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Density functional theory is in principle exact and includes also long-range interactions, such as the
van der Waals interactions. These are, however, part of the exchange-correlation energy functional
that needs to be approximated, and are absent in the local and semilocal standard implementations.
Recently a density functional which includes van der Waals interactions for planar systems has been
developed@Phys. Rev. Lett.91, 126402~2003!#, which we show can be extended to provide a
treatment of planar molecules. We use this functional to calculate binding distances and energies for
dimers of three of the smallest polycyclic aromatic hydrocarbons~PAHs!—naphthalene, anthracene,
and pyrene. ©2005 American Institute of Physics.@DOI: 10.1063/1.1835956#

I. INTRODUCTION

Polycyclic aromatic hydrocarbons~PAHs! are molecules
that consist of fused carbon rings with the peripheral atoms
terminated by covalent bonds to a hydrogen atom. In many
respects they are interesting molecules. PAHs are very mu-
tagene and toxic,1 and thus of interest from a biological point
of view. They are exciting from a technological point of
view, as they can self-assemble into stacks that possess im-
portant electronic properties, for example high conductivity.2

Furthermore, it has recently been shown that some of the
smallest of these molecules occur in the Red Rectangle
nebula and they are thus the largest organic molecules found
in space.3 No matter which of these aspects are at focus,
experimental and theoretical studies are highly motivated. In
particular, it is important to describe well the molecule–
molecule interactions for the PAHs on the atomic level.

The internal structure of the PAH molecules is similar to
that of the graphite plane. In particular, the large PAHs have
bond lengths very similar to those of graphite. The dominat-
ing forces between PAH molecules are the dispersive, or van
der Waals~vdW! forces, just as in the case for graphite
planes. These similarities allow PAHs to be used as model
systems for graphite studies, as done in a recent experimental
study of the interlayer cohesive energy of graphite.4 There,
the cohesive energy is determined by thermal desorption
measurements of PAHs on a graphite surface, and reveals a
binding energy of 5265 meV per carbon atom. In particular,
the binding energy for a benzene molecule to the graphite
surface is found to be about 500 meV, and the corresponding
energy for naphthalene is 900 meV~including the hydrogen
atoms!.4

The interactions between PAHs have previously been
treated byab initio quantum chemistry methods with some
success. For example, Ref. 5 considers interactions in the
naphthalene dimer and the naphthalene–anthracene complex.
However, such studies are computationally very demanding
and therefore few in number. The interactions of pairs of the
smallest aromatic molecule, i.e., benzene, have been much
more explored.6–10 Even in that case, computations are labo-

rious and have not yet resulted in a complete understanding
of the interactions and structure in terms of binding distances
and energies.

Density functional theory~DFT! is more easily applied
to systems with many atoms. However, so far DFT has
mainly been successful for dense materials and molecules,
including valence bonds, as the standard implementations
lack the ability to include the important vdW forces. In the
past few years an improved method to treat these within DFT
has been developed for the case of plane–plane
interactions.11,12 This method includes a vdW correction to
the otherwise standard calculations. An estimate of the
graphite interlayer distance that is comparable to this experi-
mental value can be calculated, while the regular DFT imple-
mentations alone fail at the task.12 As the vdW forces are
expected to add a significant correction to the standard DFT
results also when calculating interactions between PAH mol-
ecules, it is reasonable to try to extend this functional to also
treat planar, but finite, molecules.

In this work we study the interactions within dimers of
three of the smallest PAHs, naphthalene, anthracene and
pyrene (C10H8 , C14H10, and C16H10), by extending the non-
local density functional method mentioned above. We mainly
concentrate on dimers where the molecules are placed ex-
actly on top of each other~AA structure!, and perform cal-
culations for a parallel-displaced~AB! structure, similar to
that of graphite, for the naphthalene dimer only. We have
also obtained results using the functional to treat the dimer of
the benzene molecule (C6H6), which are presented
elsewhere.13

II. METHOD TO INCLUDE LONG-RANGE
INTERACTIONS

The interaction between two PAH molecules, when cal-
culated by standard DFT in the generalized gradient approxi-
mation ~GGA!, shows the same problems as recently de-
scribed for the calculation of the interaction between
graphite sheets.12 The energy profile as a function of separa-
tion distance does not have a minimum in the revPBE~Ref.
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14! flavor of GGA. The PW91~Ref. 15! flavor produces a
binding, however at unphysically small binding energy and
at a separation much too large. To correct this shortcoming, a
density functional which includes van der Waals interactions
was developed for planar systems and successfully applied to
the graphite planes and few other cases of planar
structures.11,12,16

