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Distributed dispersion: A new approach
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Distributed polarizability and dispersion models can be constructed by analyzing the response, at
each point in an array surrounding the molecule, to the field due to a point charge at each point of
the array in turn, in an extension of the method described by Dehakz [ Chem. Phys. Lett338

180 (2001]. Anisotropic distributed polarizabilities and anisotropic distribut@gl dispersion
coefficients have been calculated for carbon dioxide, water, benzene and eth&@3@merican
Institute of Physics.[DOI: 10.1063/1.1594722

I. INTRODUCTION rarely adequate for larger ones. It is possible to define dis-
tributed polarizabilities in a rigorous manrfeand to com-
Modern intermolecular potential functions are com-pute them reasonably efficientiyJsing such polarizabilities
monly constructed from separate terms describing the contrealculated at imaginary frequency it is possible to obtain a
butions arising from intermolecular perturbation thebhe  distributed dispersion descripti§nbut it is quite cumber-
main terms are repulsion, electrostatic, and dispersiorsome, involving in its most general form sums over pairs of
though induction, charge transfer, and other smaller termatoms in each molecule.
may also contribute. For all but the smallest molecules itis  We explore here an alternative approach, based on the
usual to represent each of these terms in atom—atom forndeas of Nakagawa and KosuyDehezet al, and Celebi
using distributed multipoles for the electrostatic descriptionet al'%'!The latter computed the induction energy of a mol-
and atom-atom terms, often of Born—Mayer form, for theecule in the field of a nearby point charge. By placing the
repulsion. The dispersion terms are more difficult to deaboint charge at many different positions, they were able to
with if high accuracy is required. For many small molecules,obtain detailed information about the induction energy as a
isotropically average@s values are available from the work function of its position. If a polarizability model is postulated
of Meath and other$who obtained them from dipole oscil- for the molecule, involving whatever distributed-
lator strength distributions, and it is possible in some cases tgolarizability terms are considered appropriate, the param-
obtain information about the anisotropy of th€s eters in the model can be fitted so as to reproduce the ob-
coefficient’™> Many conventional force field models use served induction energies as closely as possible. A variety of
simple — CgR® forms fitted to experimental data, but these polarizability models can be investigated, and in this way the
ignore any orientation dependence. It is clear, however, eveferms needed to obtain an accurate polarizability description
from the London expression for the dispersion coeffictent, can be identified and their values estimated.
that if the polarizability is anisotropic then the dispersion In the present work we extend this approach in two
must be anisotropic too. ways. First, we set up in a similar way a grid of points
It is sometimes remarked that the use of an atom—atorgurrounding the molecule. We then consider the field of a
model provides a way to describe anisotropy in the intermopoint charge at each position in turn, and calculate the re-
lecular interaction, even if the atom—atom terms are isotrosponsgthe induced potentialt every point on the grid, not
pic. It is true that such a description incorporates some anjust at the position of the perturbing charge. The complete set
isotropy, especially in the case of repulsion, but even there igf responses for a large number of poifit®00 or more in
is well established that atomic anisotropy is essential to apur present implementatipman be obtained in a single cal-
accurate description. In the case of dispersion, the use @ulation using thecabPac program*? This large dataset, or
isotropic atom—atomCyg dispersion coefficients leads di- several such datasets, can then be fitted to a distributed-
rectly to an isotropic moleculaCq. Any anisotropy arising polarizability model. ThecADPAC program also allows for
from the use of the atom—atom form enters only in higherthe computation of the responses at a set of imaginary fre-
terms in theR™ " expansion. For an accurate description, asguencies, and these can be fitted to the same model to give
in the case of repulsion, we need to embrace the anisotropigistributed polarizabilities at imaginary frequency, which in
atom-atom model. turn can be used to obtain distributed dispersion coefficients.
For higher terms in the dispersion energy series, we are  This approach has the fairly obvious advantage that it
dependent entirely oab initio calculations, but they usually provides much more detailed information about the mol-
give only the dispersion coefficients referred to a moleculaiecule’s response, but there is also the more subtle advantage
origin, which may be satisfactory for small molecules but arethat the fitted functions are approximately orthogonal, which
makes for a much more stable and well-conditioned fitting
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to a distributed description of dispersion. Many methodswhere the tilde indicates that this is the response predicted by
have been proposed in the past for obtaining atomic polarizhe model rather than the responsgg, calculatedab initio.
abilities for molecules, from the early work of LeFe¥tand  The polarizabilities included in the model depend on a num-
Applequist*~*to more recent studie€;*®but only the work  ber of parameters, which are to be adjusted to give the best
of Hattig et al'® explored the time-dependent polarizabilities agreement, in a least-squares sense, betweéanshand the
that provide the route to atomic dispersion coefficients. Wenpq. This is normally a linear optimization problem.
believe that the present paper provides a more versatile and Our method has a significant advantage over the use of
practical approach. induction energies onlyi.e., essentially just thevpq with
P=Q). The sum in Eq(2) is a linear combination of the
productsTH3(p—a) T°S(q—b), wherep andq are the posi-
Il. THEORY AND COMPUTATIONAL METHOD tions of pointsP andQ, anda andb are the positions of sites
a andb. Viewed as functions of the polar coordinatespof
A point charge at positiorP produces an electrostatic —a andq—b for fixed a andb, these products form a set of
potentialVp(r) = (4meo|r—P|) "1 at a pointr. The change in  orthogonal functions over the polar angles. This means that if
electrostatic potential at some pof@tis described in second- the model comprises a set of polarizabilities referred to a
order perturbation theory by an off-diagonal polarizability, single site, and the data points span one or more spherical
expressed in sum-over-states form as shells surrounding that site, the value of any particular polar-
izability is independent of any other polarizabilities that may
apQ= Z' <O|2iVP(ri)|n><n|EiVQ(ri)|o>, (1)  beincluded in the model or omitted from it. In contrast, the
Wh— W, expansion functions used to fit the induction energies are

