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We have calculated the interaction potentials of the methane dimer for the minimum-energyD3d conformation
using the density functional theory (DFT) with 90 density functionals chosen from the combinations of nine
exchange and 10 correlation functionals. Several hybrid functionals are also considered. While the performance
of an exchange functional is related to the large reduced density gradient of the exchange enhancement factor,
the correlation energy is determined by the low-density behavior of a correlation enhancement factor. Our
calculations demonstrate that the correlation counterpart plays an equally important role as the exchange
functional in determining the van der Waals interactions of the methane dimer. These observations can be
utilized to better understand the seemingly unsystematic DFT interaction potentials for weakly bound systems.

Introduction

van der Waals complexes constitute an important intermediate
between free molecules and a condensed liquid and play a
crucial role in the condensation and evaporation processes in
phase transitions. Besides, packing, assembling, and cohesion
of weakly bound biomolecular complexes such as DNA and
protein into stable and functionalized conformations are gauged
by specific van der Waals interactions.1-3 A detailed investiga-
tion of these interactions provides much insight into important
dynamic processes in molecular physics, solution chemistry, and
structural biology. Experimental studies of van der Waals
molecules abound but have been plagued with incomplete
sampling of the potential energy surfaces.4-5 Quantum chemistry
calculations serve as a complementary way with experiments
to investigate these illusive but important interactions.6-9

In the wave function based theory, van der Waals attractions
are due to the correlation effect that is not included in the
Hartree-Fock (HF) self-consistent method. Usually a high-level
post-HF theory (such as the Møller-Plesset perturbation
theory10 or the coupled cluster theory11) and a large basis set
are required to obtain a binding energy with a chemical accuracy
of, say, 0.1 kcal/mol. Unfortunately, computational costs of these
methods scale nonlinearly with respect to the number of basis
functions (to the power of 5 or higher), which quickly reach
the limit of current computing power.12 Kohn-Sham density
functional theory (KS-DFT)13 provides an appealing alternative
to the wave function based electronic structure theory due to
its possibility to obtain equally accurate results with much less
computational costs. KS-DFT has been successful in producing
the geometry and energetics of extended systems and occasion-
ally even for atoms and molecules. However, KS-DFT using
the local density approximation (LDA) or generalized gradient
approximation (GGA) functionals, being applied to weakly
bound systems, often yields unsystematic results or spurious
convergence behaviors that were poorly understood.14-16 It is
often found that the conclusions drawn from the study of a
specific system cannot be universally applied to other systems.

Definitely there are error cancellations between the exchange
and the correlation functionals. Therefore, the relative perfor-
mance of the exchange and correlation functionals should be
investigated separately. Besides, semilocal GGA functionals
have intrinsic limitation in modeling the correlation effect. As
a matter of fact, there are two components of the correlation
effect. The dynamic correlation is important in short and medium
ranges of interaction, while the static (or nondynamic, near-
degeneracy, or sometimes left-right) correlation dominates the
long-range part.17-18 Lack of the nonlocal static correlation in
the LDA and GGA functionals is believed to be responsible
for the deficiency of using DFT to obtain the long-range van
der Waals interactions. In particular, it has been known that
DFT using semilocal functionals cannot obtain the correct
asymptotic long-range potential tail. However, improved GGA
and meta-GGA functionals do contain some dynamic correlation
that is important in short-range interactions.19 Therefore, one
expects the applicability of modern GGA and meta-GGA
functionals in determining the equilibrium properties (such as
the bond length and the binding energy) of van der Waals
molecules.

Many previous theoretical studies put much emphasis on the
performance of an exchange functional. In calculations of the
electronic properties of atoms and molecules, the correlation
energy contributes only 10% or less to the total energies.20 It is
found that the exchange energy can be related to the large
reduced density gradient,s ) (|∇F|)/(2(3π2)1/3F4/3), F being the
density, of the GGA exchange enhancement factor.21 However,
for van der Waals interactions, a larges actually means a low
density because the electron overlapping is relatively small.
Because correlation energy could be significant for a low-density
region, in this paper we draw the attention to the performance
of the correlation functionals.

To address the title issue, we carry out a systematic DFT
study of the equilibrium binding energies and bond lengths of
the methane dimer using 90 functionals. Methane is a nonpolar
molecule with vanishing dipole and quadrupole moments. The
first nonvanishing electrostatic interaction is the octopole-
octopole interaction, and all higher-order interactions are weak
and decay fast at large intermolecular separation. The dominant
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attraction for the methane dimer is thus due to the van der Waals
force. Therefore, the calculation of van der Waals interactions
of the methane dimer serves as a prototype study to investigate
the various factors affecting the calculations of these interactions.

