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The equilibrium structures of small microclusters of benzene and naphthalene were computed by a simple
Hartree-Fock dispersion (HFD) model, in which a self-consistent field calculation is supplemented by an
empirical dispersion term. The minimum energy conformers so obtained with the 6-31G basis set are essentially
identical to those obtained from a second-order M@elRlesset calculation with the same basis set. The
trends in relative stabilities are also in general accord with those from the correlated ab initio calculation.
These results demonstrate the utility of the HFD models in the conformational search of aromatic clusters.

1. Introduction
As the species formed due to intermolecular interactions, the
geometrical structures of aromatic dimers and higher clusters, \
generated by free jet expansion, provide important information
concerning the nature of the forces between aromatic molecules /

and clusters’ other properties. Moreover, the study of clusters
has applications in photochemistry, catalysis, homogeneous
nucleation, the structure of condensed matter, and fabrication

of nanodevices. For these reasons, the structural probe of the
small clusters of aromatic hydrocarbons has been the subject
of considerable interest in recent years. Unfortunately, because

clusters are bound by weak electrostatic and van der Waals
(vdw) forces, they tend to have floppy structures that are
difficult to characterize experimentally. Quantum chemistry Figure 1. Top and side views of the lowest energy MP2/6-31G
calculations are therefore useful for interpreting experimental structures of the benzene trimer, tetramer, and pentamer.
observations and for making structural predictions in the absence
of experimental measurements. Reliable ab initio studies of benzene are very similar to those from previous high-level ab
aromatic clusters must include electron correlation explicitly initio calculations:® but there are no experimental or other ab
in order to obtain good representations of dispersion and initio geometries with which the computed dimer structures for
electrostatic forces that are responsible for binding of the species.naphthalene and anthracene can be compared. Nonetheless, the

In three recent papers, two of the authors have reported abspectroscopy and photophysics of the two-dimer conformers of
initio geometry searches, carried out at the second-orderanthracent® are consistent with what would be expected of
M@eller—Plesset (MP2)/6-31G level of theory, for the vdw the crossed and the parallel-displaced dinfdtstension of an
trimer of naphthalen&for the dimers of benzene, naphthalene, exhaustive MP2/6-31G structure search to the vdW trimer and
and anthracengand for the trimer, tetramer, and pentamer of tetramer of benzene, and a limited search for the pentamer of
benzené.For naphthalene trimer, the computation yielded the benzene, indicates that the minimum energy structures of the
lowest energy cycli€z, equilibrium structure that is essentially ~ species are triangleCg) for the trimer, tetrahedronCg) for
identical to the experimental geometry obtained from the the tetramer, and possibly trigonal bipyrami@s() for the
rotational coherence spectroscdp@ther trimer conformers  pentamef In the tetramer and pentamer, the fourth and fifth
were found to be considerably higher in energy than the lowest benzene molecules occupy the vacant sites (apexes) in the
energy configuration. For the dimers of benzene, naphthalene,trigonal bipyramid with their molecular planes perpendicular
and anthracene, the calculation yielded two low energy equi- to the 3-fold symmetry axis of the sites occupied by the cyclic
librium structures of very similar energié3hey are the parallel-  trimer, as seen in Figure 1. Interestingly, these minimum energy
displaced C2n) and the tilted T-shaped structures for benzene structures are those that maximize nearest-neighbor coordination
and the parallel-displace4,) and crossedyq) structures for number. Apparently, the high symmetry and small size of
naphthalene and anthracene. The two dimer conformers ofbenzene, combined with its lack of permanent dipole moment,
s " - " o render the benzene microclusters to follow the structauébau
e o e e o Svareoy i e Uy o Ao (Wefelmefer growth sequendéused to describe the atomic
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conformers and relative stabilities that are identical to the ones perturbatively at the end of the SCF procedure. For a molecular
obtained at the lower MP2/6-31G levl. cluster, the total electronic energl(p) is therefore

Because quantum chemistry calculations that include electron
correlation explicitly are computationally expensive, the ab initio
structure calculations even at the modest MP2/6-31G level of . . . .
theory are impractical for aromatic clusters significantly larger whereEyr is the HartreeF_ock energyudisp is the (_1|sper3|o_n
than benzene pentamer or naphthalene trimer. Computationallyene.rgy’ andy IS the damping f_unc_tlon. Th? da_lmplng f_unctlo_n
efficient methods are therefore needed for the structural elucida-(f”) is needed in .order to "?‘VO'.d singularities n the qllspersmn
tion of larger clusters. Two such methods, differing in their energy at small interatomic d|stgnces. The dispersion energy
approaches, have been utilized for the structure study of smallVas obtained using the expression
benzene and naphthalene clusters. One of these involves energy NMOL-1 NMOL NAT, NAT, (cc U

minimization calculations using empirical potential energy U. —— 2)
calculations. The model potential functions most commonly used disp Z‘ Z Z Z _;

in this method are the exp-6-1 potentials of Willidiand the e L
nonempirical molecular orbital (NEMO) potential proposed by

