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We investigate recently published methods for extending density functional theory to the description
of long-range dispersive interactions. In all schemes an empirical correction consistit@gof &

term is introduced that is damped at short range. The coeffiCigig calculated either from average
molecular or atomic polarizabilities. We calculate geometry-dependent interaction energy profiles
for the water benzene cluster and compare the results with second-order Mgller—Plesset
calculations. Our results indicate that the use of the B3LYP functional in combination with an
appropriate mixing rule and damping function is recommended for the interaction of water with
aromatics. ©2004 American Institute of Physic§DOI: 10.1063/1.1637034

I. INTRODUCTION We distinguish two directions in the approaches under-
Density functional theoryDFT) has become a well- taken to overcome this deficiency of DFT. On one hand, new

established tool to understand and predict electronic structufd€nsity functionals are developed that allow for the correct
properties of atoms, molecules, and sofideaction pathg, treatment of the van der Waals interaction. The groups of

and catalytic reaction mechanisifom first principles. Lundqvist and Langreff}*#~1¢ have presented a density
DFT is the method of choice for larger systems and for mo_func_tlongl to treat the Iong—ran_ge dls_persmn_ interaction and
lecular dynamics calculations theridue to the lower com- @pplied it successfully to graphitéTheir work is based on a
putational cost compared to otha initio methods. double local density approximation and compares in this re-
Although current density functionals can describe hydro-SPect to the approach of Rapcewicz and Ashciofthe ap-
gen bonds with good accuratyhey fail to do so for the plicability of the double local density approximation, how-
description of long-range dispersion interactions, general\gVer, is limited to systems with nonoverlapping densities.
denoted as van der Waals interactiéfidn particular, the  Misquitta et al*® use frequency-dependent density suscepti-
current density functionals fail to describe the leading  bilities provided by time-dependent DFT to determine the
dispersion interaction term correcflyvhich originates from dispersion energy of monomers at all finite distances. Fur-
correlated instantaneous dipole fluctuations. Neverthelesghermore, Kohret al* presented a scheme that is valid at all
there are calculations where density functionals provide goodistances, but is also computationally very demanding. On
estimates for the interaction energy of weakly boundthe other hand, one can account for the missing dispersion
systems. However, these results, which are mostly obtainednteraction by introducing a damped correction téfrf
within the local density approximation, are mainly due to This idea has been applied to Hartree—Fock calculatidfis
favorable error cancellatiol?:** From molecular mechanics and more recently to a density functional-based, self-
simulations it is known that long-range dispersion interac-consistent tight binding methdd.The correction terms and
tions influence the quantitative and qualitative behavior of ahe accompanying damping functions for DFT presented in
system” hence a reliable representation of these forces ishe literature differ, and their performance with regard to
important. each other will be compared in this article. This comparison
All current density functionals are based on local elec-is performed in order to find an optimal representation of
tron density, its gradient, and the local kinetic energy|ong-range forces along with current density functionals that

13 : - i : .
density-* As van der Waals interactions contribute to theyould allow for accurate simulations of large molecular sys-
interaction energy even at distances where electron overlap {gms of biological importance.

negligible, these functionals fail by construction to reproduce | sec. I we give a survey of different dispersion cor-

the van der Waals interaction. rection schemes for density functionals. These models, along
with the results of the uncorrected functionals, are then ap-

dElectronic mail: petros@inf.ethz.ch plied to a test system. For this purpose we use a water ben-
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zene cluster in different geometrical configurations. For thepersion correction, damping function, and density functional
DFT part in the interaction energy calculations different ex-successfully corrects for dispersion while avoiding a double
change correlation functionals are considered and variouaccounting of it.
combinations of model assumptions with different density
functionals are discussed. We conclude with a concise rec-
ommendation to use the B3LYP density functional with a lecul i
damped correction for the water benzene interaction. A. Molecular correction

Wu et al* proposed the introduction of a correction
term of the form(2) for each pair of molecules. The disper-
sion coefficientCg ,; are then determined according to the