Theory and Calculations

In a previous study,22 we found that for the methane dimer,
a large part of the exchange-repulsion interactions can be
calculated by the HF method. The calculation of electron
correlation energies depends on the level of the correlation-
corrected method, the size of the basis set, and the correction
of the basis set superposition error (BSSE). It has been found
that the MP2 results for the methane dimer are not too much
different from those calculated by the much more expensive
CCSD(T) as long as a large basis set has been used. The MP2
binding energy22 is used as a reference value to calibrate the
accuracy of current DFT calculations. Pople’s medium size basis
set, 6-311++G(3df, 3pd),23 was used for all the calculations
presented. This basis set has been proven accurate in determining
the binding energy of the methane dimer up to 0.1 kcal/mol
accuracy.22 The basis set superposition error was corrected by
the counterpoise (CP) method of Boys and Bernardi.24

All the DFT calculations were performed using the Gaussian
03 program package25 on an AMD 250 computer cluster with
distributed memory. The equilibrium geometry of a single
methane molecule was first optimized at the MP2/6-31G* level
of theory. To obtain the most stable intermolecular geometry,
the methane dimer was modeled by first fixing the carbon-
carbon (C-C) distance while letting the two monomers rotate
freely. By approaching the monomers from the far side with
several initial choices of mutual orientation, we found the
minimum-energy conformation corresponds to theD3d symmetry
conformer. Subsequently the C-C distance was sampled in 0.1

Å steps for a large range of intermolecular separation (normally
3-9 Å). During the scan, we allow the individual methane
molecule to be fully relaxed. This means that we do not fix the
monomer geometry, and the methane molecule is not assumed
to be rigid.

The density functionals used in the present work include the
90 combinations chosen among nine exchange (B88,26 OPTX,27

MPW,28 PBE,29 PW91,30 TPSS,31 Slater,32 HCTH,33 XAlpha34)
and 10 correlation (TPSS,31 PBE,29 PW91,30 P86,35 HCTH,33

VWN5,36 PL,37 VWN,36 LYP38) functionals. We also consider
several hybrid functionals of B971,39 BB98,40 BHandH,41

O3LYP,42 B3PW91,43 PBE1PBE,29 and MPW1PW91.44 The
chosen functionals are selective representations of the most
commonly used density functionals for van der Waals interac-
tions in current literature. Recent studies showed that the
PW91PW91 functional could yield reasonable binding energy
of the methane dimer interaction,22 but the relative performance
of the exchange and correlation functionals has not been
systematically studied.

Results and Discussion

In Table 1, we show the bond lengths using the 90 exchange-
correlation functionals, displayed as the row and the column
items, respectively. Roughly, the bond lengths descend across
the row and down the column. Compared with the MP2 result
(3.73 Å), we find the PW91VP86 functional yields a value (3.73
Å) the same as the MP2 result. Table 2 presents the calculated
binding energies using the 90 exchange-correlation functionals.
These data are organized in a particular order, as shown in Table
2. In this order, the (negative) DFT potentials descend across
the row and down the column. The results clearly demonstrate
the relative performance of the exchange and the correlation
functionals in the DFT calculations. By fixing the PW91 as the

TABLE 1: Comparison of the Bond Lengths (in Å) Calculated with the 90 Exchange-Correlation Functionals Using the
6-311++G(3df,3pd) Basis Seta

correlation functional

exchange functional VWN5 PL TPSS PBE PW91 VWN P86 VP86 LYP HCTH

B88 U U U U U U U U U 3.62
HCTH 5.85 5.85 5.93 5.93 5.93 5.83 6.14 6.14 5.90 3.92
OPTX 5.20 5.20 5.24 5.23 5.24 4.93 5.30 5.30 4.83 3.81
MPW 4.77 4.77 4.84 4.84 4.83 4.73 4.69 4.69 4.26 3.57
TPSS 4.40 4.40 4.42 4.41 4.40 4.35 4.03 4.03 3.98 3.52
PBE 4.26 4.25 4.08 4.06 4.04 4.21 3.72 3.72 3.79 3.53
PW91 4.19 4.19 4.05 4.04 3.99 4.14 3.72 3.73 3.80 3.52
Slater 3.33 3.99 3.10 3.07 3.08 3.31 2.99 3.00 3.13 NAb