Wallquist et al*? The use of the exp-6-1 potentials generally
leads to a cyclicCs) minimum geometry for benzene trimér®

Enep = Ee 1 Ugisp X fa 1)

Here,NMOL is the number of molecules in the clustBiAT,
is the total number of atoms for moleculeR; is the distance

but yields two rather different tetramer structures, depending between atorm_a_nd atom in moleculesa_l andy, respect_w_ely,
and the coefficients are the-order dispersion coefficients

on the method of energy minimization. In one of thés&the corresponding to atomsandj. In our work, the dispersion term
intermolecular distances and orientations are such that there are P 9 J- ! P

. - . . in eq 2 is truncated to the lowest ordar 6). For C-C, H—H,
two different pairs of equivalent benzene moieties. In the dther, and C-H interactions, we have used the dispersion coefficients
the fourth benzene molecule in the tetramer is added to one of ' P

the molecules in cyclic trimer in a dimerlike arrangement. reported by Huiszoon and Mulder(Cs(C—C) = 2.17 J nrf

Neither of these tetramer geometries agrees with the minimumgno:ﬁl’ Cﬁfﬂ_? _ﬂ?'lg7 J r!rﬁ nf10| lt’. and Q(ﬁ_H) —dO.(EOg th
energyCs tetramer structufeobtained from the MP2/6-31G* nmrmo )- For the amping function, we have adopted the
calculation. Energy minimizations with the NEMO potential also simple two-parameter sigmoid function
yield a cyclic trimer, but the NEMO tetramer has the fourth 1
benzene molecule added to one of the molecules in a T-shaped e (Rij) T oRoRN
edge-to-face configuratiod. Potential energy minimization (1+e ")
calculations on naphthalene with genetic algorithms and the
NEMO potential yields a crossed dimer and a cyclic trimer as
the minimum energy structuré$The second computationally
efficient method is HFD (HartreeFock dispersion) model that
combines an ab initio self-consistent field (SCF) interaction
energy with empirical dispersion energy. In this approach, gy yalye forR— 0 to 1 for largeR in a manner determined
proposed originally by Hepburn et &.the interaction between by the paramete. The damping function parametessand
the moI(_acuIes is described by t_he computatio_nally efficient S_CF Ry used in this work were obtained by monitoring the behavior
calculation and the worst deficiency of SCF, i.e., the exclusion e dispersion energy potential as a function of the interatomic
of electron correlation (and hence the neglect of dispersion), is jistance for ©C. H—H. and C-H interactions. As shown in
corrected by adding an empirical dispersion term of the form pq,re 24 singularities in the dispersion energies occur ap-
.C”/Rn' The d|sp_er5|on term in such a model pot(_entlal must proximately at interatomic distances of 0.6 bohrs fer@ 0.5
include a damping functlorfr!(R), to suppress the singularity o for C-H, and 0.4 bohrs for HH interactions. The plot
as R — 0.2 Although a'vanety of HFD mlode'ls have been Figure 2b shows that the singularity in the dispersion is
proposed for clusters of inert-gas atofhapplications of these significantly attenuated by taking values of 1.5 bohand 6.0
models to molecular systems have been limited only to the work o for o and Ro, respectively. The profile of the damping
of Scheiner and co-workers on dimers of benzene and tetfazine function used in t'his work is also shown in Figure 2c. Given
and that of Carsky et &k.on benzene dimers. These calculations, the improvement in the qualitative behavior of the damped
carried out with small basis sets and without full geometry energies with these parameters, no further refinement or
optimizations, have shown that the most stable geometry of theparametrization was attempted.
benzene dimer is of the T-shaped type. A question of consider-" roative HED binding energies of various low-energy con-
able interest is whether this approach can be applied to properlys,mars were compared with the corresponding MP2 valugs.
de;cribe the interaction energy of Ia_lrger molecular clusters for e HED routines were implemented in a local version of the
which many-body effects could be important. GAMESS packag@28 running on an IBM RS/6000 model

In this paper, we apply the HFD method to the structural 27028 The SCF portion of the HFD calculations was carried
elucidation of small microclustetsof benzene and naphthalene, gt using the 6-31G basis set. Single point calculations at the
for which correlated (MP2) ab initio calculations are available. \Mp2/6-31G level of theory using the geometries previously
It will be shown that the minimum energy conformers and optimized with our HFD model were performed with the
relative stabilities so obtained are very similar to those from GAUSSIAN 98 suite of program3&2°on a Cray T-928 at the
the MP2 calculations. Ohio Supercomputer Center.