The functional is based on the assumption that the inter-
acting, parallel and planar sheets are approximately transla-
tionally invariant. The charge density is laterally averaged
and given byn(z), wherez is the direction perpendicular to
the sheets. The dielectric function, here Fourier-transformed
in the lateral direction, is modeled by a plasmon-pole ap-
proximation

ek~z,iu !511
vp

2~z!

u21nF
2~z!qk

2/31qk
4/4

, ~1!

where the plasmon frequencyvp is defined by vp
2(z)

54pn(z), the Fermi velocity is given by nF(z)
5(3p2n(z))1/3, and v5 iu is the frequency. We here use
atomic units. The three-dimensional wave vector for the sys-
tem qk is divided into a two-dimensional component within
the plane,k, and a one-dimensional component perpendicu-
lar to the plane,q' , such thatqk

25k21q'
2 . q' is taken to be

a constant, materials dependent parameter introduced to
compensate for the locality ofek in the z-direction.

By applying a static, homogeneous electric field to one
graphite plane in the direction perpendicular to the plane the
effective ~linear! susceptibilityxeff can be computed within
standard DFT. Thexeff for the dielectric model~1! must cor-
respond to this value at frequencyu50, and thereby a value
for q' is obtained. Applying the dielectric model~1! the
nonlocal vdW interaction energy of two graphite sheets can
be calculated from Ref. 11,

Ec
nl/A52 lim

L→`
E

0

` du

2p E d2k

~2p!2 ln
f8~0!

f08~0!
. ~2!

Here the potentialf(z) fulfills the differential equation
(ekf8)85k2ek

2f with boundary conditionsf(0)50 and
f(L)50. f0(z) is the vacuum solution. The system is con-
sidered enclosed in a long box of lengthL.

We would like to extend this functional to also include
treatment of planar, but finite molecules. The PAH molecules
do not quite have translational invariance, even if repeated
periodically, although for very large PAHs this is a good
approximation. When averaging the electron density in the
plane of the molecule we must take care to only include
those regions of space where the molecule is present, and
exclude the vacuum regions between the periodic images of
the molecules. Thus we need to find the lateral size of the
molecule,Amol , as experienced by the vdW forces. This was
discussed in Ref. 13, and will be summarized below.

Apart from the compensation due to finite molecule sizes
in the xy-directions, we keep the same general scheme as in
the plane–plane case.12,16 This scheme is as follows. The
standard implementations provide a local density approxima-
tion ~LDA ! or a semilocal~GGA! approximation to the
exchange-correlation energy functional. When calculating

the energy in the new scheme12,16 we keep the exchange
energy of the GGA-revPBE functional, as this functional is
fitted to exact exchange.17 Then we take the local part of the
correlation, which is calculated in LDA, and finally add the
nonlocal correlationEc

nl . The total energy by the vdW-DF
method is thus given by

EvdW-DF5EGGA,revPBE2EGGA,c1ELDA, c1Ec
nl , ~3!

where the first term on the right-hand side is the self-
consistently obtained energy using the revPBE functional.
The correlation energy in GGA,EGGA,c , is substituted with
the one of LDA,ELDA, c , and the new nonlocal correlation is
given by the last term,Ec

nl . The energies obtained according
to Eq. ~3! will be referred to as obtained in the vdW-DF
scheme. We are aware that revPBE-exchange has a tendency
to be too repulsive, but it is the best approximation to exact
exchange currently available to us.11,16

The standard DFT calculations are performed by the
plane-wave pseudo-potential based program Dacapo.18 We
use a hexagonal unit cell of size~17.112 Å, 17.112 Å, 26 Å!
except for pyrene where the size is~21.39 Å, 21.39 Å, 20 Å!.
In order to simulate infinite separation between the mol-
ecules, corresponding to very small or no intermolecular in-
teraction, we use a large size especially in thez-direction.
This is also facilitated by the short-range nature of the com-
mon DFT-implementation. The plane-wave cutoff energy
value is 450 eV, for which the energies are well-converged.

III. RESULTS FOR THE PAH MOLECULES

A. In-plane structure and energies

We determined the~relaxed! structures of the isolated
molecules within the GGA-revPBE approximation. As the
size of the PAH molecules increases, the PAH carbon-to-
carbon bond lengths converge to the one found in graphite
sheets. The deviations in length in the side bonds are consis-
tent with the trends found for large PAHs in Ref. 19, and the
calculated bond lengths are in agreement with experimental
data20 where data exist.