I. CORRECTION SCHEMES well-known expressi

As highlighted in the Introduction, the current density 3 g
functionals do not account for the dispersion interaction. In Cg,aﬁ=§pap5ﬁ, 3
order to correct for this deficiency, a terfp;, is added to o a’ B
the DFT interaction energy to obtain the total potential en-where p, denotes the average molecular polarizability of

ergy E,,, of interacting molecule&: moleculea andl , is the related ionization energy.
Additionally, the introduction of a higher-order correc-
Etot= Eprrt Episps (D) tion term is discussed in Ref. 11 and the following empirical
relationship:

whereE g is the DFT interaction energy computed with an
approximated exchange correlation functional. The represen- Cg

. . R . . . . _ 2
tation of the dispersion energy contribution varies in the C_—45-930 4)
literature7**?*put, in general, it is written as a two-body _ N _
interaction of the following form: is propoself to estimate the coefficierty for systems in-

volving benzene. Herea, is the Bohr radius. As a damping

C function, the following expression is suggested:

nr; af ' (2)
r
ap

EDisp: E 2 fd,n(raﬁ)

n a>p n

fan(r)= ; ®

2.r r?
. . . 1-exp ———0.109—,
Here, « and B are the centers of a pair of interacting par- n n
t'CIeSr’]r“ﬁ IS the_ d'Stani? petweeg tr?em,laﬁ%ag and_fdynf wheren takes the values 6 and 8 for the dipole—dipole and
are the Interaction coefficient and the related damping funcg, dipole—quadrupole interaction, respectively.
tion of ordern. The need for a damping function arises from
the fact that the dispersion energy expansion is only an
asymptotic expansion, and it becomes physically unrealistic

at small distances?* In particular, it diverges at short range B-. Atomic correction
and has to be damped in order to remain physically mean- a5 an alternative to the molecular-based correction

ingful. In other words, a damping function has to allow for scheme, one can introduce a correction term of the fi@m
the full correction at long range, for no correction at shortsy, aach atom pair. The corresponding atomic dispersion co-
range and for a smooth transition where the overlap becoméicientsc,, 5 are calculated based on atomic polarizabil-
Important. _ ) . ities p,, listed by Miller?® who calculated them to reconstruct
At long range, i.e., where overlap is negligible, currentine total molecular polarizability of a wide range of com-

density functionals do not account for the dispersion Comri'pounds. For atoms of type the dispersion coefficier@;
bution. At intermediate range, i.e., in the transition from neg-g tnen given & o

ligible overlap to overlap, some density functionals result in
energies that seem to account partially for dispersion. Since Cg,,=0.75 Napz. (6)

some of the short-range dispersion effects are already con; 7 . . . .
. . : . . Halgrerf’ proposes the following relationship to determine
tained in the DFT functional, the damping function has to g prop g P

. . N N, , the Slater—Kirkwood effective number of electrons:
take this into account. The damping function is therefore

clearly dependent on the exchange correlation functional and N,=1.17+0.3%,, . 7
the dispersion contribution is only a correction term. On theH

. L ere,n, , is the number of valence electrons of atanand
other hand, Eq(1) can be viewed as a partitioning of the "

total int i into the DET bt d th N, for hydrogen is set to 0.8. For diatomic coefficients
otal interaction €nergy nto the contribution and t eC6 B Halgrerf’ recommends the Slater—Kirkwood combi-
dispersion contribution. In this case the DFT contrlbutlonmﬂ;[ion rule

should be the total interaction energy, excluding the disper-

sion interaction energy. However, as the extent to which dis- 2C6,4aCo,85PuPp

persion is included in current density functionals is not Coup= I

known, this partitioning cannot be achieved at the moment. Pa'6,887T Pp-6aa
In this article we focus on physically motivated disper- While Elstneret al?® used Egs.(6)—(8) to compute their

sion corrections subject to different damping functions. Thedispersion coefficients, Wu and Yafigoroposed to use a

joint performance will indicate whether the interplay of dis- modified Slater—Kirkwood combination rule instead:

