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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 MØeller-Plesset 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
calculations are therefore useful for interpreting experimental
observations and for making structural predictions in the absence
of experimental measurements. Reliable ab initio studies of
aromatic clusters must include electron correlation explicitly
in order to obtain good representations of dispersion and
electrostatic forces that are responsible for binding of the species.

In three recent papers, two of the authors have reported ab
initio geometry searches, carried out at the second-order
MØeller-Plesset (MP2)/6-31G level of theory, for the vdW
trimer of naphthalene,1 for the dimers of benzene, naphthalene,
and anthracene,2 and for the trimer, tetramer, and pentamer of
benzene.3 For naphthalene trimer, the computation yielded the
lowest energy cyclicC3h equilibrium structure that is essentially
identical to the experimental geometry obtained from the
rotational coherence spectroscopy.4 Other trimer conformers
were found to be considerably higher in energy than the lowest
energy configuration. For the dimers of benzene, naphthalene,
and anthracene, the calculation yielded two low energy equi-
librium structures of very similar energies.2 They are the parallel-
displaced (C2h) and the tilted T-shaped structures for benzene
and the parallel-displaced (C2h) and crossed (D2d) structures for
naphthalene and anthracene. The two dimer conformers of

benzene are very similar to those from previous high-level ab
initio calculations,5,6 but there are no experimental or other ab
initio geometries with which the computed dimer structures for
naphthalene and anthracene can be compared. Nonetheless, the
spectroscopy and photophysics of the two-dimer conformers of
anthracene7,8 are consistent with what would be expected of
the crossed and the parallel-displaced dimers.9 Extension of an
exhaustive MP2/6-31G structure search to the vdW trimer and
tetramer of benzene, and a limited search for the pentamer of
benzene, indicates that the minimum energy structures of the
species are triangle (C3h) for the trimer, tetrahedron (C3) for
the tetramer, and possibly trigonal bipyramid (C3h) for the
pentamer.3 In the tetramer and pentamer, the fourth and fifth
benzene molecules occupy the vacant sites (apexes) in the
trigonal bipyramid with their molecular planes perpendicular
to the 3-fold symmetry axis of the sites occupied by the cyclic
trimer, as seen in Figure 1. Interestingly, these minimum energy
structures are those that maximize nearest-neighbor coordination
number. Apparently, the high symmetry and small size of
benzene, combined with its lack of permanent dipole moment,
render the benzene microclusters to follow the structuralaufbau
(Wefelmeier growth sequence)10 used to describe the atomic
clusters. Similar calculations on the benzene dimers, trimers,
and tetramers at the MP2/6-31G* level yielded minimum energy
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Figure 1. Top and side views of the lowest energy MP2/6-31G
structures of the benzene trimer, tetramer, and pentamer.
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conformers and relative stabilities that are identical to the ones
obtained at the lower MP2/6-31G level.3

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
than benzene pentamer or naphthalene trimer. Computationally
efficient methods are therefore needed for the structural elucida-
tion of larger clusters. Two such methods, differing in their
approaches, have been utilized for the structure study of small
benzene and naphthalene clusters. One of these involves energy
minimization calculations using empirical potential energy
calculations. The model potential functions most commonly used
in this method are the exp-6-1 potentials of Williams11 and the
nonempirical molecular orbital (NEMO) potential proposed by
Wallquist et al.12 The use of the exp-6-1 potentials generally
leads to a cyclic (C3) minimum geometry for benzene trimer13-16

but yields two rather different tetramer structures, depending
on the method of energy minimization. In one of these,13,16 the
intermolecular distances and orientations are such that there are
two different pairs of equivalent benzene moieties. In the other,15

