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Abstract: Density functional approximations fail to provide an accurate treatment of weak interactions. More 
recent, but not readily available functionals can lead to significant improvements. A simple alternative to correct 
for the missing weak interactions is to add, a posteriori, an atom pair-wise dispersion correction. We here present 
a density dependent dispersion correction, dDXDM, which dramatically improves the performance of popular 
functionals (e.g. PBE-dDXDM or B3LYP-dDXDM) for a set of 145 systems featuring both inter- and intramolecu-
lar interactions. Whereas the highly parameterized M06-2X functional, the long-range corrected LC-BLYP and 
the fully non-local van der Waals density functional rPW86-VV09 also lead to improved results as compared to 
standard DFT methods, the enhanced performance of dDXDM remains the most impressive. 
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1. Introduction

Kohn-Sham density functional theory[1] 
(DFT) provides a powerful framework 
for electronic structure computations and 
has become the preferred methodology for 
modeling many-body systems at reason-
able computational cost. Despite their in-
disputable success, popular local and semi-
local density functionals fail to describe 
long-range dispersion interactions, which 
typically dominate weakly bound intermo-
lecular complexes.[2–5] In addition, most 
popular functionals are unable to accu-
rately treat seemingly simple hydrocarbon 
reaction energies.[6–9] For instance, isom-
erization reactions and Pople’s isodesmic 
bond separation equations (BSEs)[10–12] 
of alkanes are very challenging.[6–8] These 
DFT weaknesses are well illustrated by 
the dramatic underestimation[7] of the pro-
pane bond separation Eqn. (1), a failure 
that originates mainly from the neglect of 
non-bonded interactions (see refs [13–15] 

for detailed discussion). Within this con-
text, we have demonstrated that applying 
a dispersion correction tailored for weak 
intramolecular interactions can eliminate 
these errors.[16–19] 
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8
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4
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2
H

6 �
 (1)

The approach followed by others[14,20–23] 
and us[16–18] is to improve the poor perfor-
mance of traditional density functionals, 
a posteriori, by means of an atom pair-
wise dispersion correction (Eqn. (2)).[20–22] 
Dispersion-correcting potentials[24–28] can 
be used for the same purpose but are not 
discussed here.

(2)(2)

Eqn. (2) generally employs a crude esti-
mate[22,29] for the C

6 
dispersion coefficients. 

The damping function typically depends 
on fixed van der Waals radii and a few em-
pirical parameters. In order to go beyond 
system-independent dispersion coeffi-
cients, Becke and Johnson (BJ) proposed 
the exchange-hole dipole moment (XDM) 
formalism.[30–32] The XDM formalism, 
used in our scheme, relies on molecular 
densities and free atomic polarizabilities 
and generates (higher order) dispersion 
coefficients (i.e. C

6
, C

8
 and C

10
). Related 

schemes were developed by Tkatchenko 
and Scheffler[33] and more recently by Sato 
and Nakai.[34,35] 

Over the past decades, the shortcom-
ings of conventional semi-local and hybrid 
density functionals have also motivated the 
development of more sophisticated and/or 
more accurate DFT functionals referred 
herein to as ‘modern’. Their construction 
follows different approaches that aim to i) 

improve the treatment of dispersive inter-
actions (i.e. by fitting semi-local and hybrid 
functionals to experimental and high-level 
ab initio data,[36,37] or by deriving fully 
non-local van der Waals density function-
als[38–41]) and ii) reduce the ‘delocalization 
error’[42–45] (e.g. by supplementing the ap-
proximate short-range DFT exchange by 
exact exchange in the long-range[46–49]).

Although very instructive, the bench-
marking of these latest approximations 
remains scarce as the methods are often 
implemented in developmental versions of 
codes and thus not readily available to the 
users. 

We here present a density dependent 
dispersion correction[18] and discuss the 
benefit of using the proposed scheme in 
conjunction with standard density func-
tionals. The performance of the approach 
for treating inter- and intra-molecular 
weak interactions is then compared to that 
of ‘modern’ functionals. 

2. Methods and Computational 
Details

Our correction, called dDXDM,[18] 
uses C

6
, C

8
 and C

10
 dispersion coefficients 

computed according to BJ’s XDM formal-
ism.[30–32] The coefficients are distributed 
among the atoms based on iterative[50] (in-
stead of classical[51]) Hirshfeld weights that 
better account for polarization effects. Akin 
to our former empirical correction,[17] our 
procedure uses a damped Tang and Toen-
nies damping function[52] that eliminates 
the correction at covalent distances. The 
proposed damping function depends on 
the density through Hirshfeld (overlap)[53] 
populations (distinguishing covalent and 
ionic bonds) and the atom size in the mol-
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brid or other standard functionals for de-
scribing short-range non-bonded density 
overlaps[15,79] characteristic of branched 
alkanes and compact hydrocarbons. The 
good performance of the meta-GGA func-
tional M06-2X (MAD = 5.6 kcal mol–1), 
which is probably the most generally suc-
cessful ‘modern’ functional, highlights 
the success of semi-empirical fitting for 
improving the performance of conven-
tional DFT.[80] Finally, accounting for 
dispersion interaction by means of a fully 
non-local density functional (i.e. vdW-
DF04[40] and VV09[41,81]) lowers the error 
as well by stabilizing the more compact 

ecule, and ensures a successful treatment 
of both weak intra- (short-range) and inter- 
(long range) molecular interactions.

