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Sublimation energy is one of the most important properties of molecular crystals, but it is difficult
to study, because the attractive long-range van der Waals (vdW) interaction plays an important role.
Here, we apply efficient semilocal density functional theory (DFT), corrected with the dynamically
screened vdW interaction (DFT + vdW), the Rutgers-Chalmers nonlocal vdW-DF, and the pairwise-
based dispersion-corrected DFT-D2 developed by Grimme and co-workers, to study the sublimation
of fullerenes. We find that the short-range part, which accounts for the interaction due to the orbital
overlap between fullerenes, is negligibly small. Our calculation shows that there exists a strong
screening effect on the vdW interaction arising from the valence electrons of fullerenes. On the other
hand, higher-order contributions can be as important as the leading-order term. The reasons are that
(i) the surface of fullerene molecules is metallic and thus highly polarizable, (ii) the band gap of
fullerene solids is small (less than 2 eV), and (iii) fullerene molecules in the solid phase are so densely
packed, yielding the high valence electron density and small equilibrium intermolecular distances
(the first nearest neighbor distance is only about 10 Å for C60). However, these two effects make
opposite contributions, leading to significant error cancellation between these two contributions.
We demonstrate that, by considering higher-order contributions and the dynamical screening, the
DFT + vdW method can yield sublimation energies of fullerenes in good agreement with reference
values, followed by vdW-DF and DFT-D2. The insights from this study are important for a better
understanding of the long-range nature of vdW interactions in nanostructured solids. C 2015 AIP
Publishing LLC. [http://dx.doi.org/10.1063/1.4918761]

I. INTRODUCTION

Sublimation is one of the basic properties of molec-
ular crystals. It is a familiar phenomenon in daily life, such
as sublimation of carbon dioxide (dry ice), snow and ice,
iodine, and naphthalene (mothballs). This property has been
widely used for purification and cooling in laboratory and
industry. Nanostructured solids with high sublimation points,
such as fullerenes, can be used as rapid cooling materials
for rockets.1 A good knowledge of the long-range van der
Waals (vdW) interaction is important for a better understand-
ing and manipulation of sublimation, because intermolec-
ular forces in most molecular solids essentially arise from
vdW interactions.2 However, calculation of this property pres-
ents a major challenge to conventional density functional
theory (DFT), due to the absence of the long-range vdW
interaction.

The vdW interaction is an important long-range correla-
tion arising from instantaneous collective charge fluctuations
at different locations. It is ubiquitous and affects many prop-
erties of molecules and solids, such as lattice constants,3,4

cohesive5 or sublimation energies,6 and physisorption.7 It also
plays an important role in the determination of higher-order
structures of biomolecular chains that define their biological
activities.8

According to second-order perturbation theory, the (non-
retarded) vdW energy between well-separated spherical densi-
ties takes the asymptotic form of

EvdW = −
∞
k=3

C2k/d2k, (1)

where d is the separation between the centers of two densities,
and C2k are the vdW coefficients. In the simulation of the
vdW interaction, the main task is the calculation of the vdW
coefficients. Many methods have been proposed9–12 to evaluate
these coefficients. In particular, Becke and Johnson13 proposed
an exchange-hole dipole moment model which can generate
accurate vdW coefficients for atoms14 (with an error of 3%)
and molecules15 (with an error of less than 10%). Tkatchenko
and Scheffler16 proposed a method for determining intermo-
lecular vdW coefficients, with an error of about 6%. Recently,
Tkatchenko et al.17 have extended this method to include
non-additive many-body (e.g., 3-body, 4-body) interactions,
improving the performance of the Tkatchenko-Scheffler model
for nanoscale systems. Tao, Perdew, and Ruzsinszky developed
a solid-sphere model for the dynamic multipole polarizability,
which generates for free atom pairs C6, C8, and C10 in excel-
lent agreement (3%) with accurate reference values. Grimme
and co-workers18 developed a sophisticated atom pairwise-
based dispersion-corrected DFT method (DFT-D), which im-
proves the predictive ability of conventional DFT in quantum
chemistry. Starting from the fluctuation-dissipation theorem19

and expressing the exchange-correlation energy in terms of
density-density response function, Langreth and co-workers20

developed a nonlocal correlation functional to account for
the long-range vdW interaction. This nonlocal correlation