XAlpha 3.26 3.26 3.54 3.52 2.97 3.24 3.49 3.00 3.07 3.15

a As a reference, the MP2 bond length calculated at this basis set is 3.73 Å.22 The better DFT results of errors within 10% as compared to the
MP2 result are marked in boldface.b Not available

TABLE 2: Comparison of the Binding Energies (in kcal/mol) Calculated with the 90 Exchange-Correlation Functionals Using
the 6-311++G(3df,3pd) Basis Seta

correlation functional

exchange functional VWN5 PL TPSS PBE PW91 VWN P86 VP86 LYP HCTH

B88 1.206 1.206 1.090 1.075 1.054 1.130 0.802 0.801 0.718-1.749
HCTH -0.007 -0.007 -0.003 -0.003 -0.004 -0.008 0.000 0.000 -0.006 -0.668
OPTX -0.030 -0.030 -0.020 -0.020 -0.021 -0.032 -0.007 -0.006 -0.039 -1.582
MPW -0.085 -0.085 -0.070 -0.070 -0.071 -0.096 -0.057 -0.056 -0.150 -2.559
TPSS -0.087 -0.087 -0.074 -0.074 -0.077 -0.105 -0.118 -0.116 -0.250 -2.753
PBE -0.149 -0.150 -0.157 -0.158 -0.167 -0.174 -0.358 -0.353 -0.457 -3.174
PW91 -0.358 -0.360 -0.376 -0.379 -0.418 -0.387 -0.577 -0.572 -0.669 -3.367
Slater -1.173 -1.184 -2.330 -2.445 -2.483 -1.287 -3.436 -3.416 -2.884 NAb

XAlpha -1.290 -1.302 -2.500 -2.634 -2.671 -1.415 -3.702 -3.640 -3.119 -5.838

a As a reference, the MP2 binding energy calculated at this basis set is-0.415 kcal/mol.22 Positive values represent unbound dimer structures,
and the energies are calculated atR ) 3.73 Å. The better DFT results of errors within 10% as compared to the MP2 result are marked in boldface.
b Not available
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exchange functional, for example, all correlation functionals
yield bound potentials. On the other hand, by fixing the PW91
as the correlation functional, the varying exchange functionals
much underestimate or overestimate the binding energy except
the PW91 exchange functional. One of the combinations,
PW91PW91, yields a binding energy (-0.418 kcal/mol) close
to the MP2 result (-0.415 kcal/mol). Previous studies on van
der Waals systems45 have shown that the exchange functional
plays an essential role in determining the binding energy, while
the correlation part of a density functional does not significantly
affect the DFT calculations. Our results are consistent with the
former observation, while we see appreciable effects due to the
choice of the correlation functional. To further analyze the
results, we examine the larges behavior of the GGA enhance-
ment factors at the asymptotically low-density region.

The performance of varying the GGA exchange functionals
for a fixed correlation functional can be understood in terms of
the behavior of the GGA enhancement factorFX(s) of the
exchange functional for the large reduced density gradient
region.45 The exchange enhancement factor is defined by

whereεX
GGA andεX

LDA are the exchange potentials for the GGA
and the LDA energy functionals, respectively. We plot theFX(s)
versuss curve in Figure 1. We see in Figure 1 that the order of
the magnitude ofFX(s) at larges is B88 > OPTX > MPW >
PBE> PW91. This order is essentially the order of the binding
energies calculated by the corresponding functionals down the
column in Table 2. This connection has been found in previous
studies on van der Waals systems45 and serves as a useful tool
in analyzing the DFT calculations. In the present work, we verify
and extend the utilities of previous conclusions. Notice that the
HCTH functional is an outlier to the previous trend. This could
be due to the fact that the original set up of using an HCTH
exchange functional should always work with its correlation
counterpart.33

On the other hand, the performance of varying the GGA
correlation functionals for a fixed exchange functional has not
been thoroughly studied before. In calculations for chemically
bonded systems or hydrogen-bonded systems, the contribution
of a correlation functional is often small. However, for low
density and larges, the contribution of correlation energy
becomes more significant.29 In Table 2, we see that, for a fixed
exchange functional, it may amount to a wide range of binding
energies by varying the correlation functional. Because most
GGA correlation functionals use the LDA correlation as an

additive ingredient in the definition, to clearly show the nonlocal
effect, an enhancement factor is defined by

where εC
GGA and εC

LDA are the correlation potentials for the
GGA and the LDA energy functionals, respectively. The
correlation enhancement factor depends ons and rs, wherers