Four test sets assess hydrocarbon ther-
mochemistry: three BSE reaction sets di-
vided into alkane chains, rings and cages 
(see Fig. 1) and the IDHC (intramolecular 
dispersion in hydrocarbons[54]) test set con-
taining the dimerization of anthracene, the 
hydrogenation reaction of [2.2]paracyclo-
phane to p-xylene, two folding reactions of 
alkane chains (C

14
H

30
 and C

22
H

46
) and two 

isomerization reactions (n-octane and n-
undecane to their fully branched isomers). 
In addition, three test sets representative of 
more typical intra and intermolecular weak 
interactions were investigated: The S22 
test set[55,56] for intermolecular complexes 
between organic molecules, the EX3 test 
set for dimers of pnictogen trihalides[18,57] 
(NF

3
, NCl

3
, PCl

3
, PBr

3
, AsBr

3
) and the P76 

test set[58] comparing relative conforma-
tional stabilities of di- and tripeptides (i.e. 
FGG, GFA, GGF, WG, WGG). For further 
details, see ref. [18].

Most computations were performed 
in a development version of Q-Chem.[59] 
M06-2X[37] and HSE06[60,61] were run in 
NWChem 5.1[62,63] and Gaussian 09,[64] re-
spectively, whereas B97-D[29] and B2PL-
YP-D[54,65] computations were carried out 
in Turbomole 5.10.[66,67] LC-BLYP[68] (μ = 
0.33), MCY3[69] and rCAMB3LYP[69] com-
putations were performed using a modified 
version of CADPAC[70,71] provided by Dr. 
Aron Cohen. All the computations use 
the cc-pVTZ basis. Further details can be 
found in the original publications.[15,18]

3. Results and Discussion

As demonstrated by Wodrich and co-
workers, alkane reaction energies are 
poorly described by common density 
functional approximations.[7,8] Mean ab-
solute deviations (MADs) of standard ap-
proximations are shown in Fig. 2 for the 
hydrocarbon test sets. Whereas all density 
functionals improve over Hartree-Fock 
(MAD = 16.9 kcal mol–1), the errors are 
of the same order of magnitude (11.0 kcal 
mol–1 on average). Overall, standard den-
sity functional approximations are clearly 
unable to treat alkane reaction energies 
adequately. The popular B3LYP[72,73] hy-
brid functional does not improve upon the 
simpler PBE[74] GGA functional (MAD = 
14.1 and 10.9 kcal mol–1, respectively) and 
the seemingly good performance the lo-
cal density approximation (SVWN5[75,76]) 
(MAD = 3.4 kcal mol–1) results form an 
error cancellation.

The benchmarking of ‘modern’ func-
tionals is displayed in Fig. 3. The screened 
hybrid functional HSE06 (MAD = 11.0 
kcal mol–1), which is built upon PBE0 

(MAD = 10.9 kcal mol–1), does not outper-
form its parent functional. In contrast, the 
long-range corrected exchange variant, 
LC-ωPBE[77,78] (MAD = 9.0 kcal mol–1) 
offers an improvement over its standard 
counterpart (Fig. 3). More generally, the 
introduction of a long-range correction 
for the exchange leads to relatively low 
MADs as illustrated by LC-BLYP, MCY3 
and rCAMB3LYP (5.5, 6.3 and 7.5 kcal 
mol–1, respectively). We recently dem-
onstrated that the improvements given 
by the long-range corrected exchange 
functionals results from a decrease of the 
overly repulsive nature of the global hy-
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Fig. 1. Schematic 
representation of 
the 36 saturated 
hydrogarbons in the 
chains (H1-H15), rings 
(R1-R16) and cages 
(C1-C5) test set.
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Fig. 2. Performance of standard functionals: Mean absolute deviations for bond separation 
energies over hydrocarbon chains, rings and cages, and for the reaction energies of the test set 
‘intramolecular dispersion interaction’ (IDHC).
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4. Conclusion

Alkane reaction energies reveal sizable 
systematic errors of standard density func-
tionals for intramolecular interactions (e.g. 
MAD(B3LYP) = 14.1 kcal mol–1). The sub-
stantial improvement offered by modern 
functionals over standard approximations 
relies on extensive parameter fitting (e.g. 
MAD(M06-2X) = MAD = 5.6 kcal mol–1), 
inclusion of a long-range correction (e.g. 
MAD(LC-BLYP) = 5.5 kcal mol–1) or fully 

systems. The MADs range from 6.8 kcal 
mol–1 (revPBE-vdW-DF04) to 3.6 kcal 
mol–1 (LC-S-VV09).