0021-9606/2015/142(16)/164302/7/$30.00 142, 164302-1 © 2015 AIP Publishing LLC
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functional was then combined with a semilocal exchange
functional. The combination is called vdW-DF or Rutgers-
Chalmers vdW-DF and has been widely used in electronic
structure calculations. Recently, many variants21–24 of this
functional have been proposed, by combining its correlation
part with various exchange functionals. However, these combi-
nations do not bring new physics or exact constraints into this
exchange-correlation functional but only achieve better error
cancellation between exchange and correlation.

With rapid development of vdW corrections in recent
years, the applicability of conventional DFT has been greatly
extended to a wider class of problems of interest, and consid-
erable progress has been made in electronic structure calcu-
lations.25–27 The aim of this work is to present a screened
vdW correction for nanostructured solids and apply the new
DFT + vdW method to study the intermolecular interaction
between fullerenes in the solid phase. Fullerenes are nanosized
cage molecules that have long been a topic of interest, due to
their many remarkable properties and potential applications.1

Because all carbon atoms are distributed away from the center
(cavity) and because the π-electrons are fully delocalized
over the molecular skeleton, the polarizability per atom of
fullerenes has a strong size-dependence. As such, the vdW
coefficients between fullerenes exhibit unusual strong non-
additivity. It was shown28,29 that the vdW coefficients be-
tween large nanoclusters strongly violate the prediction of
a simple atom pairwise model. A simple way to avoid this
size-dependent deviation is to treat a fullerene molecule as a
whole object and the vdW interaction between two fullerene
molecules as that between two objects, rather than to decom-
pose a fullerene molecule as individual atoms and treat the
vdW interaction between two fullerene molecules as a sum of
atom pair interactions, where each pair involves one effective
atom from each of the two fullerene molecules. This treatment
may not enable us to study the intramolecular interaction,
which is relevant to chemical reactions. However, it has great
advantages for the study of the properties arising from the
intermolecular forces, such as sublimation or cohesive energies
and lattice constants.

II. DYNAMICAL SCREENING OF vdW INTERACTION
IN SOLIDS

Recently, it has been shown that the vdW coefficients
between nanoclusters can be accurately generated from the
conducting shell model.28 This model only requires the accu-
rate static dipole polarizability α1(0) and the average valence
electron density as input, while the higher-order static polar-
izability is estimated from the classical relationship αl(0)
= [α1(0)](2l+1)/3, which is exact for the uniform electron gas.
These requirements can be well satisfied with slowly varying
densities, the paradigm of condensed matter physics. As such,
the model is particularly well suited for nanostructures, in
which the electron density is slowly varying. However, the con-
ducting shell model of Ref. 28 is valid only for isolated nanos-
tructures. For nanostructures in the solid state, the screening of
valence electrons of fullerenes must be considered. Let us first
consider a quasi-spherical conducting shell of uniform density
inside and zero outside the shell, with outer radius of R and

shell thickness t, placed into a uniform continuous medium
with the dielectric function ϵ1(iu). The conducting shell will
develop an instantaneous dipole or multipole moment with the
dynamic multipole polarizability αl(iu). Due to the dielectric
screening of the medium, the electric multipole polarizability
of the conducting shell in the continuous medium or bulk solid
will be reduced, compared to that in empty space. According
to Refs. 3, 30, and 31, the screening effect from the medium
can be accounted for via the frequency-dependent dielectric
function ϵ1(iu) of the medium or bulk solid. As a result,
the screened dynamic multipole polarizability of the quasi-
spherical conducting shell (which models a fullerene molecule
in the solid phase) can be written as

