
pentamer are qualitatively similar to those of the tetrdfied obtained from the MP2/6-31G calculation are approximately
to the proposal that within the pentamer geometry there is a 3% shorter than those from the MP2/6-31G* calculation. Given
tetramer motif that has a geometry very similar to that of the this result, and the significant amount of computational resources
bare tetramet8 necessary to carry out full geometry optimizations at the MP2/
Several structure calculations based on semiempirical force 6-31G* level, the geometries for the pentamer were optimized
fields have been reported for the trimer and tetramer of benzene.only at the MP2/6-31G level.

double T H stacked

Figure 1. Low-energy MP2/6-31G* structures for benzene trimer.

All employed energy minimization using the empirical exp- Trimer Conformers. In Figure 1, we show the six low-
6-1 nonbonded atomatom potentials of Williams?2 The first energy ab initio trimer geometries we have obtained from the
of these is due to van de Wadlwho obtained a cyclicC; MP calculations with 6-31G basis sets. Three of the structures

geometry for the trimer and a tetrahedral structure for the correspond to those examined by Hobza and co-woRRersing
tetramer. In this tetramer geometry, the intermolecular distancesthe NEMO potentiaf® The lowest energy ab initio trimer
and orientations are such that there are two different pairs of geometry is the cyclicCs, structure. Of the twdCs, trimers,
equivalent benzene moieties. Williafhsalso obtained this  the one with the para-€l bonds lying perpendicular to the;
structure, designated “tetrahedral”, as the global minimum by axis of the trimer appears to be of lower energy, relative to the
off-ridge eigenvector minimization with annealing (OREMWA). one in which the para <& bonds lie parallel to th&; axis

The three other structures examined by Willig#hsface- (Figure 3). All other trimer geometries, including the H and
triangular”, “edge-sandwich”, and “edge-triangular”, were found the double T structure’$,are substantially higher in energy than
to have substantially smaller binding energies. The least stablethe Cs, structures. Tables 1 and 2 list respectively the intermoiety
of the three is the edge-triangular structure proposed by dedistances and the relative binding energies for various conform-
Meijere and HuiskeR? Most recently, Engkvist et &F used ers. The results in Table 2 indicate that despite the fact that the
NEMO (nonempirical model) potentia?, calibrated by com- relative binding energies computed with the 6-31G basis are
parison with CCSD(T) dispersion forces based on benzene dimerlower by a factor of 2-3 with respect to the results obtained
energies, to investigate the structures of benzene trimer andwith the larger basis 6-31G*, the trends in the relative stability
tetramer. Of the three low-energy trimer conformers, a cyclic of the conformers is systematically reproduced. This result is
C; structure was found the most stable. The minimum energy encouraging, given the significantly smaller computational
NEMO structure of the tetramer has the fourth benzene moleculeresources required with the smaller basis. Common wisdom
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3 TABLE 3. Intermoiety Distances (in Angstroms) for the
=== Low-Energy Conformers of the Benzene Tetramer,
2 Computed at the MP2 Level with the 6-31G* Basis Set
/ face-triangular tetrahedral edge-sandwich edge-triangular
4 Ri2 4.725 5.802 4.704 4.742
= y Ris 4.725 4.572 4.704 4.742
Ria 5.380 4.579 4.745 8.370
face-triangular tetrahedral Res 4.725 4579 8.204 4.742
Ro4 5.380 4.572 5.287 7.455
\ / Ras 5.380 7.076 4.992 3.726
1
TABLE 4. Binding Energies (in kJ/mol) of Various Benzene
1 / 4 2 Tetramers Relative to the Most Stable Conformer
m—— 3
conformer AE(6-31G) AE(6-31G*)
% 4 face-triangular 0.00 0.00
tetrahedral 11.79 11.67
) ) edge-sandwich 12.90 12.14
edge-sandwich edge-triangular edge_triangular 27.77 29.06

Figure 2. Low-energy MP2/6-31G* structures for benzene tetramer.