the fourth benzene molecule in the tetramer is added to one of
the molecules in cyclic trimer in a dimerlike arrangement.
Neither of these tetramer geometries agrees with the minimum
energyC3 tetramer structure3 obtained from the MP2/6-31G*
calculation. Energy minimizations with the NEMO potential also
yield a cyclic trimer, but the NEMO tetramer has the fourth
benzene molecule added to one of the molecules in a T-shaped
edge-to-face configuration.17 Potential energy minimization
calculations on naphthalene with genetic algorithms and the
NEMO potential yields a crossed dimer and a cyclic trimer as
the minimum energy structures.18 The second computationally
efficient method is HFD (Hartree-Fock dispersion) model that
combines an ab initio self-consistent field (SCF) interaction
energy with empirical dispersion energy. In this approach,
proposed originally by Hepburn et al.,19 the interaction between
the molecules is described by the computationally efficient SCF
calculation and the worst deficiency of SCF, i.e., the exclusion
of electron correlation (and hence the neglect of dispersion), is
corrected by adding an empirical dispersion term of the form
Cn/Rn. The dispersion term in such a model potential must
include a damping function,fn(R), to suppress the singularity
as R f 0.20 Although a variety of HFD models have been
proposed for clusters of inert-gas atoms,21 applications of these
models to molecular systems have been limited only to the work
of Scheiner and co-workers on dimers of benzene and tetrazine22

and that of Carsky et al.23 on benzene dimers. These calculations,
carried out with small basis sets and without full geometry
optimizations, have shown that the most stable geometry of the
benzene dimer is of the T-shaped type. A question of consider-
able interest is whether this approach can be applied to properly
describe the interaction energy of larger molecular clusters for
which many-body effects could be important.

In this paper, we apply the HFD method to the structural
elucidation of small microclusters24 of benzene and naphthalene,
for which correlated (MP2) ab initio calculations are available.
It will be shown that the minimum energy conformers and
relative stabilities so obtained are very similar to those from
the MP2 calculations.

2. HFD Model

To account for dispersion forces in the ab initio Hartree-
Fock formalism, an energy term (Udisp) is usually added

perturbatively at the end of the SCF procedure. For a molecular
cluster, the total electronic energy (EHFD) is therefore

whereEHF is the Hartree-Fock energy,Udisp is the dispersion
energy, andfn is the damping function. The damping function
(fn) is needed in order to avoid singularities in the dispersion
energy at small interatomic distances. The dispersion energy
was obtained using the expression

Here,NMOL is the number of molecules in the cluster,NATµ
is the total number of atoms for moleculeµ, Rij is the distance
between atomi and atomj in moleculesµ andν, respectively,
and the coefficients are then-order dispersion coefficients
corresponding to atomsi andj. In our work, the dispersion term
in eq 2 is truncated to the lowest order (n ) 6). For C-C, H-H,
and C-H interactions, we have used the dispersion coefficients
reported by Huiszoon and Mulder25 (C6(C-C) ) 2.17 J nm6

mol-1, C6(H-H) ) 0.167 J nm6 mol-1, and C6(C-H) ) 0.603
J nm6 mol-1). For the damping function, we have adopted the
simple two-parameter sigmoid function

whereRij is the distance between atomi and atomj andR and
R0 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.26 The numerical value off6(R) varies from a very
small value forR f 0 to 1 for largeR in a manner determined
by the parameterR. The damping function parametersR and
R0 used in this work were obtained by monitoring the behavior
of the dispersion energy potential as a function of the interatomic
distance for C-C, H-H, and C-H interactions. As shown in
Figure 2a, singularities in the dispersion energies occur ap-
proximately at interatomic distances of 0.6 bohrs for C-C, 0.5
bohrs for C-H, and 0.4 bohrs for H-H interactions. The plot
in Figure 2b shows that the singularity in the dispersion is
significantly attenuated by taking values of 1.5 bohr-1 and 6.0
bohr for R and R0, respectively. The profile of the damping
function used in this work is also shown in Figure 2c. Given
the improvement in the qualitative behavior of the damped
energies with these parameters, no further refinement or
parametrization was attempted.

Relative HFD binding energies of various low-energy con-
formers were compared with the corresponding MP2 values.1-3

The HFD routines were implemented in a local version of the
GAMESS package27,28 running on an IBM RS/6000 model
270.28 The SCF portion of the HFD calculations was carried
out using the 6-31G basis set. Single point calculations at the
MP2/6-31G level of theory using the geometries previously
optimized with our HFD model were performed with the
GAUSSIAN 98 suite of programs28,29 on a Cray T-9428 at the
Ohio Supercomputer Center.