®
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2( Cé,aacé,ﬁﬁN aNﬁ) 13

(NGCoaa) "+ (NZCs5p) "

This rule is motivated by the fact that, can be treated as a ﬂr »* #
parameter, as it is less dependent on the molecular environ- . ' 7 2

ment of tf(\)e atom th'f:m the p0|.ar'zab'|ﬁ3’1.:urthermore’ W_u FIG. 1. An illustration of the three conformations studied in this article.
and Yang® use atomic dispersion coefficients fitted to given From left to the right the geometridgp, Paralle, andDown are shown.
molecular coefficients and propose the following two damp-

ing functions:

r\3
fd(r)=(1—exr{—3.54<R—)

and (1) Down The water dipole points toward the center of mass
1 of the benzene molecule, and is orthogonal to the plane
fq(r)= ; . (11) spanned by the carbon atoms. The hydrogen atoms of the
1+exr{ —23(—— 1”

) R

6.aB "

characterized by the relative orientation of the water dipol to
the plane of the benzene molecuisze also Fig. jt

2
) (10

water molecule are aligned parallel to the line joining
two opposing carbon atoms in the aromatic ring.

Here, R, is the sum of the atomic van der Waals radii ob- (2) Parallel: The plane of the water molecule and of the

m

tained from Bond?® These two damping functions perform
well with the functionals PW9P and B3LYP® Wu and
Yang20 recommend(10) as it decreases more slowly than

benzene molecule are parallel. The dipole of the water
molecule is aligned parallel to the line joining two op-
posing carbon atoms in the aromatic ring. The oxygen

(11) and produces better results for their test system. They atom is centered on top of the aromatic ring.

explain this with possible deficiencies of the exchange and3) Up: This is the same geometry as the geom@&mnwn,
correlation functionals to account for dispersion even at but with the water dipole pointing away from the ben-
overlap and conclude that there may be a need for the dis- zene molecule.

persion correction at these distances, too. , , . :
Elstneret al2® propose a damping function that performs In these three configurations different types of interac-

well with the PBE? density functional in a self-consistent- 10N are dominant. In the geometriBown andUp the elec-
charge, density-functional tight-binding method trostatic interaction is important, resulting in attraction and

repulsion, respectively. In the case of the geom&ayallel
7\ 14 . . _ .
r the interaction energy profile is purely repulsive at the MP2
l-exp —3. R_ , (12)
0
where Ry=3.8 A for first row elements. Note that as the

level of theory. The absolute value of the interaction energy
damping function12) was developed for an extended tight-

as well as the slope of its profile are small at distances
greater than 3.5 A. Only small errors in the prediction of the

binding method, it might not be fully suited to a pure DFT

approach.

fa(r)=

interaction energy will alter the shape of the profile in this
range. Hence, it is a very sensitive indicator for the quality of
a representation of the interaction energy.
To quantify the performance of the correction schemes,
two different approaches for calculating the deviation from
We evaluate the performance of different correctionthe reference data were considered. In the first and most
schemes, i.e., the molecular and three different atomic coistandard approach, a piecewise constant integration of the
rections, for different functionals. The atomic correctionsabsolute deviation along the interaction energy profile was
comprise three schemes: the combination of Es. (7), averaged over the range of interest and over the three con-
(9), with either damping functioril0) or damping function figurations. In the second approach, we focus on those con-
(11) and the combination of Eq&6)—(8) with damping func-  figurations that are more important in a finite temperature
tion (12). molecular dynamics run. To quantify this effect we do not
Besides the functionals B3LY®*?PW912° PBE3*and  only compare the interaction energy profiles as described
B3VWNS533that have been recommended to be used wittabove but weight the difference with Boltzmann factors
dispersion-corrected DF;>%we tested the performance e #V(") based on the reference potentigr) at the corre-
of the BLYP*?**and HCTH/126° functional subject to these sponding distance. We take hg8e- 1/kgT with the tempera-
correction schemes. ture T=300K and we refer to this as the Boltzmann
A comparison of the correction schemes is performed onweighted average. Unless it is explicitly referred to the Bolt-
a water molecule interacting with a benzene molecule. Themann weighted average, the average error was calculated
small size of the water benzene cluster allows more rigoroufollowing the former method.
computational approaches, and detailed MP2 studies are DFT calculations were performed with CPMBa plane
available®® 8 Furthermore, the interaction of water with wave DFT code. The cutoff for the plane wave basis was set
aromatic systems is of great interest for the understanding dd 90 Rydberg in combination with Trouiller—Martins
fundamental phenomena in biological systethmteraction —pseudopotentiafs: To calculate the nonlocal part of the
energy profiles are compared for three cluster configurationpseudopotentials the Kleinmann—Bylander scHémas ap-