We further calculated the cohesive energy,Ecoh, for the
molecules, defined as the difference in total energy of an
isolated moleculeEmol ~in revPBE! and the constituent parts
of carbon and hydrogen in graphite and the hydrogen mol-
ecule:

Ecoh5Emol2NCEC
graph22NHEH2

, ~4!

whereNC (NH) is the number of carbon~hydrogen! atoms,
andEC

graph andEH2
are the energies for a carbon atom in an

isolated graphite plane, and a H2-molecule, respectively. The
cohesive energies are given in Table I.

B. Compensating for the finite molecule size

Although the PAH molecules are relatively extended in
the xy-plane, in our DFT calculations they do not cover the
plane, to avoid artificial interactions sideways. To find the
laterally averaged charge densityn(z) we must determine
the area of the molecule that is effective in the dispersive
interactions,Amol .

13 Thus, we take into account that the elec-
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tron density calculated self-consistently within DFT origi-
nates only from the region in the plane occupied by the mol-
ecule and not from the vacuum surrounding it. With a correct
Amol attributed to the computed electron densityn(z) we can
obtain a correctq' . Alternatively, by estimatingq' by some
other method, we can calculate an adequate molecule area
and proceed from there.

The major contributers to the molecule profile and to the
electric response in the PAH molecules are the carbon atoms.
We therefore use the calculations performed for graphite
planes as a base, and we assume that the value ofq' found
for a graphite sheet also describes the PAH molecules. As
discussed in Ref. 13 the quality of this estimate increases for
increasing PAH size. For the graphite planesq' is calculated
to be 0.756 a.u., which we use to calculate a corresponding
molecule areaAmol . These areas are presented in Table I.
Our calculations also show that there is little sensitivity of
the results on the exact choice ofAmol while q' is more
important.

C. Dimer binding energies and separations

We have mainly considered PAH dimers in the AA struc-
ture, where the molecules are exactly on top of each other.
These are judged to be energetically less favorable than the
parallel-displaced structures and also, at least in the case of
benzene and naphthalene dimers, the T-shape structures.5,21

Our method is not applicable for calculations of T-shaped
dimers, but applies to cases where the aromatic rings in the
dimer molecules are parallel. However, as the T-shaped
structure goes from being nearly isoenergetic with the
parallel-displaced one for the benzene dimer5 to being less
favorable for the naphthalene dimer,21 we conclude that the
parallel-displaced structures are more relevant than the
T-shaped ones also for the anthracene and pyrene dimers. In
fact, for large PAHs it is expected that the most stable struc-
ture is one of the parallel-displaced ones, namely the AB
structure, which is known to be favored by graphite. In this
work we concentrate mainly on the AA structure~inset in
Fig. 1!, because our method of lateral density averaging is
more accurate if the centers of the molecules are directly on
top of each other, but in principle it is a reasonable approxi-
mation also for small deviations of the positions. Further,
determining the exact position of an AB-dimer is not trivial
in our scheme, as will be discussed later.

The dimer interactions are calculated by locking the at-
oms of the dimer molecules into their position in an isolated
molecule and varying the distance between the molecules,
keeping the cell size. The total corrected energy for each
system is computed according to Eq.~3! for each separation

distance. By subtracting a reference energy due to the mol-
ecules themselves, we obtain a corrected total-energy curve,
which gives the binding distance and energy for the PAH
dimers. For the reference energy we use a dimer calculation
where the molecules are separated by a large distance,dref .
The actual values ofdref used are given in Table II.

We expect a positive binding energy, since PAHs easily
self-assemble. As a background we outline results for the
graphite system. The interlayer distance for the AB stacking
in bulk graphite has been experimentally measured to be
3.35 Å.22 The binding distance between two graphite sheets
in the AB structure, calculated in the same vdW-DF scheme
by Ref. 16 is 3.76 Å, corresponding to the binding energy 24
meV/atom ~which is compared to the experimental 34
610 meV/atom from studies of collapsed carbon nano-
tubes!. In similar calculations we have found a binding sepa-
ration of 4.0 Å and a binding energy of around 10 meV/atom
for two graphite sheets in the AA structure.13 We expect the
binding distance between the PAHs in the AB structure to be
larger than that found for graphite sheets, due to the fewer
interacting carbon atoms. We expect it to be larger still in the
cases of AA-stacking compared to AB-stacking.