The atom-pair wise dispersion correc-
tions represent a conceptually and compu-
tationally attractive alternative to the fully 
non-local vdW density functionals. Fig. 4 
demonstrates the efficiency of an a poste-
riori correction for reducing the errors in 
hydrocarbon reaction energies. Grimme’s 
original system independent dispersion 
correction (C

6
 only), exemplified by B97-

D (MAD = 3.4 kcal mol–1), does improve 
over standard functionals, but still gives 
significant errors. The corrected double 
hybrid B2PLYP-D (i.e. mixing in of per-
turbation theory correlation energy) reduc-
es the error even more (MAD = 2.4 kcal 
mol–1), but at higher computational cost. 
Alternatively, our density dependent dis-
persion correction dDXDM outperforms 
all the other variants in correcting a wide 
variety of standard density functionals 
giving low errors, e.g. PBE- and B3LYP-
dDXDM give MADs of 0.8 and 1.3 kcal 
mol–1, respectively. Interestingly, HF-
dDXDM (MAD 3.0 kcal mol–1) can also 
compete with M06-2X (MAD = 5.6 kcal 
mol–1) for these test sets.

More general examples of weak inter-
actions are given by relative conformation-
al energies of di- and tripeptides (P76),[58] 
the S22 test set[55] for weakly interacting 
complexes and five pnictogen trihalide 
complexes (EX3) (Fig. 5).[57] Established 
methods for weak interaction energies such 
as M06-2X (MAD = 0.4 kcal mol–1) or any 
variant of dispersion correction, including 
fully non-local (MAD = 0.6 and 0.7 kcal 
mol–1 for revPBE-vdw-DF04 and rPW86-
VV09, respectively) or Grimme’s classical 
correction (MAD = 0.6 and 0.5 kcal mol–1 
for B97-D and B2PLYP-D, respectively), 
gives small errors. Unlike in the latter case, 
the fitting procedure of dDXDM does not 
include weakly interacting intermolecular 
complexes. However, the robustness of our 
density-dependent correction is validated 
by its very good performance on the gen-
eral test sets (MADs of 0.9 and 0.6 kcal 
mol–1 for PBE- and B3LYP-dDXDM, vs. 
1.6 and 1.9 kcal mol–1 for the uncorrected 
functionals). 

A clear advantage of the dDXDM cor-
rection is its ability to improve standard 
density functionals simultaneously for 
hydrocarbon reaction energies and typi-
cal weak interaction energies. In contrast, 
other dispersion corrections perform sat-
isfyingly for typical non-covalent weak 
interactions but relatively poorly for the 
intramolecular problem. The enhanced 
transferability of dDXDM, as compared 
to classic dispersion corrections, relies 
upon the flexible, density-dependent 
damping function that combines the cor-
rect asymptotic behaviour needed for 

weakly interacting fragments with a non-
negligible correction at shorter distances. 
As demonstrated in our former work,[16,17] 
corrections in the medium range dis-
tances are indeed important for intramo-
lecular interactions. Our proposed damp-
ing function along with the inclusion of 
higher-order dispersion coefficients (that 
contribute significantly to the medium 
range[17,82,83]) improve the correction at 
shorter distances without deteriorating 
the C

6
-dominated long-range.
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Fig. 3. Performance of ‘modern’ functionals: Mean absolute deviations for bond separation 
energies over hydrocarbon chains, rings and cages, and for the reaction energies of the test set 
‘intramolecular dispersion interaction’ (IDHC).
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Fig. 4. Performance of dispersion corrected functionals: Mean absolute deviations for bond 
separation energies over hydrocarbon chains, rings and cages, and for the reaction energies of 
the test set ‘intramolecular dispersion interaction’ (IDHC). SVWN5, M06-2X and LC-S-VV09 are 
shown for comparison with Figs 2 and 3.
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Fig. 5. Performance for weak interaction energies: Mean absolute deviations for reaction energies 
over relative conformational energies of small di- and tri-peptides (P76), the S22 test set and 
pnictogen trihalides (EX3).
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non-local energy terms (e.g. MAD(rPW86-
VV09) = 5.8 kcal mol–1). Building on our 
expertise in intramolecular interactions in 
alkanes, we devised the robust and com-
putationally inexpensive, dDXDM disper-
sion correction. The success of dDXDM 
relies on i) density dependent dispersion 
coefficients, which take into account the 
chemical environment and are available for 
all elements of the periodic table and ii) the 
flexible, density-dependent extended Tang 
and Toennies damping function that allows 
to simultaneously correct the medium- and 
the long-range with a minimum of empiri-
cism (two fitted parameters to adapt the 
correction to a given functional). Standard 
functionals together with the dDXDM cor-
rection (e.g. PBE-dDXDM and B3LYP-
dDXDM) are as accurate for typical weak 
interactions (e.g. the MAD for the S22 test 
set is 0.9 and 0.7, respectively) as for al-
kane reaction energies (MAD = 0.8 and 
1.3 kcal mol–1). The dDXDM correction is 
thus expected to perform well in a broad 
range of standard applications (e.g. eluci-
dation of reaction mechanisms) and offers 
possible advantages especially for highly-
polarized and charged systems (due to its 
density dependence).
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