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The intermolecular interaction of the benzene-water complex is calculated using real-space pseudopotential
density functional theory utilizing a van der Waals density functional. Our results for the intermolecular
potential energy surface clearly show a stable configuration with the water molecule standing above or below
the benzene with one or both of the H atoms pointing toward the benzene plane, as predicted by previous
studies. However, when the water molecule is pulled outside the perimeter of the ring, the configuration of
the complex becomes unstable, with the water molecule attaching in a saddle point configuration to the rim
of the benzene with its O atom adjacent to a benzene H. We find that this structural change is connected to
a change in interaction from H (water)/π cloud (benzene) to O (water)/H (benzene). We compare our results
for the ground-state structure with results from experiments and quantum-chemical calculations.

1. Introduction

Many properties of biological systems such as the structure
of proteins, the structure and function of biopolymers, and
molecular recognition processes are influenced by the interaction
between aromatic molecules and water. Thus, a molecular-level
study of the characteristics of these interactions can lead to a
better understanding of many fundamental phenomena.1 Water
can interact with aromatic molecules in several ways. Both H
atoms and the O nonpaired electrons in H2O can participate in
forming bonds between molecules. Most aromatic compounds
are immiscible in water, which indicates that the magnitudes
of the interactions between water and aromatic molecules are
very weak.

Benzene has the simplest structure of the aromatic family.
Many theoretical and experimental investigations have been
done for the benzene-water complex. Suzuki et al. first
indicated that benzene can form weak hydrogen bonds with
water.2 The hydrogen bond is the dipole-dipole interaction
between a proton donor and a proton acceptor. The typical
hydrogen bond is stronger than the van der Waals bond but
weaker than covalent or ionic bonds. It had been speculated
for years that aromatic hydrocarbons can play the role of proton
acceptors.3 Rotationally resolved spectra of the benzene-water
complex showed that the water molecule is positioned above
the benzene plane with both H atoms pointing toward the π
cloud.2,4 Although the H positions were not directly located in
those experiments, they provided strong evidence for an
interaction between the proton donors (H atoms in water) and
the proton acceptors (the benzene π cloud).

From a theoretical point of view, second-order Møller-Plesset
perturbation theory (MP2) and coupled cluster (CCSD(T))
calculations have been performed for several specific benzene-
water configurations.2,5-12 The two most studied configurations
are that of water positioned above the center of the benzene
ring with both H atoms equally pointing toward the benzene

and that of water positioned above the center of the benzene
ring with a single H atom pointing toward the benzene and the
other pointing away from it. Most of these calculations indicated
that the latter configuration is more stable, though the energy
difference between the two configurations is very small. In
addition, other computational methods such as molecular
dynamics simulation have been used to investigate the properties
of the benzene-water complex.13-16 However, because of the
number of degrees of freedom and the computational cost of
such calculations, no complete picture of the intermolecular
potential energy surface has been reported so far.

To explore the whole potential energy surface, an accurate
but efficient theoretical method is needed. For many years,
density functional theory (DFT) has been widely accepted as
an useful tool to understand and predict the electronic properties
of materials. Compared to quantum-chemical methods such as
MP2 or CCSD(T), standard DFT methods are often a better
choice for large-sized systems because of the computational cost.
It is efficient, and for both dense matter and isolated molecules,
it typically has sufficient accuracy. Nevertheless, for van der
Waals (vdW) complexes and sparse matter, where the dispersion
energy is important, standard density functionals are typically
inadequate. This is also certainly true for benzene-water, where
Zimmerli et al.17 have shown that standard functionals such as
BLYP, B3LYP, PBE, etc., give inadequate binding. A
Hartree-Fock calculation10 also gives inadequate binding.

To remedy the situation, a van der Waals density functional
(vdW-DF) has been developed which can approximately treat
long-range dispersion interaction.18,19 This is a regular density
functional using a generalized-gradient type exchange functional,
combined with a fully nonlocal correlation functional of the
form

Ec
nl ) 1

2 ∫ d3rb d3 rb′ F( rb) Φ( rb, rb′) F( rb′) (1)

where F(rb) is the electronic charge density and where the kernel
Φ(rb,rb′) depends on the charge density and its gradient at the
points rb and rb′. It contains no empirical input. Of methods that
include London dispersion, it occupies a middle ground between
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fully ab initio wave function methods and methods that add a
dispersion component to ordinary DFT via empirical or semiem-
pirical force fields acting pairwise between the nuclei. The latter
methods have their origin long ago,20,21 and recently many
variations have been developed and applied; see Grimme et al.22

for a review. Such methods have previously been applied17 to
the benzene-water dimer. These authors characterize their work
as “far from generally applicable” and “having to be tailored to
the problem in question”. On the other hand, vdW-DF has
obtained useful results for a wide range of problems (see next
paragraph) with no change whatever in the functional. The vdW-
DF has the same scaling with system size as the latter methods
and like them is capable of application to much larger systems
than are feasible with the ab initio wave function methods.