Ill. RESULTS

Downloaded 29 Apr 2005 to 129.132.1.4. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



2696 J. Chem. Phys., Vol. 120, No. 6, 8 February 2004 Zimmerli, Parrinello, and Koumoutsakos

ZDI g T T T 20 =7 T T
gll]:: NN
=~ !
= |
R
4 o |
| |
: 1 i ! 1 1 i _m 1 1 1
4 5 i 4 5 6 3 4 5
Distance [A] Distance [A] Distance [A]

FIG. 2. (Color) Interaction energy profiles for the water benzene interaction from uncorrected DFT. The first graph shows the results for gppthetry
second forParallel, and the third foDown Black line: reference data; green with squares: B3VWN; blue with diamonds: BLYP; red with circles: B3LYP;
cyan with triangles: HCTH; brown with pluses: PBE; orange with stars: PW91.

plied. A computational cell of 2825X30a, was used to yield reasonable results for rare gas dimers, but the attraction
calculate the DFT-based interaction energies. they show comes from the exchange energy contribution,

The reference interaction energy profile is obtained bywhich should be repulsive, and not from the correlation en-
counterpoise-corrected MP2 calculations. The calculationsrgy contribution. Conversely, the rare gas interaction as de-
were performed with the programsaussian of using  scribed by the BLYP and B3VWNS5 is repulsive throughout
6-311G2d,2p basis seté? the whole interaction energy profile and so is Becke’s hybrid
exchangé? It would be wrong to assume that the interaction
energy obtained with these functionals is dispersion free, as

We begin by discussing the performance of the uncorits contribution could be small or even have the wrong sign.
rected density functionals on our test system. Graphs showdowever, the character of the deviation that is of comparable
ing the interaction energies for all geometries and functionalsize in all three geometries is promising with regard to the
investigated can be found in Fig. 2. None of the functionalsapproach of using an additive, distance-dependent correction
considered reproduces the reference data throughout all threg intermediate and long range.
interaction energy profiles. Nevertheless, for the geometrieg Molecular correction
Parallel and Up the PW91 functional provides an excellent =
estimate with a maximal deviation of no more than 0.66  For the water benzene interaction, we calculate the mo-
kJmol'* and an average error of 0.33 kJ mbl However, lecular C4 dispersion coefficient to be 12027 kJ mbA®,
the agreement is much poorer for the geom&oyn where  using Eq.(3). The average polarizabilities are 10.4*Afor
the deviation amounts up to 3.78 kJ mbwith an average benzene and 1.5 %° for water. The ionization energies are
error of 1.57 kJmol. Nevertheless, the performance is still 9.24 eV’ and 12.62 eV? respectively. The interaction en-
the best of all density functionals and only the PBE func-ergy profiles obtained from DFT corrected on a molecular
tional gives comparable results. basis are shown in Fig. 3.

