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A quantum chemistry study of the ground-state structures and binding energies of the van der Waals dimers
of benzene, naphthalene, and anthracene has been made at the MP2/6-31G and MB268% of theory.

For naphthalene and anthracene, the calculations yield two low energy dimers of very similar eri@sgies:
(crossed) andCy, (parallel-displaced). Conformers, analogous to the T-shaped dimer of benzene, are less
stable than the crossed and the parallel-displaced dimers. BSSE-corrected MPEBABR2/6-31G binding
energies of the crossed and parallel-displaced dimers are, respectively, 15.77 and 15.65 kJ/mol for naphthalene
and 36.40 and 31.84 kJ/mol for anthracene. The fully optimized MP2/6-31G structures of the parallel-displaced
dimer of naphthalene has a horizontal displacement of 1.5 A along the short axes of the monomers and a
vertical displacement of 3.5 A. The corresponding horizontal and vertical separations for the parallel-displaced
(PD) dimer of anthracene are 1.1 and 3.6 A, respectively. For the crossed dimers, the vertical separation of
the aromatic rings is 3.6 A for naphthalene and 3.3 A for anthracene. The greater binding energy and the
shorter horizontal displacement of the anthracene PD dimer relative to the naphthalene PD dimer are consistent
with the stronger dispersion interactions expected of a larger dimer. The greater stability and smaller vertical
separation of the crossed dimer of anthracene relative to that of naphthalene can also be attributed to the

disparity in the dispersion interactions.

Introduction This structure is in agreement with the nearest-neighbor
Aromatic—aromatic interactions play important roles in many orientation in the solid and with the conformation that might

chemical and biological systems. They control, among others, be predlcte_d on t_he basis Of_ th_e '0”943”96 quadrupole_
the base-base interactions leading to the double helical structure duadrupole interactions. After this pioneering work, a substantial
of DNA, the function of the special pair in photosynthetic volume of experimental data has been accumulated for benzene
reaction centers, the packing of aromatic crystals, the formation dimers in supersonic molecular beams. Two earlier repbrts
of aggregates, the binding affinities in hesfuest chemistry, on optical spectra concluded that the two moieties in the dimer
and the conformational preferences of polyaromatic macrocyclesare equivalent, leading to a slip-parallel (parallel-displacd)
and chain molecules. For a fundamental understanding of thesestructuré or a V-shaped,, structure? However, a more recent
phenomena, it is essential to have accurate data on intermo-study by Felker and co-workefdased on ionization-detected
lecular potentials of isolated molecules. stimulated Raman spectroscopy (IDSRS), and that based on
The molecular systems ideally suited for a detailed study of hole-burning spectroscopy by Schlag and co-workiedicate
intermolecular potentials are van der Waals (vdW) dimers and that the dimer isomer that dominates the spectrum has the two
higher clusters of aromatic hydrocarbons that are generated byhenzene moieties occupying symmetrically inequivalent sites,
free jet expansion. Since these species are formed as a direcgonsistent with a T-shaped structure. Arunan and Gutofvsky
consequence of intermolecular interactions, the geometrical confirmed this assignment by high-resolution Fourier transform
structures of the vdW molecules not only reveal the nature of mjcrowave spectroscopy and determined the intermoiety center-
the forces betvyeen molecules but also provide an understanding,_center distance to be 4.97 A. Ab initio calculations also show
of the clusters’ other properties, including dynamics. the T-shaped structure to be stabfeThe computed distance

. :[I;]he ﬂ\r?vp:fSt an(: lTOSt extegsn{[ﬁly stutlzheo:‘ arolmatllc C{:Ster between the centers of mass of the two moieties is approximately
IS the v Imer o benzene. Ln the basis of molecular beam g A, which is in excellent agreement with the result from the

electric resonance spectroscopy, which shows the benzene dimer . _— .
. microwave spectroscopy. More recent ab initio studies by Hobza
to be a polar and an asymmetric rotor, Klemperer and co-

t al.? Del Bene and Lint? and Jaffe and Smith, indicate
workers proposed a T-shaped geometry with, symmetry. € ! ! ' . !
brop ped g y y y that the parallel-displace@,, geometry is the lowest-energy
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Saigusa and co-workéfshave shown that photoexcitation of
benzene dimer into;rigin leads to formation of an excimer.
Syage and Wessélwere the first to observe the vdW dimer
of naphthalene in the mass-resolved resonant two-photon
ionization (R2PI) spectrum of seeded molecular beams of
naphthalene. The laser-induced fluorescence (LIF) excitation
and the R2PI spectra of the species are broad and structureless.
Photoexcitation of the vdW dimer leads to an efficient formation
of an excimer, as shown by Saigusa and L¥1i’ The predicted
minimum-energy geometry of the naphthalene dimer, computed £, p=1916&
by Xiao and William4%2 and White et al® using exp-6-1
potential® and a genetic algorithm, is B,4 crossed structure
(vide infra). No other structure of similar energy is predicted
by the force-field calculations. To the best of our knowledge,
there is no report of ab initio calculation on the vdW dimers of
naphthalene.