) (3/4πF)1/3 is the Wigner-Seitz radius. For van der Waals
interactions,rs falls in the range of 5-20. By fixing rs ) 10,
we plot the enhancement factorFC(s) as a function ofs in Figure
2. We see in Figure 2 that the order of the magnitude ofFC(s)
at mediums is TPSS> PBE > PW91 > P86 > HCTH.
Interestingly, this order is essentially the order of the binding
energies calculated by the corresponding functionals across the
row in Table 2. These observations clearly show that the DFT
potentials are correlated to the exchange and the correlation
enhancement factors at the asymptotically low-density region.
It requires the proper match of an exchange functional and a
correlation functional to yield reasonable results. Most correla-
tion functionals are not sensitive to thers for mediums range,
except the P86 correlation functional. In Figure 3, we plot the
rs dependence of the correlation enhancement factor for the P86
functional as a function ofs. We see that there is a significant
effect of varyingrs on the P86 functional. Therefore, one has
to be more careful in making conclusions with the P86
correlation functional.

Parts a-e of Figure 4 present the calculated potential curves
by fixing five correlation functionals, respectively, and varying
the exchange functions used in this paper. Figure 5 presents
the potential curves using some hybrid functionals. We see that

Figure 1. GGA exchange enhancement factor as a function ofs for
the B88, HCTH, OPTX, MPW, PBE, and PW91 exchange functionals.

FX(s) )
εX

GGA

εX
LDA

(1)

Figure 2. GGA correlation enhancement factor as a function ofs for
the TPSS, PBE, PW91, P86, and HCTH correlation functionals. Here
rs ) 10.

Figure 3. rs dependence of the GGA correlation enhancement factor
as a function ofs for the P86 correlation functional.

FC(s,rs) ) 1 -
εC

GGA

εC
LDA

(2)
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the DFT calculations generate a wide range of potential patterns.
Some are purely repulsive (such as B88PBE), while others could
be overbounded (such as SlaterVWN). There patterns have been

found before and have often been termed “unsystematic”. From
our analysis, it is clear that some compensation among the
respective exchange and correlation functions at the larges range
of the enhancement factors must occur to yield reasonable
potential well depth close to the MP2 result. For the methane
case, PW91PW91 seems to achieve such appropriate compensa-
tion and thus yields a better result. Just exactly which combina-
tion should be used for a specific system is unknown a priori.
Nevertheless, our Table 2 does show the interesting correlation
between the calculated results and the chosen functionals and
should provide a useful reference for choosing such a combina-
tion.

Next, we would like to discuss the asymptotic behaviors of
some selective DFT potentials and compare them with those
obtained from the MP2 reference potential. It is well-known
that a DFT potential cannot be used to model the long-range
tail of the van der Waals interaction. However, exactly how
bad the situation is has not been systematically studied. Figure

Figure 4. BSSE corrected potential curves with varying exchange functionals by fixing (a) PBE, (b) PW91, (c) VWN, (d) VP86, and (e) LYP
correlation functionals, respectively. The MP2 potential curve is also shown as a reference.

Figure 5. BSSE corrected potential curves selective using several
hybrid functionals.
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6 displays the linear analysis of the potential curves by plotting
ln(-V) versus ln(R-1), namely

whereV is the (negative) potential energy by subtracting the
HF potential (which is purely repulsive) from the DFT potential
and R is the C-C distance. The data forR > 5 Å has been
used to perform this analysis. Notice that the MP2 potential
yields a reasonably straight line. Generally, DFT potentials yield
erratic long-range behaviors. The deviation from the straight
(MP2) line indicates the inefficacy of the DFT potentials. This
verifies that DFT potentials cannot be used to model the
dispersion interactions, in particular at long-range regions.46

To sum up this paper, we have studied the DFT potentials
for van der Waals interactions of the methane dimer. Weak
interactions of van der Waals systems have been widely studied
and discussed in various contexts, and the DFT results were
often termed “unsystematic”. Definitely part of the reasons can
be attributed to the error cancellation between the exchange and
the correlation functionals. To study their relative performance,
we analyze the exchange and the correlation enhancement
factors in the asymptotically low-density region. Our objective
is to make these results more “systematic” so that the calculated
DFT potentials can be better understood. Similar to the exchange
enhancement factor, the correlation enhancement factor, being
useful for choosing a specific functional, should also be useful
for constructing more exact functionals by “more constraint
satisfaction with fewer fits”.47
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