The results for the B3LYP, BLYP, and B3VWNS5 func- Excellent agreement between the reference data and the
tionals show the largest deviations. It has already been acorrected HCTH functional is obtained for the geometry
gued in Ref. 11 that functionals such as PW91 reproduce thBown, with a mean deviation of 0.4 kJmdi and a maxi-
correct interaction energy only by coincidence. Thus, theymum deviation of 2.51 kJ mof. In this geometry, a compa-

A. Uncorrected density functionals
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FIG. 3. (Color) Interaction energy profiles for the water benzene interaction from DFT corrected with a molecular correction term. The first graph shows the
results for geometryp, the second foParallel, and the third foDown Black line: reference data; green with squares: B3VWN; blue with diamonds: BLYP;
red with circles: B3LYP; cyan with triangles: HCTH; brown with pluses: PBE; orange with stars: PW91.
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rable performance is found only for functional B3LYP, with TABLE I. Dispersion coefficient<Ce,, in kJ mol™* A® based on atomic

a mean error of 1.13 kJ mol. which is mainly due to an polarizabilities from Miller (Ref. 26 listed along with dispersion coeffi-
. - ST ients from Wu and Y. f. 2 d Elstneret al. (Ref. 23.

underestimated interaction in the range between 3.75 and @ from Wh an angRef. 20 and Elsineret al. (Ref. 23

A. For the other functionals, significant deviations are re- Source Hydrogen Carbon Oxygen
ported. While PBE and PW91 show good agreement at dib_l-_his work 163 1881 o
tances larger than 4 A, the description breaks down at shott, and vang(Ref. 20 163 1577 669
ranges, where overlap starts to become important. Elstneret al. (Ref. 23 155.34 1791

In the other configurations, the functionals based on the
LYP and VWNS5 correlation functional perform best, show-
ing good agreement with the reference data. In particular, for o ) ) ) )
the geometryJp, the corrected B3VWNS5 functional outper- If mixing rule (8) is used along with damping function
forms the other functionals, resulting in a mean deviation(12- the PBE functional is found to perform best. However,
from the reference data of 0.34 kJ mblWhile never giving the performance in different geometries varies, showing sig-

the smallest error for a specific geometry, the correctedlificant deviations, especially in geometBarallel, where

B3LYP functional results in the best overall estimate for thel'® corrected PBE functional results in a potential well in-

interaction energy. The other functionals that show partiallySté@d Of being repulsive throughout. But also in geomepy

or throughout good performance in geomelrgwn, overes- the potential energy profile appears to be distorted. Disper-
timate the interaction, resulting in weak binding in geom_sive interaction energy contributions are overestimated and if

etriesParallel and Down compared with results from pure DFT with the PW91 func-
The introduction of a dispersion correction of order g1ional, the mean error for all geometries is slightly larger

resulted in larger deviations for all tested functionals. In the(0-87 kJmol™ versus 0.74 kJ mof). In contrast, if

range between 3 and 4 A, the dispersion correction is todpoltzmann-weighted errors are compared, the corrected PBE

strong, which results in large deviations from the referencdunctional performs significantly better than the uncorrected
data. PW91 functional. If only geometrieRarallel and Up are

Summarizing, none of the six density functionals cor-considered, the B3LYP functional has the best performance.

rected on a molecular basis reproduces all reference interaF!OWeVer, it deviates significantly in geometown, where

tion energy profiles. The B3LYP functional results in the 't failS to reproduce the depth of the potential well.
lowest mean deviation throughout all geometri€s09 If mixing rule (9) is used along with damping function
kI mol %), whereas the BLYP and the B3VWN5 functional (11), the overall performance of the B3LYP functional is
perform comparably with mean deviations of 1.23 and 1.2dound tg be best..lt reprod.uc.es the interac}ion energy profiles
kJ mol %, respectively. The breakdown of the molecular cor-"ell: With @ maximal deviation of 2 kJ mof and a mean

rection can be assigned to anisotropies that are not accountdgviation throughout all geometries of 0.52 kJ ol This

for by a single molecular correction, as they become impor_result is especially reassur?ng when considering_the treatment
tant at distances that roughly correspond to the size of th@f the exchange energy within the B3LYP functional, which

molecules in question. In particular, the fact that the perford0€s not lead to erroneous attractiorior noble gases.

mance is strongly geometry dependent underlines this contherefore this suggests a successful partitioning of the total

clusion. interaction energy along the lines of E4).