Figure 1 shows the total-energy curves for the studied
PAH dimers in the AA structure, calculated for the molecule
areas in Table I. For comparison, we also present results for
the benzene dimer obtained in the same manner.13 Table II
presents the binding distances and energies calculated in this
fashion and also the ones obtained by the pure PW91-
functional~the pure revPBE-functional does not result in any
binding!. As reported in Ref. 16, the PW91-functional pro-
vides unphysical binding distances and energies for the in-
teractions between graphite planes. As seen here, also for our
systems the PW91 potential gives much smaller binding en-
ergies and larger binding separations.

As expected, the binding distances found in our scheme
are slightly larger than the distance between two graphite
sheets in the AA stacking calculated in the same scheme, 4.0
Å.13 Further, the binding distances for the PAHs are expected
to converge to this value for larger PAHs. In our case all
three studied dimers in the AA structure have the binding
distance 4.1 Å, with a weak tendency of decreasing this dis-
tance for increased PAH size. The results for the binding
energies are in agreement with other calculations, as will be
discussed below. Comparing the number of carbon atoms in
the molecules, it is reasonable to expect that the binding

TABLE I. The cohesive energiesEcoh, calculated as shown in Eq.~4!, and
the molecule areasAmol obtained by requiring thatq' equals that for a
graphite sheet.

Ecoh @meV# Amol @Å 2#

Naphthalene (C10H8) 205 73
Anthracene (C14H10) 91 93
Pyrene (C16H10) 77 101

TABLE II. Calculated binding distances and energies for the studied dimers.
The dimer structure~AA or AB ! is given in parenthesis.dref is the separation
distance used as a reference for ‘‘far apart’’ molecules. Next, we report the
binding energies and distances calculated with the PW91 functional~no
binding at all observed with revPBE!. Right two columns: Binding energies
and distances calculated in our vdW-DF scheme.

PW91 vdW-DF

dref @Å# Eb @meV# db @Å# Eb @meV# db @Å#

Naphthalene~AA ! 12 30 4.5 172 4.1
Anthracene~AA ! 12 30 4.7 245 4.1
Pyrene~AA ! 9.5 34 4.7 282 4.1
Naphthalene~AB! 13 30 4.2 247 3.7
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energy of naphthalene is less than twice that of benzene, that
of anthracene less than three times that of benzene, etc.,
which is what we find.

When studying the PAH dimer interactions in this work,
we mainly concentrate on the AA structure. In principle other
parallel types of stacking, as for instance the AB stacking
similar to that of graphite can also be considered. However,
it is not trivial to calculate the exact position of the small
PAH molecules in an AB dimer, since the intramolecular
bond lengths are not as symmetrical as in the graphite sheet,
but are slightly distorted. In our case, we place the top mol-
ecule in such a way that a carbon atom is placed over the top
of the geometrical center of the aromatic ring of the bottom
molecule, as is the case in graphite AB stacking. In order to
find the energetically most favorable position, one would ul-
timately need to be able to relax the positions of the atoms in
the molecules with respect to both types of interactions,
those already incorporated in the standard DFT implementa-
tions, and the weaker dispersive interactions from our cor-
rection. This is presently not implemented, but we can chose
an approximate position based on symmetry and intuition.
Relaxation of atomic positions without taking non-local cor-
relations into account might not give physically sound re-
sults.

We perform such AB stacking calculations for the naph-
thalene dimer. The position of the dimer is approximated as
shown in the schematic picture in the inset of Fig. 2~the
results are not very sensitive to this exact position!. The
same figure also shows the resulting energy curves, while the
actual binding distances and energies are reported in Table II
along with the results for the AA stacking. As evident from
Fig. 2 and Table II the AB stacking gives a larger binding
energy at a smaller binding distance than the AA stacking,
supporting the idea of it being the more favorable structure,
as is also the case for graphite sheets.

We can compare our results to recent CCSD~T! calcula-

tions of the interaction energies of the benzene dimers and
naphthalene dimers~AA and AB structures!. The binding
energy of 100 meV for the benzene dimer found at the sepa-
ration of 4.1 Å in our scheme is discussed in detail in Ref. 13
and is in agreement with reported energies of 64–92
meV/dimer.7–9 However, these correspond to a binding dis-
tance which is somewhat smaller, 3.8 Å. The results for the
naphthalene dimers~AA and AB structures! may be com-
pared to the results of Ref. 21. Our AA structure is the same
as their ‘‘sandwich’’-structure, and we find a binding energy
172 meV/dimer compared to their 164 meV/dimer. Again,
the distance found is larger in our case, 4.1 Å compared to
their 3.8 Å.