o [
3.978A 3.486 A

Figure 1. The fully optimized MP2/6-31G structures of the stable
conformers of benzene. D represents the horizontal displacement in
the parallel-displaced dimer.

fs was used, and only the lowest energy structures were selected.
These geometries were further optimized with the MM3 force

The first report of ggs-p_hase clusters of anthracene is due t0fg|q by the Quasi-Newton optimizer contained in the TINKER
Chakraborty and Linf? Using LIF as a probe, they obtained it of programs. Vibrational analysis using the MM3 force

evidence for the presence of two structurally different dimers fie\y confirmed that these stationary points were minima
of anthracene in a supersonic jet. The LIF excitation Spectrum characierized by their positive vibrational frequencies. The
of one of the species is broad and structureless, whereas that ofimized geometries of the lowest-energy minima located using
the second species, with loweg S- S transition energy, IS he MM3 force field were then used as the initial guess for
relatively sharp and structured. Interestingly, the ftwhm (full 5q4qitional MD simulations in order to search for extra minima.
width half-maximum) of the structureless feature is very similar ¢ 5 additional minimum was found. the process was repeated
to that of the. naphthalene vdW dimer. Subsequent work, base‘juntil no further minimum was located. The final optimized
on hole-burning spectroscopy aznd mass-resolved two-color R2Plyeometries found by this procedure, were then used as initial
spectroscopy by Matsuoka et?alconfirmed the assignments 4,055 for full geometry optimizations of the gas-phase dimers
of the two spectral features to the two conformational isomers ;i the MP2/6-31G level of theoRf. As demonstrated for

of anthracene dimer. The observation of the two dimer absorp- naphthalene trime® this scheme of calculations appears to

tion sys_temlg of_anthracc_ene is at odds with the force-field provide a good compromise between accuracy and computa-
calculations,® which predict only the crossed dimer @fq tional efficiency. Binding energies for all minima were computed
symmetry. No ab initio theoretical data exists for dimers of 4i the MP2/6-31G and MP2/6-3G//MP2/6-31G levels of
anthracene. theory. These binding energies were corrected for basis set

_ As described above, the experiment and computation aregnerposition error (BSSE) by means of the counterpoise
inconsistent with each other in regard to the number of low- . action of Boys and Bernardi. All ab initio quantum

energy conformers, and ab initio theoretical data are available oyomjca| calculations were carried out with the Gaussian 94
only for benzene dimer. Quantum chemistry calculations of the ¢ ite of programa329on a Cray-C90 at the National Institute

conformational geometries and energies of naphthalene and,¢ siandards and Technology and a Cray-T94 at the Ohio
anthracene dimers are therefore highly desirable. U”fortunately'Supercomputer Center.

because of the large size of these species, the basis sets that
can lqe employed' t'o. obtain cpnformational ggometrjes .and Results and Discussion
energies from ab initio calculations are rather limited in size.
Moreover, because dispersion effects are important in determin- A. Conformational Geometries. To assess the accuracy of
ing the geometries of vdW dimers, SCF calculations are the computational methods, we first studied the conformational
completely inadequate and methodologies that include electrongeometries and energies of the benzene dimer. Consistent with
correlation must be employed. Very recently, we have shown the predictions of the high-level ab initio calculationd? the
that ab initio calculations carried out at MP2/6-31G and MP2/ MP2/6-31G//MP2/6-31G and MP2/6-31//MP2/6-31G cal-
6-31+G levels of theory predict the cycli€s, trimer geometry culations yield a T-shaped dimer and parallel-displaced dimer
for naphthalen@? which is essentially identical to the experi- Of similar energies, as shown in Table. 1. In the T-shaped dimer
mental geometry3® Given the success with the naphthalene Of benzene, a €H bond in one ring is directed slightly
trimer, it is natural to extend the calculations to the vdW dimers obliquely toward the center of the other ring, Figure 1. This
of naphthalene and anthracene. This paper describes the resultéited T structure is very similar to the bent T structure (with
of the MP2/6-31G//MP2/6-31G and MP2/6-8G//MP2/6-31G  dihedral angle of 70-80°) suggested by Hobza etflt is also
geometry/energy calculations, with and without BSSE correc- Similar to the global minimum located by Jorgensen and
tion, for the dimers of benzene, naphthalene, and anthraceneSeveranc® through a series of Monte Carlo optimizations. In
) view of this correspondence and the computed floppiness of