αsc
l (iu) =

(
R2l+1 ω2

l

ω2
l
+ u2

1 − ρl
1 − βl ρl

) 1
ϵ1(iu) , (2)

βl =
ω2

l
ω̃2

l

(ω2
l
+ u2)(ω̃2

l
+ u2) , (3)

ρl =
( R − t

R

)2l+1
, (4)

where ωl = ωp


l/(2l + 1) is the plasmon frequency of a solid

sphere, ω̃l = ωp

(l + 1)/(2l + 1) is the plasmon frequency of
a cavity, with ωp =

√
4πn being the plasmon frequency of the

extended uniform electron gas, and ρl is the shape function.
(Atomic units are used unless otherwise explicitly stated.)
When the shell thickness t = R, the cavity vanishes and the
shell becomes a solid sphere. This model is valid for any value
of t. The plasmon frequencies of the solid sphere and cavity can
be calculated from the average valence electron density in the
shell, which is given by n = N/V , with N being the number of
valence electrons of a fullerene, and V = (4π/3)[R3 − (R − t)3]
being the shell volume. The outer radius R can be calculated
from the quantum molecular dynamics.32 The shell thickness
t is size-independent. In this work, we take t = 3.4 as adopted
in Refs. 33 and 34.

From Eq. (2), we can see that the screening effect is fre-
quency-dependent. Fullerenes have highly polarizable quasi-
spherical surfaces, and the vdW interactions between them
obey a scaling law,28,35,36 which is quite different either from
that of 2D layered materials37 or 3D. The crystal structure of
fullerenes is fcc (or slightly distorted fcc).38 The screening
effect on the vdW interaction between fullerene molecules
in the solid phase can be accounted for via the isotropic
frequency-dependent dielectric function, as in metals and
rare-gas solids. The electrostatic field of one fullerene as it
fluctuates is fairly long range and affects (and is screened
by) many other fullerenes. As such, the anisotropy of each
individual fullerene is of little consequence, and the screening
can be modeled as spatially uniform with little loss of accuracy.
The exact dielectric function is known in two limits: The
uniform-gas (simple metal) limit in which ϵ1(iu) = 1 + ω̄2

p/u
2

and the low-density limit (e.g., in vacuum or perfect insulator),
where ϵ1(iu) = 1. In the uniform-gas limit, electrons are fully
delocalized so that the screening effect is maximal, while in
the low-density or large energy-gap limit, electrons are highly
localized on the objects so that ϵ1(iu) ≈ 1 and screening effect
becomes minimum. However, the exact explicit form of ϵ1(iu)
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for inhomogeneous densities is not known. Many models39–41

have been proposed to simulate ϵ1(iu). In this work, we use
the modified Penn model proposed by Breckenridge, Shaw, Jr.,
and Sher40 to account for the dynamical screening. The model
takes the simple form7

ϵ1(iu) = 1 +
ω̄2

p

u2

 (1 − ∆2)y
P

−
ω2

g − (ω2
g + u2)∆2

2u

ω2

g + u2
ln

I+
I−



+
2ω̄2

p∆

u2

ωg

u


tan−1

(ωgP
u

)
− tan−1

(ωg

u

)
+

1
P
− 1

, (5)

where I± = [(1 + y2)(1 + u2/ω2
g)]1/2 ± uy/ωg , y = 1/∆, and

P = (1 + y2)1/2. ωg is the effective energy gap which will be
defined below, and ∆ = ωg/4ϵF, with ϵF = (3π2n̄)2/3/2 the
Fermi energy, and n̄ is the average valence electron density of
the bulk solid. This model has been used to study the physical
adsorption.7,42

To ensure that our ϵ1(iu) is realistic, we determine ωg by
reproducing the static dielectric function ϵ1(0) with the Penn
model,39