®3)

whereR; is the distance between atdnand atonj anda and

R, are empirical parameters. This is a modified form of a
damping function that has been used to damp singularities for
two-electron repulsion integrals within the tight-binding ap-
proximation?® The numerical value di(R) varies from a very

2. HFD Model 3. Results and Discussion

As expected, the intermolecular interactions in the benzene
To account for dispersion forces in the ab initio Hartree  and naphthalene microclusters are generally repulsive at the SCF
Fock formalism, an energy termUgsy is usually added level. Inclusion of dispersion energy sy leads to stabilization.
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1000

T T TABLE 1: Relative Energies (in kJ/mol) of Benzene Dimers,
\ (a) | as Computed by Full Geometry Optimization at the MP2/

i 6-31G and HFD/6-31G Levels of Theory, and Those

\ Obtained by Single Point MP2/6-31G Energy Calculation on
\ P the Optimized HFD/6-31G Structure
\
\
\
\

800

+++-++ H-H Proflle MP2/6-31G// HFD/6-31G// MP2/6-31G//
conformet MP2/6-31G ~ HFD/6-31G  HFD/6-31Q@

T-shapeél 0.00 0.00 0.00
parallel-displaced 2.40 0.23 2.87

a2 See ref 2 for MP2/6-31G and MP2/6-31G* structureSingle point
calculation.c Full geometry optimization conducted in redundant
internal coordinates gives tilted T-shaped structure, ref 2.

600 -

400 -

= Upep (a:1)

200 -

TABLE 2. Relative Energies (in kJ/mol) of Benzene
: r Trimers, as Computed by Full Geometry Optimization at
03 0.5 07 09 14 13 15 the MP2/6-31G and HFD/6-31G Levels of Theory, and Those
R, (a.u) Obtained by Single Point MP2/6-31G Energy Calculation on
- the Optimized HFD/6-31G Structure

5000 , MP2/6-31G//  HFD/6-31G//  MP2/6-31G//
, ) conformef  MP2/6-31G ~ HFD/6-31G  HFD/6-31Q®

cyclic (a) 0.00 0.00 0.00

4000 mem C-C Profile

T
1
\
ey cyclic (b) 2.45 0.20 0.17
VL 1= g sandwich 11.75 9.82 11.79
\
\
\
\

double T 12.83 15.02 11.88
H 13.56 1541 12.58
stacked 16.12 13.58 16.50

aSee ref 3 for MP2/6-31G and MP2/6-31G* structureSingle point
calculation.

3000

_Uhof.

2000 A

1000 - TABLE 3: Relative Energies (in kJ/mol) of Benzene
Tetramers, as Computed by Full Geometry Optimization at
the MP2/6-31G and HFD/6-31G Levels of Theory, and Those
Obtained by Single Point MP2/6-31G Energy Calculation on

025 the Optimized HFD/6-31G Structure

MP2/6-31G// HFD/6-31G// MP2/6-31G//
conformet MP2/6-31G HFD/6-31G HFD/6-31&

©) face-triangular 0.00 0.00 0.00
tetrahedral 11.79 4.36 7.03
edge-sandwich 12.90 3.13 5.67

0.8 4 edge-triangular 27.77 12.20 15.03

a See ref 3 for MP2/6-31G and MP2/6-31G* structureSingle point
0.6 - calculation.

1.0

. (RY

TABLE 4: Relative Energies (in kJ/mol) of Benzene

0.4 4 Pentamers, as Computed by Full Geometry Optimization at
the MP2/6-31G and HFD/6-31G Levels of Theory, and Those
Obtained by Single Point MP2/6-31G Energy Calculation on

024 the Optimized HFD/6-31G Structure
MP2/6-31G// HFD/6-31G// MP2/6-31G//
conformef MP2/6-31G HFD/6-31G HFD/6-31&
0.0 T Y . Y - - -
0 2 4 8 8 10 trigonal bipyramid 0.00 0.00 0.00
fused double tetrahedron 17.45 0.94 3.94
Ry (au.)

aSee ref 3 for MP2/6-31G structurésSingle point calculation.
Figure 2. (a) Plot of undamped dispersion energyluisp) as a function