The vdW-DF has been applied to a number of vdW systems.
These range from relatively simple complexes18,19,23-25 to large
system applications including the physisorption of benzene and
naphthalene on graphite,26 the structure of a polymer crystal,27

the prediction of the twist of DNA,28,29 and the adsorption of
benzene on a semiconductor surface.30 Variants of the method
have been applied to adsorption of organics on metallic
surfaces31,32 and to potassium intercalation in graphite.33 For a
system of the size considered in the present paper, there are of
course many methods which could be used, and these have been
reviewed by some of us in recent publications.19,23 Of these,
vdW-DF is unique in being a fully nonempirical density
functional for the nonlocal correlation energy which scales with
system size as ordinary DFT. The present calculations open the
way for applications of vdW-DF to the interaction of water with
much larger aromatic systems.

In this paper, we report our study of the benzene-water
intermolecular potential energy surface using a real-space
pseudopotential DFT method employing the vdW-DF. The
ground-state structure is determined, and the properties of
different interactions are discussed. Where appropriate, we
compare our results with experimental and theoretical results.
Our purpose is not only to benchmark the vdW-DF functional
but also to get insight into the benzene-water complex and
explore the possible applications for this functional.

2. Computational Details

VdW-DF can be implemented in two different ways: (i) self-
consistently, where the exchange-correlation potential corre-
sponding to the nonlocal vdW-DF is included as part of the
Kohn-Sham potential and the charge density used to evaluate
the energy is fully self-consistent, and (ii) non-self-consistently,
where the nonlocal correlation energy is evaluated as a post-
processing perturbation, using a charge density obtained from
self-consistent calculations with Perdew-Burke-Ernzerhof
(PBE)34 or revised PBE (revPBE) functionals.35 As found by
Thonhauser et al.,19 our results indicate the self-consistent and
non-self-consistent implementations lead to nearly indistinguish-
able results because the van der Waals interaction is so weak
and diffuse that it does not substantially change the electronic
charge distribution.

Here, we implemented vdW-DF within the code PARSEC,36

which is based on self-consistently solving the Kohn-Sham
equations on a uniform, real-space grid. This method has a
number of advantages. For example, since no supercell geometry
or periodic boundary is involved, one can study van der Waals
complexes with dipole moments or net charges more efficiently.
Furthermore, as compared with localized basis methods, the
choice of basis set is not an issue; one simply decreases the
grid spacing until convergence is obtained. Here, we found that

an accuracy of 0.02 kcal/mol could be obtained with a grid
spacing of 0.3 bohr (b). The convergence is illustrated in Table
1. We used Troullier-Martins pseudopotentials.37 The molecules
were placed at the center of a spherical domain large enough
so that all the wave functions vanish smoothly at the boundary.
For these calculations, we used a spherical radius of 16 b. Table
1 shows that it is sufficient for our calculations.

The computational cost of one electronic self-consistent run
for the benzene-water complex on one opteron processor is
∼1.32 h for PBE, 1.42 h for non-SC vdW-DF, and 4.20 h for
SC vdW-DF. Since the computational cost of non-SC vdW-DF
is comparable to PBE, it can be feasibly applied to any system
that PBE can handle. Since the PBE cost scales roughly as the
cube of the system size, while the evaluation of Ec

nl in eq 1
scales as the square of this size, the fractional increase in cost
of vdW-DF (non-SC or SC) becomes smaller and smaller as
the system size increases.