Calculations the T-shaped dimer potential? with respect to tilting and

Details of the computational methods have been given rotation, we consider the tilted T structure obtained from the
elsewheré? Briefly, molecular dynamics (MD) trajectories were  MP2/6-31G calculations reasonable. Interestingly, MM3 force
computed with the molecular mechanics (MM3) force fi#ld, field fails to yield the T-shaped dimer of benzene. The inability
using the molecular dynamics/mechanics program TINRER. of MM3 to predict the T-shaped dimer of benzene is believed
To determine the possible low energy structures, a series ofto be due to the neglect of the-&1 bond moment in MM3!
100 ps MD simulations (after previous equilibration for 100 For naphthalene and anthracene dimers, MD simulations as
ps) were carried out in the range of-B50K, starting with well as the MP2/6-31G and MP2/6-8G calculations yield two
different geometries. In each simulation, a fixed time step of 4 stable dimer conformers of very similar energid3;y crossed
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Figure 2. The fully optimized MP2/6-31G structures of parallel
displaced and crossed dimers of naphthalene and anthracene. D 6.030 A
represents the horizontal displacement in the parallel-displaced dimer.

6.974 A
structure and parallel-displacé&}, structure, Figure 2. Dimer o ——— S
structures analogous to the T-shaped dimer of benzene are not i e ———
the low-energy conformations in naphthalene and anthracene, - T

and they transform very readily to the crossed structures in the
MD simulations. In fact, we carried out searches of potential
energy surfaces by MD/MM3 procedures previously described,
and found no other minima besides the crossed and the parallel- TABLE 1: Binding Energies (kJ/mol) for Various vdW
displaced structures. However, exhaustive relaxed potential Dimers

Figure 3. The fully optimized MP2/6-31G structures for the T-shaped
dimers of naphthalene and anthracene.

energy surface scans, combined with full geometry optimizations MP/6-31G/IMP2/6-31G MP2/6-31G//MP2/6-31G
carrleq out at the MP2/6-31G I'e\./el, indicate the eX|stence.of without with without with
two higher energy T-shaped minima: one (T1), where the in-  ¢onformet BSSE BSSE BSSE BSSE
pIanehIongr?xes of twohm0|e;]|esi are perpen?u;]ular to each other,T_benzene 1090 064 5570 195
and the other (T2), where the long axes of the two monomers pp _penzene 850 1.77 _18.68 —4.27
are parallel. The center-to-center distances of the monomers inc-naphthalene —21.72 —-3.39 —56.07 —15.75
T1 are 6.0 and 7.0 A for naphthalene and anthracene, respecD-naphthalene —21.46 —2.95 —55.70 —15.66
tively, and 5.0 A for T2 of both. The minimum energy Tl-naphthalene —17.71 —7.02 —3342  -10.51
conformations of the T-shaped dimers are shown in Figure 3. 12-naphthalene —21.18 ~7.18 —36.67  —11.25
Th lel-displaced di f hthal h horizontal C:anthracene  —42.24  —~15.25  —~101.56 —36.42
_The parallel-displaced dimer of naphthalene has a horizontal gy - ihracene —38.36  —13.01 o681 _3183
displacement of 1.5 A along the short axes of the monomers, T1.anthracene —22.36 —9.23 ~55.15 ~13.81
and the vertical interplanar separation of 3.5 A. The corre- T2-anthracene —3559  —13.15 —74.52 —19.91

sponding horizontal and vertical separation for the parallel- aC = crossed, PD= parallel displaced, F= T-shaped? BSSE=

displaced dimer of anthracene are 1.1 and 3.6 A, respectively. pasis set superposition error corrected using counterpoise method.
The displacement is again along the short axes of the monomers.