ϵ1(0) = 1 +
ω̄2

p

ω2
g


(1 + ∆2)1/2 − ∆


. (6)

Although the model frequency-dependent dielectric function
was derived on the basis of the nearly free electron gas, it
should be quite realistic, even for densities away from the
nearly free electron gas, because the model recovers the correct
static limit ϵ1(0) of fullerenes by Eq. (6) and infinite-frequency
limit as O(1/u2). Our recent GW calculations43 including
exciton effect (by solving the Bethe-Salpeter equation within
the GW approximation) for several semiconductors show that
the model dielectric function of Eq. (5) agrees reasonably well
with the GW values. Fullerenes are semiconductors with band
gaps of less than 2 eV (the maximum band gap is 2 eV which
occurs for C60). Therefore, good accuracy of the model ϵ1(iu)
[Eq. (5)] is expected. The ϵ1(0) values of fullerenes can be
estimated from the accurate static dipole polarizability using
the Clausius-Mossotti formula44

α1(0) = 3
4πρ

ϵ1(0) − 1
ϵ1(0) + 2

. (7)

Here, ρ is the particle number density of the solid. For the fcc
structure, ρ = 4/a3, where a is the lattice constant. The static
polarizability can be calculated from time-dependent density
functional theory (TDDFT)45 or time-dependent Hartree-Fock
(TDHF).35 For convenience, all the input parameters α1(0),
ϵ1(0), and ωg are listed in Table I.

III. LATTICE CONSTANT CALCULATION

Now we turn to the lattice constant calculation. Lattice
constant is perhaps the most important geometrical parameter
in materials science. Accurate prediction of this quantity is
of broad interest on its own. In addition, lattice constant is
an important input in the present work. While the experi-
mental values for the fullerene solids considered here are

TABLE I. Static dipole polarizabilities (in a.u.) of free fullerene molecules,
static dielectric constants, effective energy gaps (in hartree), and conventional
unit cell equilibrium lattice constants (in Å) of fullerene solids. All the data
are from the present work, except as noted. The higher-order static multi-
pole polarizabilities αl(0) are estimated from αl(0)= [α1(0)](2l+1)/3. M.R.E.
= mean relative error.

Fullerene α1(0) ϵ1(0) ωg aLDA aexpt

C60(Ih) 537a 3.813 0.444 14.024 14.17b

C70(D5h) 685a 4.260 0.410 14.837 15.01b

C76(D2) 756c 4.309 0.405 15.297 15.475b

C78(C2v) 779a 4.246 0.406 15.498 15.56d

C84(D2) 837a 4.242 0.406 15.876 16.06b

C96(C2) 971e 4.233 0.404 16.689 16.83b

M.R.E. −1%

aFrom Ref. 35.
bFrom Ref. 46.
cInterpolated between C76 and C78.
dFrom Ref. 47.
eInterpolated between C90 and C100 values evaluated with time-dependent local density
approximation (TDLDA).45

available in the literature, most theoretical calculations have
been devoted to C60 and C70.48 To make our calculation predic-
tive, we avoid any experimental input in this work. It was
shown49 that DFT-LDA (local density approximation) tends to
underestimate experimental values, while GGA (generalized
gradient approximation50) overestimates them. But GGA gives
an overall improvement over LDA for normally bonded solids.
However, for solids with strong long-range vdW interactions
such as many molecular crystals (e.g., fullerenes), LDA is
more accurate than GGA for lattice constants. This is because
LDA tends to overestimate the short-range attraction,51 which
partly compensates the absence of long-range attraction in
semilocal DFT. In this work, we calculate lattice constants with
LDA, using the plane wave pseudopotential code Quantum
ESPRESSO.52 As discussed below, the pseudopotential-based
GGA functional50 will be used to describe the short-range
contribution to the sublimation energy. Here, we generate
norm-conserving LDA and GGA pseudopotentials, with the
OPIUM program.53 The LDA pseudopotential employs the
Perdew-Zunger parametrization54 for the correlation part, with
energy cutoff Ecut = 25 hartree, while the GGA pseudopoten-
tial employs the Perdew-Burke-Ernzerhof (PBE) exchange-
correlation functional,50 with the same energy cutoff.