We first optimized the ground-state structure for the individual
molecules using PBE. The H-O bond lengths and H-O-H
angle for the water molecule were found to be 0.973 Å and
106°, respectively, where the corresponding experimental values
are 0.958 Å and 104.5°.38 For the dipole moment of water we
find 1.78 D, in comparison to the experimental value of 1.85
D.38-40 Other PBE calculations gave 1.81 and 1.80 D.41,42 Our
C-C and C-H bond lengths for the benzene molecule were
1.396 and 1.100 Å, respectively. The corresponding experi-
mental results are 1.397 Å for C-C and 1.084 Å for C-H.38

We also calculated the quadrupole moment of benzene. The
traceless quadruple tensor is given by 2Θij ) Qij ) ∫(3rirj -
r2δij)F(r) d3r, where the subscripts label Cartesian components
and δij is the unit tensor. Here Θij is the definition given by
Buckingham,43 while Qij is used by Jackson.44 Taking the axial
symmetry direction along the z ≡ r3 axis implies via the traceless
property that Θ ≡ Θ33 ) -2Θ22 ) -2Θ11. From our
calculation, the quadrupole moment of benzene is Θ ) -5.60
au, which is in the range of previously calculated DFT values.45

The experimental value is -6.31 ( 0.26 au.46 An MP2
calculation47 gives -7.11 au.

TABLE 1: Convergence Test for the Configuration Shown
in Figure 2

Spherical Radius ) 16 b

grid spacing (b) interaction energy (kcal/mol)

0.65 -4.20
0.60 -3.79
0.55 -2.53
0.50 -2.84
0.45 -2.86
0.40 -2.68
0.35 -2.67
0.30 -2.69
0.25 -2.68
0.20 -2.68

Grid Spacing ) 0.3 b

spherical radius (b) interaction energy (kcal/mol)

13 -2.70
14 -2.69
15 -2.69
16 -2.69
17 -2.69
18 -2.69
19 -2.69
20 -2.69
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The combination of slightly underestimated dipole and
quadruple moments implies that the asymptotic interaction
energy, which for this system is dominated by the dipole-quadr-
upole interaction, will be around 15% too weak. The extent to
which this translates into weakened electrostatic attraction at
equilibrium separation is unclear.

3. Results and Discussion

3.1. Degrees of Freedom. Because of the large number of
degrees of freedom of the benzene-water complex, we limit
ourselves to the following cases. First, we assume that the
structure of each molecule will not change when being put
together. Second, we assume that the plane of the water
molecule is perpendicular to the plane of benzene, as supported
by experiment. Third, because of the symmetry of the benzene
ring, we considered only cases where the plane of the water
molecule cuts through the center of the benzene ring. With the
assumptions above, there are four remaining geometric variables
as can be seen in Figure 1: (i) height h, which is the distance
between the O atom in water and the benzene plane; (ii) the
horizontal displacement r between the O atom in water and the
center of the benzene; (iii) the tilting angle θ of the water
molecule, which is the angle between the C2 axis of water and
the vertical line. When θ ) 0°, the H atoms in water point down
at equal angles toward the benzene ring. Finally, we have (iv)
the rotation angle φ of the water plane along the C6 axis of
benzene. When φ ) 0°, the water plane cuts through a C atom
and the center of benzene. When φ ) 30°, the water plane cuts
through the center of benzene and the middle of a C-C bond.

3.2. Height Dependence. We first investigate the configura-
tions with various h. Figure 2 shows the interaction energy as
a function of h, while we fixed the other parameters to be r )
0 Å, θ ) 0°, and φ ) 0°. We performed calculations with PBE,
self-consistent (SC) vdW-DF, and non-self-consistent (nonSC)
vdW-DF. The PBE calculation gave h at the energy minimum
as 3.44 Å and the corresponding interaction energy as -1.78
kcal/mol. Our SC vdW-DF and nonSC vdW-DF are almost
identical around the equilibrium distance, which is consistent
with previous studies.19 Both of them gave h at the energy
minimum as 3.57 Å and the corresponding interaction energy
as -2.69 kcal/mol. For this configuration, two MP2 calculations
are available, which report 3.4 Å, -2.81 kcal/mol and 3.5 Å,
-2.75 kcal/mol, respectively.10,17

Obviously, compared with MP2, vdW-DF can give better
interaction properties than PBE. Though MP2 calculations gave
a shorter equilibrium distance and lower interaction energy than

vdW-DF, the difference is less than 5% for both. The overes-
timation of the equilibrium distance has been found to be a
systematic error of the method and has been attributed23 to
differences between the slope of the HF energy curve and that
of local exchange functionals tried. Our group has embarked
on a systematic effort to develop improvements.