For the crossed dimers, the vertical separation of the aromaticMoreover, the binding is predicted to be smaller for the crossed
rings is 3.6 A for naphthalene and 3.3 A for anthracene. It should and parallel-displaced dimers of naphthalene than for the
be noted from Figures 1 and 2 that the horizontal displacement T-shaped dimers of naphthalene. In the case of benzene dimers,
(D) in the parallel-displaced dimers decreases with increasing BSSE corrections at the MP2/6-31G level a yield parallel-
size of the aromatic hydrocarbons. This decrease is consistentdisplaced structure which is unstable. Clearly, the binding is
with the increasing dispersion force (favoring a cofacial grossly underestimated at this level of theory, due probability
structure) which balances out the-7 repulsion in a cofacial to the inadequacies in the basis set. When the MP2/#6=31
(face-to-face) geometry. energies are corrected for BSSE, the binding is greater for the
Binding Energies. Table 1 presents the results of the MP2/ parallel-displaced dimer of benzene than for the T-shaped dimer,
6-31G//IMP2/6-31G and MP2/6-31G//MP2/6-31G energy cal-  consistent with the prediction of several high-level calculations.
culations for the vdW dimers of benzene, naphthalene, and At the MP2/6-31-G level, the BSSE-corrected binding energies
anthracene. Without BSSE corrections, 6-31G and 631 for naphthalene and anthracene dimers follow the order obtained
predict that the crossed and parallel-displaced dimers are theat 6-31G and 6-3tG without BSSE corrections. Although there
two lowest energy conformers of very similar energies in both are no experimental or ab initio data with which the calculated
naphthalene and anthracene. The binding energies are substardimer energies for naphthalene and anthracene can be compared,
tially greater at the 6-3%G level than at the 6-31G level. the BSSE-corrected MP2/6-3G//MP2/6-31G energies appear
Table 1 also reveals that BSSE corrections are significant atreasonable when compared to the 18! kJ/mol of binding
the levels of theory employed. At the MP2/6-31G level, the energies for the benzene dimers computed at high levels of
BSSE-corrected binding energies of the naphthalene dimers argheory?111232However, given that BSSE corrections are almost
smaller than the BSSE-corrected binding energies of the benzeneas large as the binding energies for benzene, care must be
dimer, (8-14 kJ/mol) calculated at high levels of thedr1232 exercised when considering the results for the larger dimers. In
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TABLE 2: Reduced Variational Space Analysis (energies in without experimental detection, identification, and characteriza-
kJ/thPI fIOF the Crossed and Parallel Displaced Dimers of tion of the predicted conformers. While only one dimer
Naphthalene* conformer has been unambiguously detected in the optical
full spectra of benzene and naphthalene, two conformers of an-
o CEX POLL POL2 CT1 CT? BSSEL Bssa\aﬁagggalzl thracene dimer are clearly observed in the fluorescence excita-

tion and resonant two-photon ionization spectra. We are
presently attempting to identify the nature of the two dimeric
species in anthracene through the measurement and simulation
anzi%;hca:gzseei?ft eﬁg:tiggga'fgfiz';g‘?gé t?fn)(z r?:rrgyoéfcng’g;%”%%r of rotationally resolved vibronic spectra. Analyses of the

i i ' electronic spectra and photophysics of the two vdW dimers of
ﬁ(ﬁfagisl'sﬁi' ;}ﬁrgocsr}f}‘g%egﬁf‘oﬁsgerf ?:g;%%grbr%%neofﬁré ?OSrSaEX anthracene, based on semiempirical potential calculations and
detailed description of these energy contributions. consideration of exciton splitting, indicate that the spectroscopy

and excited-state dynamics are consistent with the assignments

fact, the merit of doing BSSE corrections at the MP2 level of Of the two dimers to the crosse®4;) and parallel-displaced
theory with relatively small basis sets is a debatable matter that (Czn) dimers? predicted by the ab initio calculations.

requires rigorous scrutiny. Larger basis sets would be needed i .

if accurate binding energies of the dimers are to be computed. _ Acknowledgment. We are grateful to the Office of Basic
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the MP2/6-31G//IMP2/6-31G without BSSE corrections and )

MP2/6-3H-G//MP2/6-31G calculations with and without BSSE ~ Note Added in Proof

corrections, predict that the crossddh{) dimer and parallel- Extension of the MP2/6-31G structure search to the trimer,
displaced Czr) dimer are the lowest-energy conformers of very - tetramer, and pentamer of benzene indicates that the minimum-
similar energies for both naphthalene and anthracene. Theenergy structure of the species are the triangle, tetrahedron, and
previous success of these methods in reproducing the experi+rigonal bipyramid, respectivefif.In the tetramer and pentamer,
mental geometry of naphthalene trimer, provides some confi- the fourth and fifth benzene molecules occupy the vacant sites
dence in the results obtained in this work. in the trigonal bipyramid with their molecular plane perpen-
We have used the Frozen Fragment Reduced Variationaldicular to the three-fold symmetry axis of the sites occupied
Space analysis, (RVS), of Stevens and Fité decompose the by the cyclic trimer. As in the & naphthalene trimei223the
interaction energies of the crossed and parallel-displaced dimershree molecules in the benzene trimer have one of theiHC
of naphthalene into various components. The calculation was ponds pointing toward the face of a neighboring molecule in a
carried out using the RVS package in the GAMESS suite of cyclic “pinwheel” structure.
programs** The results, shown in Table 2, indicate that the
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