The LDA pseudopotential is therefore used to optimize
the lattice structure of fullerene solids. In our calculations, an
8 × 8 × 8 k-point grid is used. Our calculations show that,
except for C60, which has the perfect fcc structure, all other
fullerenes give a slightly distorted fcc structure, due to the
deviation from spherical symmetry. Consequently, the distor-
tion results in some changes in unit-cell lengths and angles, as
shown in Table II. However, except for C70 whose deviation is
1.8◦, the deviation of the solid angles for all other fullerenes
considered is less than 1◦. Therefore, we may treat the dis-
torted lattices as face-centered orthorhombic (a , b , c and
α = β = γ = 90◦). As we shall see below, this orthorhombic
distortion has a small effect (about 10%) on the sublimation
energies. In order to make direct comparison with experimental
values,46,55,56 in the calculation of the vdW energy with the
asymptotic expansion, we use the fcc lattice structure and take
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TABLE II. Distorted fcc (dist) lattice structures and the sublimation energies
calculated from the distorted lattice structures. Lattice constant (a,b,c) is
in angstrom, solid angle of the distorted lattice in parenthesis (α, β,γ) is
in degree, and sublimation energy at zero temperature (∆Edist

sub) is in kJ/mol.
aLDA of Table I is found from (abc)1/3, as listed below.

Fullerene a (α) b (β) c (γ) ∆Edist
sub

C60(Ih) 14.02 (90.0) 14.02 (90.0) 14.02 (90.0) 174
C70(D5h) 14.07 (91.9) 14.36 (90.1) 16.18 (90.1) 230
C76(D2) 13.78 (89.9) 15.24 (90.0) 17.05 (90.1) 249
C78(C2v) 14.35 (90.1) 15.21 (90.0) 17.06 (90.0) 234
C84(D2) 15.09 (90.0) 15.44 (89.9) 17.18 (90.2) 225
C96(C2) 15.46 (90.2) 16.60 (90.3) 18.11 (90.9) 227

the geometric mean of the distorted lattice constants. From
Table I, we observe that the effective fcc lattice constants are
too short by 1%, compared to experiments. This error may
carry over to an error of about 6% in sublimation energy.

IV. RESULTS AND DISCUSSION

The sublimation energy is defined as the energy differ-
ence between molecules in the gas phase and the solid phase.
Many calculations48,57 have been performed on C60 and C70,
with semilocal DFT and molecular dynamics. In particular,
Fernandes et al.58 calculated the sublimation energies of fuller-
enes up to C96 at different temperatures with the classical
Monte Carlo method based on an intermolecular potential. The
calculated sublimation energies of fullerenes are in excellent
agreement with experiments. Recently, Berland et al. calcu-
lated the sublimation energy5 of C60 with several variants of
the vdW-DF functional. The result sensitively depends on the
choice of the exchange part of this functional. In the present
work, we employ DFT-GGA corrected with the dynamically
screened vdW interaction to study the sublimation energies
of the fullerenes for which experimental values are available
for comparison: C60, C70, C76, C78, C84, and C96. Sublimation
energy comes from two contributions: the short-range part,
which can be well described with semilocal DFT, and the
long-range part. The short-range part arises from the orbital
overlap of two fullerenes. As pointed out in the first paragraph
of Sec. III, the LDA tends to overestimate the short-range
contribution. Therefore, here we calculate the short-range part
with the GGA functional.50 From Table III, we observe that
the short-range contribution alone is far too small compared

TABLE III. Sublimation energies (in kJ/mol) of fullerene solids calculated
with DFT + vdW, DFT-D2, and vdW-DF.