We now turn to a brief discussion of the PBE results. PBE
results for this and other geometries have previously been
obtained.17 In contrast to the previous observation that standard
GGA functionals, when applied to dispersion bonded systems
like benzene dimers18 or MoS2 sheets,48 give equilibrium
distances too large by an angstrom or more and binding energies
too small by an order of magnitude; here, PBE gives a more
acceptable equilibrium distance and a significant part of the
binding energy. This indicates that for this particular configu-
ration the interaction between benzene and water molecules may
not be pure van der Waals force. This is consistent with the
previous claim that the interaction between the benzene π cloud
and the H atoms in water can be a weak hydrogen bond. Since
SC vdW-DF and nonSC vdW-DF gave indistinguishable
interaction properties, we henceforth only present results from
nonSC vdW-DF calculations.

3.3. Tilting Angle Dependence. Next, we changed θ of the
water molecule while fixing φ ) 0° and r ) 0 Å. We optimized
h for each θ. The interaction energy and optimized h are plotted
in Figure 3. We also plotted the results of MP2 calculations.10

From the plot we can see that the interaction energy curve is
flat from θ ) 0° to θ ) 60° (or, equivalently, from θ ) 300°
to θ ) 360°). The change in the energy is less than 0.15 kcal/
mol. The configuration becomes unstable from θ ) 60° to θ )
300°, where both H atoms point away from the benzene ring.
Our vdW-DF calculations agree fairly well with the MP2
calculations shown in the figure. Our calculations show that the
configuration with θ ) 30° and h ) 3.57 Å gives the minimum
interaction energy, which is -2.72 kcal/mol. The MP2 calcula-
tions gave a lower minimum interaction energy (∼-2.8 kcal/
mol) at the same θ. Note that in the MP2 calculations h is fixed
to 3.4 Å. To compare with MP2, we also calculated the central
part of the energy curve with h fixed to 3.4 Å to illustrate the
energy gained by optimization. The energy difference between
MP2 and our calculation is therefore not significantly due to
differences in optimization. It is more likely to be due to
electrostatics typified by the weakened PBE quadrupole moment,
whose effect is magnified when the water is rotated 180°.

Our results indicate that, although the water molecule prefers
tilting at a specific angle, the energy difference is so small that

Figure 1. Definition of the degrees of freedom used for the
benzene-water complex. We assume that the water plane is perpen-
dicular to the benzene and cuts through the center of the benzene ring.
The quantity h is the distance between the O atom and the benzene
plane; r is the horizontal displacement between the O atom and the
center of benzene; θ is the tilting angle of water between the C2 axis
and the vertical line; φ is the rotation angle of the water plane along
the C6 axis of benzene. Figure 2. Interaction energy as a function of h. The configuration

studied corresponds to r ) 0 Å, θ ) 0°, and φ ) 0°.
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the water molecule can in fact tilt arbitrarily as long as one or
both of the H atoms point toward the π cloud. To test whether
or not this is the case for the whole benzene plane, we shifted
the water molecule off the center of the benzene ring. The
interaction energy and the optimized h are plotted in Figure 4.
The configuration corresponds to r ) 0.8 Å and φ ) 0°. Similar
to the case in which the water molecule stands above the center
of the benzene ring, the variation in the interaction energy curve
is small from θ ) 0° to θ ) 90° as well as from θ ) 290° to
θ ) 360°. The difference in energy is around 0.5 kcal/mol.
Again, from θ ) 90° to θ ) 290°, when both H atoms point
away from the benzene ring, the configuration becomes unstable.
The minimum interaction energy is -2.86 kcal/mol at θ ) 50°.
Further calculations will show that this is the global minimum.
As in the previous case, the optimized h is almost constant for
all θ.

Our results for the tilting angle dependence of the interaction
energy show that when the water molecule stands above the

benzene, one or both of the H atoms will point toward the
benzene ring. This is consistent with the experimental observa-
tions.2

3.4. Horizontal Displacement Dependence. More of the
intermolecular potential energy surface was explored by shifting
the water molecule from the center toward the edge of the
benzene ring. Figure 5 displays the interaction energy as a
function of r. Both θ and h are optimized. We shifted the water
molecule in two directions. First is in the direction of the C
atom, which has φ ) 0°. The other is in the direction of the
middle of the C-C bond, which corresponds to φ ) 30°. The
position of the C atom, H atom, C-C bond, and the H-H line
of benzene are marked in the plot as r1, r2, r3, and r4,
respectively. The corresponding configurations for the φ ) 0°
case are shown in Figure 6.