. the lowest energy geometry of the naphthalene trimer, predicted
S by the MP2/6-31G optimizatiohand the experimental geometry
ﬁ obtained from the rotational coherence spectroséopy.
Tetramer Conformers. The intermoiety distances and the
binding energies of various tetramer conformers are given in

Tables 3 and 4, respectively. Figure 2 presents the four low-

. energy tetramer structures obtained from the MP2 calculations

} with 6-31G* basis sets. They correspond to the low-energy
OREMWA structures described by Willianrd$The most stable

tetramer structure obtained by our ab initio calculations has the

fourth benzene molecule located at the vertex above (or below)

the trimer facet with its molecular plane perpendicular to the
Cs axis of the trimer (see Figure 3). THZ; tetramer, designated
% “face-triangular’ by Williams?* is about 12 kemol~! more
5 ° stable than any other tetramer geometry (see Table 4). The
fused double tetrahedron trigonal bipyramid OREMWA tetrahedral global minimum structétend the edge-
Figure 3. Two likely low-energy structures for benzene pentamer.  sandwich structuré are the next most stable ab initio geometries
) . i of the tetramer. This is followed by the edge-triangular
TABLE 1. Intermoiety Distances (in Angstroms) for the structur@* in which the fourth benzene molecule is added to
Low-Energy Conformers of the Benzene Trimer, Computed - . . . - -
at the MP2 Level with the 6-31G* Basis Set the cyclic Cg, trimer in such a way that it makes a dimerlike
arrangement with one of the trimer moieties. Interestingly, our

conformer Rz Ris Res edge-sandwich structure is exactly the same as struBtofe
cyclic (a) 4.700 4.700 4.700 Engkvist et al26 based on the NEMO potential. The NEMO
cyclic (b) 4.751 4.751 4.751 global minimum is, however, only a local minimum in our ab
Zzﬂg\(gﬁ.h i'ggg g_'?fg 2_‘35052 initio intermolecular potentials, and it transforms very rapidly
H 4.870 9.740 4.870 to the face-triangular in the MD simulations. Both the most
stacked 3.967 7.685 3.967 stable face-triangular (or capped trimer) and the second most

stable tetrahedral have the center of each benzene molecule
occupying the vertex of a tetrahedron. Of the four low-energy
tetramer structures, only the face-triangular has significant dipole

TABLE 2. Binding Energies (in kd/mol) of Various Benzene
Trimers Relative to the Most Stable Conformer

conformer AE(6-31G) AE(6-31G*) moment { = 0.63 D as computed at the HF/6-31G level). Given
cyclic (a) 0.00 0.00 the propensity for strong edge-face interaction in benZeme
cyclic (b) 2.45 7.36 the extraordinary stability of the cyclic trimer, the predicted
sandwich 11.75 27.40 lowest energy tetramer structure, viz., face-triangular, appears
ﬂOUble T 1132;5863 33319980 quite reasonable. It should be noted from Table 4 that there is
stacked 16.12 36.41 an excellent agreement between the relative binding energies

computed at the MP2/6-31G level and those obtained with MP2/
dictates that in order to properly describe the interactions 6-31G*. These results provide additional support for the use of
between aromatic molecules, it would be necessary to combineMP2/6-31G in the optimization of van der Waals clusters of
correlated methods (such as MP2) with basis sets which contain,aromatic molecules.
at least, the polarization functions. The fact that the relative = Pentamer Conformers.The ab initio structure calculations
binding energies of various conformers are reproduced with a are extended to the two likely conformations of the pentamer.
relatively small basis without polarization functions (i.e., 6-31G) One is the fused double tetrahedron sharing a face (Figure 3)
may be due to a fortuitous, but systematic, cancellation of errors and the other is a trigonal bipyramid (Figure 3) in which the
between the lack of convergence of the perturbation theory usedfifth benzene molecule in the pentamer occupies the site opposite
(second order) and deficiencies of the basis set employed. Thisto that occupied by the fourth molecule in the face-triangular
supposition is supported by the excellent agreement betweentetramer (Figure 3). The fused double tetrahedron is the most
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TABLE 5. Intermoiety Distances (R; in Angstroms) and