Fullerene GGA GGA + vdW DFT-D2 vdW-DF ∆H ref
sub

C60(Ih) 7.9 174 148 185 175 ± 14a

C70(D5h) 7.5 210 164 210 200 ± 6a

C76(D2) 7.1 213 171 213 206 ± 4a

C78(C2v) 7.5 208 167 216 207b

C84(D2) 7.5 208 178 233 225 ± 6a

C96(C2) 7.9 209 197 251 222b

aFrom experiments59 at 298 K, except for C60 which is at 0 K.
bEstimated from the classical Monte Carlo values58 at 0 K.

to experimental values,59 suggesting that there is negligible
orbital overlap between fullerenes.

Next, we calculate the long-range part with the asymp-
totic expression discussed above. This formula is divergent
in the small-separation limit, while the exact vdW energy
must be finite. To fix this problem, one usually multiplies
each term C2k/d2k by a damping function f (d). Here, we
apply the asymptotic formula directly to calculate the long-
range part, because at equilibrium, the first-nearest intermo-
lecular distance d = aLDA/

√
2 (18.7, 19.8, 20.4, 20.7, 21.2,

and 22.3 for C60, C70, C76, C78, C84, and C96) is always larger
than the average effective diameters of fullerenes (2R = 16.3,
17.6, 18.2, 18.4, 18.8, and 19.8) by more than 10%. Applying
a damping function60 fd(d) = 1/{1 + exp[−c(d/dvdW − 1)]},
where c = 23 and dvdW = 2R is the sum of the effective radii,
only reduces vdW interactions by about 1%. The vdW coef-
ficients between fullerene molecules in the solid phase can
be calculated from the screened dynamic multipole polariz-
ability of Eq. (2), with the second-order perturbation theory
or Casimir-Polder formula.61 The long-range part is the sum
of the vdW interactions of a fullerene molecule with all other
fullerenes in the solid. Due to the huge vdW coefficients and
highly densed packing of fullerenes, the higher-order contri-
butions are significantly important and the convergence of the
asymptotic series is very slow. In this work, we truncate the
series for k > 16 (C32). This high order is far beyond the reach
of most vdW methods. Then, we sum all these contributions
up to the sixth-nearest neighbors. To see the screening effect,
we also calculate the unscreened vdW energy. Comparison of
the screened vdW coefficients (C6, C8, and C10) with the un-
screened ones is displayed in Table IV. Our calculations show
that, without screening, the vdW energy is dramatically too
large. Figure 1 shows the comparison of the screened dynamic
dipole polarizabilities with the unscreened ones. From Fig. 1,
we can see that the screening effect is very important, in partic-
ular in the low-frequency region. From Fig. 1(a), we also see
that the model dynamic polarizability agrees reasonably well
with the much more expensive Hartree-Fock (HF) values.35

The good agreement of the model dielectric function with the
GW values and the unscreened model dynamic polarizability
with the HF value suggests the validity of our dynamically
screened dynamic dipole polarizability. The sublimation ener-
gies can be obtained by adding the short-range part to the long-
range contribution. From Table III, we see that the present
GGA + vdW sublimation energies agree very well with the

TABLE IV. Comparison of the screened vdW coefficients per atom pair to
the unscreened ones between identical fullerene pairs based on the effective
fcc structure. Only C6, C8, and C10 are listed here. Other higher-order coeffi-
cients can be easily generated from the second-order perturbation formula of
Ref. 61. hartree atomic units are used.