From the plot, we can see that within the benzene ring (left
side of the r2 line marked in Figure 5) the interaction energy
curves are very flat. The variation is less than 0.25 kcal/mol. In
that region, the optimized h is almost constant for different r.
The optimized θ increases with increasing r. The interaction
energy, the optimized h, and θ are almost identical for φ ) 0°
and φ ) 30°. The minimum interaction energy is -2.86 kcal/

Figure 3. (a) Interaction energy as a function of θ. The configuration
studied corresponds to r ) 0 Å and φ ) 0°. For each point we optimized
h shown as the solid black curve. The small inset is a magnification of
angles up to θ ) 70°. The dashed line is taken from an MP2 calculation
for h ) 3.4 Å.10 The peak around θ ) 180° would presumably have
been slightly lower if h used in that calculation had been optimized.
The blue curve fragment is a vdW-DF calculation for the central region
with fixed height of h ) 3.4 Å. (b) The optimized h for the vdW-DF
calculation.

Figure 4. Tilting angle dependence. The configuration studied has r
) 0.8 Å, φ ) 0°. (a) The interaction energy as a function of θ. The
minimum at θ ) 50° of -2.86 kcal/mol corresponds to the global
minimum in vdW-DF. (b) The correspondingly optimized h.

Figure 5. Horizontal displacement dependence. The solid line is for
φ ) 0°, and the dashed line is for φ ) 30°. The quantities r1 and r2 are
the distance from the center of the benzene ring to the C atom and H
atom of the benzene, respectively, while r3 and r4 are the respective
distances from the center of the benzene ring to the middle of the C-C
bond and H-H line of the benzene. (a) The interaction energy. (b)
The optimized h. (c) The optimized θ.
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mol at r ) 0.8 Å. The corresponding h and θ are 3.57 Å and
50°, respectively. This is the minimum shown in Figure 4. MP2
at the basis set limit gives about -3.7 kcal/mol when corrected
for basis set superposition error.9,12 An estimate of the CCSD(T)
correction is about 0.3 kcal/mol,10,12 resulting in a best theoreti-
cal estimate of about -3.4 kcal/mol. An even more recent
calculation49 gave a value of -3.28 kcal/mol. The vdW-DF
value is ∼15% smaller in magnitude than this. To compare with
the experimental dissociation energy, one needs to know the
zero point energy. This has been estimated to be about 1.0 kcal/
mol neglecting anharmonicity,9 whose importance was sus-
pected. Nevertheless, if one uses this number at face value, and
combines it with the two experimental numbers with small error
bars14,50 as done by Zhao et al.,12 one ends up with the tentative
conclusion that there is agreement between the CCSD(T)
corrected theoretical value above and experiment.

Our results are consistent with the idea that the π cloud is
uniformly distributed around the perimeter of the benzene ring.
There is little difference in energy for water to shift toward the
direction of C atom or toward the direction of the C-C bond.
Also, the interaction profile along the radius is relatively flat.
Water can easily move back and forth between the center and
the border of the benzene. The water molecule prefers a different
θ for each different r; considering the tilting angle dependence
of the interaction energy above, water can easily move with
any θ that makes one or both of the H atoms point down toward
the benzene.

As the water molecule is moved beyond the benzene ring
(right side of the r2 line marked in Figure 5), the complex
successively becomes less strongly bound, while the optimized
h drops rapidly. At r ) 5.3 Å, the optimized h becomes zero.
The optimized θ increases beyond 180°. From Figure 6, we
can see that the water molecule turns upside down with
increasing r. At r ) 5.3 Å, when the optimized h becomes zero,
θ is around 270°. The H atoms of water equally point away
from the benzene ring. There is an obvious difference in energy
for φ ) 0° and φ ) 30°. However, at r ) 5.3 Å, the difference
is small again. The corresponding h and θ are almost the same
for φ ) 0° and φ ) 30°.

Our results for this region show that once the water molecule
has been displaced beyond the perimeter of the benzene ring, it
no longer interacts with the benzene via its H atoms. Instead, it
prefers the interaction of its O atom with the H atoms on the
rim of the benzene ring. The configurations in this region are
less strongly bound than those involving the interactions between
H atoms and π cloud.

To further investigate the properties of O/H interactions, we
shifted the water molecule beyond r ) 5.3 Å. The interaction
energy as a function of r is plotted in Figure 7. Conf. 1 and 2
correspond to the configurations with φ ) 0° and 30°,
respectively. Their energy curves are the extension of the energy
curves in Figure 5. Beyond r ) 5.3 Å, h and θ are fixed to 0 Å
and 270°, respectively. For comparison, we also studied a new
configuration (conf. 3). The water and benzene molecules are
in the same plane. The O atom in water interact with the H
atom in benzene. Both H atoms in water point away from
benzene ring at equal angles.