wherei andj refer to all the particles, electrons, and nuclei,T(F)’té(p_ a)Tﬁg(p— b), which are functions of the single co-

in the molecule. In a Born—Oppenheimer clamped-nucleu§'dinatep for fixed a andb and are not orthogonal.

picture, however, the nuclear coordinates do not enter, and _ 1he orthogonality of our expansion functions is only
the sum is over electrons only. The matrix elements require§trictly true for a single-site model, and for a set of points
have the form of nuclear-attraction integrals, and are easiljhat sSpans one or more shells of fixed radius. If the points are
evaluated using standard code. The perturbation calculatio@k€n over a region that is not spherical but follows the shape
can be efficiently and accurately carried out using currenff the molecule, the variation in distance will spoil the or-
density-functional theoR) with a suitable functional, such as thogonality. Nevertheless, we expect that the overall molecu-
the widely-used B3LYP functiondf, or the PBEO hybrid lar polarizabilities for any distributed-polarizability model
functional?® which has been found to give good results for Will be reasonably similar. The inclusion or exclusion of
polarizabilities. This method has been implemented in thdligher-rank polarizabilities will not affect the overall dipole—
CADPAC program'? Given the basis-function matrix elements dipole polarizability, but in order to explore distributed
for each ofN point-charge perturbationsAbPAcC calculates ~ dipole—dipole polarizability models we have to include the
the N? point-to-point polarizabilitiesapg. They are sym- higher polarizabilities and fit the calculated data as well as
metric with respect to interchange BfandQ, so there are Possible.

only N(N+1)/2 distinct values. The sum of squares of the residualsg— apq, is to be