Fullerene C6 C8/103 C10/105 Csc
6 Csc

8 /103 Csc
10/105

C60(Ih) 40.83 15.08 45.79 8.876 3.499 11.15
C70(D5h) 44.20 18.88 66.26 9.681 4.421 16.32
C76(D2) 45.19 20.66 77.61 9.772 4.788 18.96
C78(C2v) 45.43 21.20 81.30 9.968 4.984 20.14
C84(D2) 45.19 22.16 89.28 9.897 5.206 22.13
C96(C2) 45.48 24.56 109.0 10.12 5.868 27.50
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FIG. 1. Comparison of the screened
dynamic dipole polarizability αsc

1 (iu)
of fullerenes in the solid phase with the
dynamic dipole polarizability α1(iu) of
free fullerenes.

reference values. In order to check whether this accuracy is
based on the use of the too-short LDA lattice constants, we
repeat the calculations with the experimental geometries. From
Fig. 2, we observe that these sublimation energies agree well
with experiments, too. The good agreement between the subli-
mation energies calculated with the LDA lattice constants and
with experimental lattice constants suggests that the correct
physics is indeed built into the model.

Experiment shows that at about 340 K, fullerenes rotate
rather freely in the fcc lattice,56 while below this temperature,
the fullerene lattice is a mixture of fcc and hcp, with very small
energy difference (less than 0.1%38) between fcc and hcp. To
have a better understanding of this orientation effect,48,62 we
calculate the long-range vdW energy of a fullerene molecule
with all other fullerenes in the effective fcc and distorted fcc
structures. We find that the orientation of fullerenes can affect
the vdW energy by about 20 kJ/mol on average, via distortion
of the lattice, as shown in Table V. This leads to the increase
of sublimation energy by about 10% (see Table II).

FIG. 2. Sublimation energies of fullerenes calculated with the DFT + vdW,
vdW-DF, and DFT-D2 methods. Expt-a0 represents the sublimation energies
with the vdW part calculated from experimental fcc lattice constants.

V. vdW-DF AND DFT-D2 METHODS

To see the performance of other methods, we calculate the
sublimation energies of the same fullerenes with the nonlocal
vdW-DF and pairwise-based dispersion-corrected DFT-D2
methods, using the Quantum ESPRESSO52 code. Since the
exchange parts of these two functionals are quite similar
(the PBE GGA50 in DFT-D2 and the revised version of the
PBE GGA in vdW-DF), the same PBE GGA pseudopoten-
tial from our short-range calculation was employed here.
From Table III, we can see that the DFT + vdW method is
slightly more accurate than vdW-DF, while DFT-D2 under-
estimates the sublimation energies by about 20%. In our
DFT + vdW method, the vdW part is constructed with the
conducting sphere of uniform density, while the GGA is
constructed in the way that is exact in the uniform-gas limit,
but only approximately correct for inhomogeneous systems.
It includes nearly all-order contributions, while the screening
effect is taken into consideration via the frequency-dependent
dynamical dielectric function. The dispersion correction in
DFT-D2 was based on a sophisticated atom pairwise inter-
action picture. While it is very accurate for molecules in the
gas phase, it may not be optimal for molecules in the solid

TABLE V. Comparison of the long-range contributions (in kJ/mol) to subli-
mation energy calculated with the effective fcc and distorted fcc lattice struc-
tures. If C60 is excluded, the mean deviation between the fcc and distorted fcc
structures is 23.9 kJ/mol.

Fullerene vdW(fcc) vdW(dist) vdW(dist)−vdW(fcc)

C60(Ih) 166.5 166.5 0
C70(D5h) 202.1 222.6 20.5
C76(D2) 206.3 242.3 36.0
C78(C2v) 200.4 227.2 26.8
C84(D2) 201.0 218.0 17.2
C96(C2) 201.3 219.7 18.8
Mean deviation 20.1
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phase, because there is a strong screening effect, which tends
to reduce the vdW interaction. On the other hand, in DFT-D2,
only the leading-order (C6) contribution has been considered.
Due to the error cancellation in the dielectric screening and
higher-order contribution, the sublimation energies obtained
from this method still agree reasonably well with the reference
values, as shown in Table III, although it has a tendency to
underestimate them. Because the starting point of the vdW-
DF is the fluctuation-dissipation theorem,19 the vdW-DF takes
the screening effect into consideration.20,63 It was shown64 that
there is a large error in the vdW-DF vdW coefficients between
small molecules. This error should be reduced with increasing
system size, because the vdW-DF functional becomes correct
for the uniform electron gas. Therefore, vdW-DF can achieve
performance similar to that of our screened classical shell
model, yielding accurate sublimation energies of fullerenes
(see Table III).