3. Results and Discussion

As expected, the intermolecular interactions in the benzene
and naphthalene microclusters are generally repulsive at the SCF
level. Inclusion of dispersion energy (Udisp) leads to stabilization.

EHFD ) EHF + Udisp × fn (1)
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The dominant attraction in the vdW clusters of aromatic
hydrocarbons is clearly due to the dispersion term.

For all of the benzene clusters, the agreement between the
optimized HFD geometries and the geometries optimized at the
MP2/6-31G level of theory is quite good. A root mean square
(rms) in the intermoiety distance of 0.17 Å, with a minimum
deviation of 0.016 Å and a maximum deviation of 0.43 Å, has
been obtained with respect to the MP2/6-31G geometry.

Tables 1-4 present HFD energies for various conformers of
dimer, trimer, tetramer, and pentamer of benzene that have

previously been studied by MP2/6-31G.2,3 Despite the excellent
agreement between the HFD and the MP2 optimized geometries,
HFD significantly underestimates the relative stability of the
various conformers as compared to the MP2 data. This is
especially evident in the tetramer and pentamer. However, the
ordering of stabilities obtained from the HFD model more or
less reproduces the corresponding MP2 ordering. The only
exception is in the relative energy of the stacked trimer,3 which
HFD predicts to be lower than those for the H and double
T-shaped conformers.3 Interestingly, single point calculations
at the MP2/6-31G level using the HFD optimized structures
reproduce the trends observed when full geometry optimizations
are carried out at the MP2/6-31G level of theory.

Figure 2. (a) Plot of undamped dispersion energy (-Udisp) as a function
of interatomic distance (Rij); (b) the same for the damped dispersion
energy (-Udisp‚f6); and (c) the profile of the damping functionf6 with
R ) 1.5 bohr-1 andR0 ) 6.0 bohr.

TABLE 1: Relative Energies (in kJ/mol) of Benzene Dimers,
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
the Optimized HFD/6-31G Structure

conformera
MP2/6-31G//
MP2/6-31G

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

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

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

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

TABLE 2. Relative Energies (in kJ/mol) of Benzene
Trimers, 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
the Optimized HFD/6-31G Structure

conformera
MP2/6-31G//
MP2/6-31G

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

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

cyclic (a) 0.00 0.00 0.00
cyclic (b) 2.45 0.20 0.17
sandwich 11.75 9.82 11.79
double T 12.83 15.02 11.88
H 13.56 15.41 12.58
stacked 16.12 13.58 16.50

a See ref 3 for MP2/6-31G and MP2/6-31G* structures.b Single point
calculation.

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
the Optimized HFD/6-31G Structure

conformera
MP2/6-31G//
MP2/6-31G

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

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

face-triangular 0.00 0.00 0.00
tetrahedral 11.79 4.36 7.03
edge-sandwich 12.90 3.13 5.67
edge-triangular 27.77 12.20 15.03

a See ref 3 for MP2/6-31G and MP2/6-31G* structures.b Single point
calculation.

TABLE 4: Relative Energies (in kJ/mol) of Benzene
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
the Optimized HFD/6-31G Structure

conformera
MP2/6-31G//
MP2/6-31G

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

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

trigonal bipyramid 0.00 0.00 0.00
fused double tetrahedron 17.45 0.94 3.94

a See ref 3 for MP2/6-31G structures.b Single point calculation.
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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
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 set,2 whereas the HFD
structures of the trimer, tetramer, and pentamer are slightly
distorted versions of the corresponding MP2 geometries.2

B3LYP DFT calculations on these benzene clusters also yield
the lowest energy conformers that agree with the optimized MP2
geometries.30 In contrast, the global minima of the benzene
tetramer obtained from the energy minimization of empirical
potential functions (exp-6-1 and NEMO)13-16 are at variance
with the minimum energy MP2 structure.3

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 Å, with a maximum
deviation of 0.40 Å, has been obtained with respect to the fully
optimized MP2/6-31G geometry. Moreover, whereas the HFD
model predicts a cyclicC3h trimer (with the long in-plane axes
of the three naphthalene moieties parallel), which is substantially
more stable than any other trimer conformers,31 it 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
dimer.18

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

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 approximately 6 h 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.
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