Our AB structure corresponds approximately to the
‘‘slipped-parallel’’-structure in Ref. 21. Our calculations are
performed for a slightly different displacement of the top
dimer in thex- andy-directions. As described in the inset in
Fig. 2, we haveR151.2 Å andR250.7 Å, while Ref. 21
found the optimum binding forR151.4 Å andR251.0 Å.
Our values are as close as possible to the ‘‘ideal’’ AB case
where the carbons of the two dimers arrange themselves in
the same fashion as the carbon atoms in the AB graphite. As
mentioned earlier and also found in Ref. 21, the exact values
of R1 andR2 are not important, as the interaction potential is
very shallow with regards to these in-plane displacements,
while it depends substantially on the displacement in the
vertical direction. For the optimum vertical separation,R3 ,
we find the value of 3.7 Å which is slightly larger than the
3.5 Å reported by Ref. 21. The binding energy is in excellent
agreement~247 meV/dimer compared to 248 meV/dimer in
Ref. 21!. Other calculations referred to in Ref. 21 were in the
range 162–463 meV/dimer.

FIG. 1. Binding energy curves for the PAH dimers in the AA stacking:
naphthalene~circles!, anthracene~squares!, and pyrene~diamonds!, com-
pared to a similar curve for the benzene dimer~stars! ~Ref. 13!. The zero
point of the binding energy is taken to be the dimer interaction at separation
dref , as found in Table II. The inset illustrates the geometry of the dimer,
seen from the side.

FIG. 2. Binding energy curves of a naphthalene dimer in the AA structure
~circles!, and in the AB structure~triangles!. The inset shows a schematic
picture of the AB structure. The position of the top molecule in thex- and
y-directions is chosen to be such that the position of the carbon atoms
resembles closely their positions in an AB-structure graphite, i.e., two of the
carbon atoms of the top molecule are placed above the geometrical centers
of the two aromatic rings of the bottom molecule. This leads to the in-plane
displacementsR151.2 Å and R250.7 Å. As shown by the total-energy
curve, the optimum vertical separation for naphthalene in this structure is
found atR353.7 Å.
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Further comparison can be made with the experimental
study of the interlayer cohesive energy of graphite in Ref. 4,
where PAH molecules on graphite are used. The binding en-
ergy for a benzene molecule on a graphite surface is found to
be about 500 meV, and the corresponding energy for naph-
thalene is 900 meV. It can be assumed that the benzene and
naphthalene molecules place themselves in a structure simi-
lar to the AB parallel-displaced one. Further, the binding
energy of PAH to a graphite plane is expected to be larger
than the binding energy of a corresponding PAH dimer. Our
247 meV/dimer for naphthalene in the AB structure differs
from the measured 900 meV by a factor of 3.6, which we
judge is somewhat too large an effect to be assigned to the
difference described above. However, the value measured in
Ref. 4 for benzene is also rather large, nearly five times
larger than some of the reported binding energies for
parallel-displaced benzene dimers, for instance 107 meV/
dimer in Ref. 7. Thus we believe that other effects than those
treated in our study influence the results of Ref. 4.

In summary, our results for the binding energies of AA
and AB dimers of naphthalene, and AA dimers of anthracene
and pyrene seem reasonable. In the case of the naphthalene
dimers a comparison to other theoretical studies is possible
and produces a very good agreement. The binding distances
we find are slightly larger than those reported in other theo-
retical studies. There are so far very few theoretical works
that treat complexes of large PAHs. Direct comparison with
experiments is difficult, especially as we have concentrated
on the AA structure which is not the most energetically fa-
vorable structure. However we have been able to relate our
work to results of thermal desorption measurements of PAHs
on graphite.

IV. CONCLUSION AND OUTLOOK

We have shown that it is possible to apply a recently
developed density functional, which includes van der Waals
interactions for planar systems, to also give an approximate
treatment of dimers of planar PAH molecules. We have used
this functional to calculate binding distances and energies for
dimers of several of the smallest polycyclic aromatic hydro-
carbons~PAHs!—naphthalene, anthracene, and pyrene, and
obtained results consistent with other studies. The results in-
dicate great promise for the vdW-DF method to sparse sys-
tems.
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