However, if Boltzmann-corrected errors are compared, WU and Yang stafé that Eq.(10) is better suited for
the molecularly corrected HCTH functional results in the 9aMPing than Eq(11), as the former decreases more slowly.
lowest error for all the combinations of correction schemed! their recommendation is followed and damping function
and functionals considered in this article. This is mainly due!10) iS used, the results for the functionals HCTH, B3LYP,
to the excellent agreement in the geomedgwn, which is PW91, anc_j PBE de_:wate further f_rom the reference data than
strongly weighted by the Boltzmann factors, due to the low/Vith damping functior(11). Especially at short range, where

the damping according t@l1) leads to a small dispersion

interaction energy. Whether this conclusion is valid for other T ' R ] )
systems remains to be seen, especially as the results for tﬁgntnbutmn, the dispersion interaction seems to be overesti-
if (10) is used. This correction scheme results in the

geometriedJp and Parallel indicate a fortuitous agreement mated oy . .
for the geometryDown lowest mean deviation for the BLYP density functional of

0.93 kImof?, which is also smallest if compared to the
other functionals within this setup. The deviation reported
C. Atomic correction for the.BLYP functional is ma'inly due to a minor distortion
) ) o ) _of the interaction energy profile for geomeown
The dispersion coefficients for the atomic correction  The results reported in this section do not change if the

based on atomic polarizabilities from Ref. 26 are listed ingeyiation from the reference data is weighted with Boltz-
Table I. They compare well to the coefficients listed in WU mann factors.

and Yang® and Elstneret al2® For diatomic coefficients ob-
tained with mixing rule(9) the resulting values are approxi-
mately 7% smaller than the ones obtained with the origina

IV. CONCLUSIONS

Slater—Kirkwood combination rul€d). The interaction en- In the case of the water benzene interaction, the uncor-
ergy profiles from DFT corrected on an atomic basis areected PW91 density functional shows a good performance
shown in Fig. 4. for the geometrietJp and Parallel. However, the large de-
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FIG. 4. (Color) Interaction energy profiles for the water benzene interaction from DFT corrected with an atomic correction term. Different correction schemes
are sorted by columns, different geometries are sorted by rows. The first column shows the results for mix8)gandelamping functioi12). The second

column shows the results for the mixing rul® and damping functioril0) and the third column shows the results for the mixing f@gand damping
function(11). The first row shows the results for geomettp, the second foParallel, and the third foDown Black line: reference data; green with squares:
B3VWN; blue with diamonds: BLYP; red with circles: B3LYP; cyan with triangles: HCTH; brown with pluses: PBE; orange with stars: PW91.

viations for the geometripown indicate that error cancella- of Elstneret al?® is successful in correcting the PBE func-
tion has a large effect on its performance. Like the othetional, resulting in relatively small errors.
uncorrected functionals, it fails to reproduce the van der  On the other hand, the B3LYP density functional results
Waals interaction in this geometry. in the most consistent description of the interaction energy
The interaction energy profiles are much improved ifprofiles, if corrected according to Ref. 20 with a modified
corrected for dispersion energy, even if the correction is onlySlater—Kirkwood mixing rulg9) and an appropriate damp-
molecule based. The Boltzmann-weighted average error ining function(11). Its behavior is superior to any of the other
dicates the best performance for the molecularly correctedchemes listed in this work and its use is recommended for
HCTH functional, also if compared to atomic correction further work on the study of water interacting with aromat-
schemes. Significant variations in the accuracy throughouts.
the different configurations, however, indicate the coinciden-  Though never outperforming the other functionals, the
tial nature of this result. BLYP density functional results in consistent profiles, in par-
If corrected for dispersion interaction in an atomic cor-ticular if corrected with the modified Slater—Kirkwood mix-
rection scheme, the PBE functional and the B3LYP func-ing rule (9) and the first damping functiof10) suggested by
tional generally show much improved results. The approachVu and Yang® This result is of major interest due to the
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