Finally, it is worth pointing out that the constructions of
these three methods are quite different. Our vdW part is ob-
tained by treating a fullerene molecule as a whole object, while
the dispersion part in DFT-D method is atom pairwise-based
model, which is calculated by decomposing a fullerene mole-
cule as the sum of individual effective carbon atoms ( just oppo-
site to our present method). On the other hand, the nonlocal
vdW-DF was based on the density response. These differences
make our comparative study immediately helpful for a better
understanding of these methods and the physics behind these
methods.

VI. CONCLUSION

In conclusion, we have studied the sublimation energies of
fullerenes with semilocal DFT, corrected by the dynamically
screened vdW interaction. Our calculations show that the subli-
mation energies of fullerenes essentially arise from the vdW
interaction. We find that there is a strong screening effect of
valence electrons of fullerenes on the vdW interaction between
fullerene molecules in the solid phase. Our calculations also
show that the higher-order contribution is very important. If all
higher-order terms are neglected, the screened leading-order
contribution only accounts for about 20% of the sublimation
energy of C60.

The unusually strong screening effect and large higher-
order contributions arise from the facts that (i) due to the
delocalization of surface electrons, the surface of fullerenes
is highly polarizable, (ii) the band gap of fullerene solids is
small (less than 2 eV), and (iii) fullerene molecules in the
solid phase are so densely packed, leading to small equilibrium
intermolecular distance (the first nearest neighbor ≈10 Å for
C60 solid) and high valence electron density. For usual molec-
ular crystals or atomic ion-based solids (e.g., metals and ionic
solids), the screening effect of valence electrons and higher-
order multipolar components are relatively smaller but still are
important, as reported in Refs. 3 and 30. The significance of
the higher-order multipolar contribution to the vdW interaction
was pointed out in Refs. 65 and 66 for atom pairs, discussed
for nanoclusters (no cavity)29,67 and for rare-gas atoms on
surfaces,7 and considered in the third version of Grimmie’s
DFT-D method.18

To have a better understanding of this and the screening
effect, we also performed calculations of the sublimation ener-
gies with vdW-DF (popular in solid-state calculations) and
DFT-D2 (popular in quantum chemistry), both of which are
available in Quantum ESPRESSO.52 We find that vdW-DF
tends to yield slightly larger but still accurate sublimation ener-
gies and thus stronger bonding, while DFT-D2 tends to predict
significantly weaker vdW bonding. There is clear evidence
of multipole enhancements of the nonlocal-correlation attrac-
tion at binding.63,68 Recent studies have shown that DFT-D
method significantly improves the performance of semilocal
DFT for molecular calculations,69 but it overcorrects the lat-
tice constants of both ice and AgI.70 The reason is that in
solids, the screening of valence electrons is much stronger than
the screening effect in molecules. Therefore, a vdW method
optimal for molecules may not be optimal for solids. Highly de-
localized electrons not only produce strong screening effect but
also yield strong multipolar components. Strong higher-order
multipolar contribution in fullerenes also suggests important
unequal contribution of each carbon atom in fullerene mole-
cules:28,29 The further away an atom is from the center of a
fullerene molecule, the larger the polarizability of that atom
is, a similar situation in metallic systems.

Although our present work has focused on the calculation
of sublimation energies of fullerenes, it can be used to study
other vdW-related properties such as lattice constant and bulk
modulus corrections. It can be also used to study other nanos-
tructured solids.
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