of interatomic distanceRj); (b) the same for the damped dispersion . . .
energy (Ugsrfe); and (c) the profile of the damping functidawith previously been studied by MP2/6-3£GDesp|t_e the excellent _
o = 1.5 bohr! andR, = 6.0 bohr. agreement between the HFD and the MP2 optimized geometries,
HFD significantly underestimates the relative stability of the
The dominant attraction in the vdW clusters of aromatic various confc_)rmer_s as compared to the MP2 data. This is
hydrocarbons is clearly due to the dispersion term. especially evident in the tetramer and pentamer. However, the
For all of the benzene clusters, the agreement between theordering of stabilities obtained from the HFD model more or
optimized HFD geometries and the geometries optimized at the /€SS réproduces the corresponding MP2 ordering. The only
MP2/6-31G level of theory is quite good. A root mean square €XCeptionisin the relative energy of the stacked trifnghich
(rms) in the intermoiety distance of 0.17 A, with a minimum HFD predicts to be lower than those for the H and double
deviation of 0.016 A and a maximum deviation of 0.43 A, has T-shaped conformefsinterestingly, single point calculations
been obtained with respect to the MP2/6-31G geometry. at the MP2/6-31G level using the HFD optimized structures
Tables -4 present HFD energies for various conformers of reproduce the trends observed when full geometry optimizations
dimer, trimer, tetramer, and pentamer of benzene that haveare carried out at the MP2/6-31G level of theory.
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Figure 3. Top and side views of the lowest energy HFD/6-31G
structures of the benzene trimer, tetramer, and pentamer.

@ e/

Crossed (Dag) Parallel-displaced (Cap) Cyelic (C3p)

Figure 4. Top views of the fully optimized HFD/6-31G structures of
the two lowest energy conformers (crossed and parallel-displaced) of
naphthalene dimer and the HFD/6-31G minimum energy structure of
naphthalene trimer. The trimer geometry, viewed along the long in-
plane axes of the three naphthalene moieties, includesl Gonds.
These structures are indistinguishable from the corresponding MP2/
6-31G minimum energy geometries described in refs 1 and 2.

The most significant result of this exploratory work is that
both HFD and MP2 predict the same global minima for the

dimer, trimer, and tetramer of benzene. Figure 3 presents the

Gonzalez et al.

TABLE 5: Relative Energies (in kJ/mol) of Naphthalene
Dimers, as Computed by Full Geometry Optimization at the
MP2/6-31G and HFD/6-31G Levels of Theory

MP2/6-31G// HFD/6-31G//

conformet MP2/6-31G HFD/6-31G
crossed 0.00 0.00
parallel-displaced 0.26 0.17

aSee ref 2 and Figure 4 for structures.

equilibrium structures of larger aromatic microclusters. The real
advantage of the HFD model over highly correlated ab initio
methods is obviously its computational efficiency. This point
can be clearly illustrated by looking at the timings obtained in
our calculations. For instance, the MP2/6-31G geometry opti-
mization of the trigonal bipyramid conformer of the benzene
pentamer (330 basis functions) takes approximpagelh of
central processing unit (CPU) time per optimization cycle on a
Cray T94. The same optimization carried out with our HFD
method takes approximately 1.5 h of CPU time per optimization
cycle on a IBM RS/6000 model 270.

The motivation for the present exploratory study was to probe
the utility of the computationally inexpensive HFD model in
conformational searches for small aromatic clusters. The results
presented herein strongly suggest that with the refinement and
optimization of the empirical dispersion terms as well as the
use of more robust and accurate damping functions, it should
be possible to develop more reliable and efficient HFD
intermolecular potentials for aromatic clusters in general. These
efficient methodologies will help to provide important insights
into the fundamental interactions between molecules in large-
scale systems. Efforts are currently under way in our groups to
develop HFD methodologies able to predict relative stabilities
of aromatic clusters with accuracy comparable to the ones
obtained with significantly more expensive correlated ab initio
methods such as MP2.

lowest energy HFD structures of the benzene clusters. The dimer

structure (not shown) is identical to the MP2 geometry obtained
using the 6-31G or 6-31G* basis Setwhereas the HFD
structures of the trimer, tetramer, and pentamer are slightly
distorted versions of the corresponding MP2 geometries.
B3LYP DFT calculations on these benzene clusters also yield
the lowest energy conformers that agree with the optimized MP2
geometries? In contrast, the global minima of the benzene
tetramer obtained from the energy minimization of empirical
potential functions (exp-6-1 and NEM8)® are at variance
with the minimum energy MP2 structufe.

Application of the HFD model to the dimer and trimer of

naphthalene also gives global minima, as seen in Figure 4, which

is essentially identical to those from the MP2 calculation. A
rms in the intermoiety distance of 0.18 A, with a maximum
deviation of 0.40 A, has been obtained with respect to the fully
optimized MP2/6-31G geometry. Moreover, whereas the HFD
model predicts a cycli€g, trimer (with the long in-plane axes
of the three naphthalene moieties parallel), which is substantially
more stable than any other trimer conform&ri, predicts the
crossed and parallel-displaced dimers of very similar energies,
as seen in Table 5, also in excellent agreement with the MP2
results. For comparison, the potential energy minimization
calculations with genetic algorithms and the NEMO potential
yield only one low-energy conformer (crossed) for naphthalene
dimer18

We consider it significant that the two rather different
methodologies (HFD and MP2) lead to the same minimum

energy structures for all aromatic clusters that have been studied

These results suggest that HFD could reliably predict the
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