As the water moves to larger distances, the interaction energy
becomes dominated by the interaction between the water dipole
and the benzene quadrupole. For the geometries of Figure 7,
the interaction is attractive and has the magnitude C|µΘ|/r4,
where µ is the water dipole moment, Θ is the benzene
quadrupole moment as defined earlier, and C is a constant. Using
the dipole field gradients in the standard electrostatic expres-
sion44 for their interaction with a quadrupole gives C ) -3/2

au. The resulting asymptotic expression is plotted in Figure 7

Figure 6. Benzene-water configurations as a function of r. For each value of r, both θ and h are optimized. The configurations plotted have
φ ) 0°.

Figure 7. Interaction energy as a function of r. Energy curves for
conf. 1 and 2 are the extension of the energy curves in Figure 5. Conf.
3 has h fixed to 0 Å, with the O atom in water pointing toward the H
atom in benzene and the H atoms in water pointing away from benzene
at equal angles; in this configuration all atoms are coplanar. The brown
curve is the calculated quadrupole-dipole interaction. The small inset
is a magnification of r from 7 to 9 Å.

Benzene-Water Complex J. Phys. Chem. A, Vol. 112, No. 38, 2008 9035



to illustrate that the full interaction energy curves have es-
sentially reached their asymptote at r ∼ 9 Å.

From Figure 7, we can see that when r is less than 5.3 Å,
conf. 1 and 2 have lower energy. Conf. 3 is unstable. Around
r ) 5.3 Å, the energies of the three configurations are nearly
equal. The energy curve for conf. 3 has a minimum of -1.29
kcal/mol at 5.3 Å. MP2 calculations gave these values as -0.98
kcal/mol and 4.91 Å.11 Beyond 5.3 Å, the energy difference
between the three configurations is very small.

The energy curves in Figure 7 show clearly that when the
water molecule is far beyond the perimeter of the benzene ring,
it will interact with the H atoms of the benzene ring through
the O atom of the water molecule. The H atoms in water have
little influence on these interactions and can rotate freely along
the C2 axis. We also find that the interaction between water
and the benzene rim is essentially independent of φ in this
regime, as expected from symmetry combined with the domi-
nance of the quadrupole-dipole interaction in this regime.

4. Conclusion

Our vdW-DF calculations for the benzene-water complex
suggest that either the H atoms or the O atom of water can
interact with benzene, depending on the location of the water.
When the water molecule is above or below the benzene, it
prefers a configuration with at least one H atom interacting with
the π cloud. These configurations are quasi-stable. When it is
beside the benzene, the water molecule will interact with the
rim of the benzene ring via its O atom. These configurations
are saddle points.

Our ground-state structure for the benzene-water complex
agrees qualitatively with available experiments and quantum
chemical wave function calculations, which suggests that vdW-
DF is a promising tool for similar weakly interacting systems,
especially for much larger systems for which alternative
nonempirical methods are unavailable. In particular, it would
be interesting to apply vdW-DF to water on polycyclic aromatic
hydrocarbons of increasing size. For example, this could bring
a completion to the picture whose beginning has been made by
Feller and Jordan51 via MP2. Water on a graphene sheet and/or
the surface of graphite could also be simply treated with vdW-
DF.
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(18) Dion, M.; Rydberg, H.; Schröder, E.; Langreth, D. C.; Lundqvist,

B. I. Phys. ReV. Lett. 2005, 95, 109902.
(19) Thonhauser, T.; Cooper, V. R.; Li, S.; Puzder, A.; Hyldgard, P.;

Langreth, D. C. Phys. ReV. B 2007, 76, 125112.
(20) Hepburn, J.; Scoles, G.; and Penco, R. Chem. Phys. Lett. 1975,

36, 451.
(21) Ahlrichs, R.; Penco, R.; and Scoles, G. Chem. Phys. 1977, 19, 119.
(22) Grimme, S.; Antony, J.; Schwabe, T.; Mück-Lichtenfeld, C. Org.

Biomol. Chem. 2007, 5, 741.
(23) Puzder, A.; Dion, M.; Langreth, D. C. J. Chem. Phys. 2006, 124,

164105.
(24) Thonhauser, T.; Puzder, A.; Langreth, D. C. J. Chem. Phys. 2006,

124, 164106.
(25) Hooper, J.; Cooper, V. R.; Thonhauser, T.; Romero, N. A.; Zerilli,

F.; Langreth, D. C. ChemPhysChem 2008, 9, 891.
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