Relative Binding Energies AE(6-31G) in kJ mol~1] for the

Two Conformers of the Benzene Pentamer Considered in

This Study \
trigonal fused double
bipyramid tetrahedral /

Ri» 4.823 5.386
Ris 4.823 5.386
Rus 5.640 5.970
Ris 5.640 5.970 9@ (% C@
Res 4.823 5.386
Roa 5.640 5.970

Ros 5.640 5.970 —_—
Rea 5.640 5.970
Res 5.640 5.970

Rus 9.801 9.933
AE(6-31G) 0.00 17.45
stable pentamer structure according to force field calculafons

as well as MD simulation&] whereas the trigonal bipyramid is

a good candidate structure based on the high stability of the Figure 4. Top and side views of the lowest energy MP2/6-31G*

cyclic trimer and the face-triangular tetramer. In both of these structures of the benzene trimer, benzene tetramer, and the lowest energy

pentamer structures, the molecular center of each benzenéVlPZ/G-slG structure of the benzene pentamer. In these structures, the

molecule occupies the vertex of a trigonal bipyramid, and the center of the benzene molecule occupies a corner of an equilateral
. . . . . triangle or a vertex of a polyhedron, as indicated in the figure.

only difference between them is the relative orientation of the

benzene moieties. Table 5 presents the results of our correlateqpg trimer, the tetragonal configuration for the tetramer, and

MP2 optimizations with the 6-31G basis set, which demonstrate ¢ trigonal bipyramidal configuration for the pentamer is clearly

that the trigonal bipyramid is clearly the lower energy structure. yemonstrated by these structures as well. It therefore appears
Comparison of the Ab Initio Structural Predictions with that the Wefelmeire growth schefngroduces the most stable

Experiment and Force Field Calculations.The lowest energy  structures for the small microclusters of benzene.

MP2/6-31G* structures for the trimer and the tetramer as well

as the MP2/6-31G structure for the pentamer are shown in Conclusions

Figure 4. Correlated (MP2) calculations with 6-31G and 6-31G* basis

The ab iniFirc]) ChyC:ifSCRshS) geometry ?‘thhli benzgne trim% IS sets for benzene trimer and tetramer, and the calculation with a
consistent with the spectrum of Felker and co-Workers, g 375 pasjs set for the pentamer, yield the lowest energy

which indicates that the three benzene moieties occupy equwa’configuration which is Can trigonal structure for benzene
Iept sites. The cyclic trlimer geometry is also in accord with the trimer, aCs tétrahedral structure for benzene tetramer, and a
trimer stru_ctuges obtained by the L\IEMO potentfathe exp- ¢ trigonal bipyramid for benzene pentamer. While the cyclic
6-1 potentiaf? and MD simulatiort . trimer structure is consistent with the experiment, the computed
The Cs face-triangular tetramer structure obtained from the tetramer and pentamer structures cannot be verified with the
ab initio calculations differs from the minimum energy structures existing experimental data. Nonetheless, the large binding

based on the_empir!c’élj“and nonempirical potentialas well  energies of these structures relative to others, as well as the
as the MD simulatio? The ab initio tetramer and pentamer  gemonstrated success of the methodology in reproducing the

as the number of inequivalent sites is concerned. However, sincecredence to the predicted structures of the benzene tetramer and
the fourth and fifth benzene molecules in these species occupypentamer. Since these structures are those that maximize the
the apex of the trigonal bipyramid, Figure 4, the computed pearest-neighbor coordination number, the results suggest pos-
structures can rationalize the spectral resemblance of the ILSRSsjple manifestation of the Wefelmeier growth scheme in benzene
spectra of the tetramer and the pentaffer. clusters.
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