These point-to-point polarizabilities can then be fitted tominimized with respect to the polarizability parameters. This
a model. A molecular distributed polarizabiliaf® describes leads to a set of linear equations fon parameters, easily
the response of electric mome®, at siteb to an electric solved if the number of parameters is not too great; because
field V, at sitea, or vice versa. The labetsandu represent Of the approximate orthogonality of the fitting functions, the
multipole components 00, 10, @111s, 20, ...;Qqis the  set of equations remains well-conditioned, and therefore, the
chargeQ1p, Q11c, andQqys are thez, x, andy components problem of needing to invert a near-singular matrix in the
of the dipole momeniQ,, is a component of the quadrupole least-squares proceddteloes not arise, and it is not neces-
moment, and so ohVy is the electrostatic potentia; Vo, sary to use methods such as the statistical approach adopted
—Vy5, and — V. are thez, x, andy components of the by Dehezet al'%in order to avoid numerical instabilities. We
electric field,— V,q is a component of the field gradient, and have found it sufficient to start with a simple model and to
so on. A distributed polarizability model for a molecule com- refine it by including further polarizabilities, rejecting them
prises a collection of such polarizabilities. We discuss thdf they do not lead to significant improvement in the sum of
form of such models in more detail in Sec. Il squares.

A point charge aP produces fields aa given by func- Chipotet al“° have discussed the choice of positions for
tions Tg’a, WhereT§§=(4weO|P— a|)*1, and theTgta are the perturbing point charges, and we have followed their
derivatives of this quantity with respect to the positmf  suggestions in this respect. We have used a random selection
sitea. Detailed formulas are in Appendix F of Ref. 1. Simi- of points, rejecting any that are within a specified distance of
larly, an induced momenx Q) at siteb produces a potential any nucleugusually two van der Waals ragjior that are too

AQPTER at the pointQ. Consequently, the potential &  far away from every atortusually four van der Waals raglii

|23

induced by a unit point charge Bt acting on the model is We have explored the numerical uncertainty in the re-

sults by statistical analysis of the data. For each molecule,

~ 2 TPa,ab hQ 2 we carried out several calculations, each calculation involv-
apQ— ot @tu 'uo ( ) . . . .

abtu ing a different batch of 500 random perturbation points. The
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fitted polarizability parameters for any particular model varywhen expressed in principal axes the componegis «a.,
from batch to batch, and we have carried out independerdnd «,, must all be positive. Similar requirements apply to
calculations on each batch and calculated the standard devidae higher-rank polarizabilities. The same requirement holds
tion of the parameter values by standard methods. This prder a distributed-polarizability model; that is, th&f‘ub,
vides an estimate of the numerical variability of the tabulatedviewed as a matrix with rows labeled la and columns by
results, which were obtained by combining the data from albu, must be positive definite. Small negative eigenvalues
batches in a single fit. The estimated numerical errors arenay be tolerable in practice, on the grounds that a field lead-
typically in the region of 1% or 0.1% of the polarizability ing to positive induction energies could not be realized; it
values, and are negligible compared with errors due to limiwould require all components of the field at all atoms to be
tations of basis set or functional. zero or small except for the one associated with the negative
eigenvalue. Nevertheless, they are clearly better avoided.

IIl. POLARIZABILITY MODELS

In the calculation of distributed polarizabilitied initio, I\V. DISPERSION COEFEFICIENTS
the molecule is partitioned into regions, each with its own
origin or reference poirft.A distributed polarizabilityaf‘ub In order to determine dispersion coefficients, it is conve-
describes the multipole mome®f (components at the ori- ~ Nient to use polarizabilities expressed in irreducible tensor
gin of regionb) induced by the component of the applied form. The general formula is
field at the origin of regiora, i.e., —V{'. The partitioning is
arbitrary; typically there is a region associated with eachaLK(”,):E (KK LK) @y rigier

atom, with its origin at the nucleus. Every point in space is Kk’

associated with one of the regions; for example, it may be L
associated with atora if it is closer to the nucleus of that => (_)ll’K(2|_+1)1/2( ) )a”,kk,
atom than to any other. Bader partitioning has also been Kk’ k kK =K

used!®?42 partitioning in basis function space has been
tried, but it leads to numerical instabilitiés.

This formulation leads to nonlocal polarizabilities,
where a field in one region causes a response in another. In B — 1
particular, it leads to charge-flow polarizabilities, where a ooy~ ~V3a=— Vi@t ayyt az), )

potential difference between two regions leads to a flow of hije the anisotropic part of the polarizability gives
electron charge between them. While these features are en-

For dipole—dipole polarizabilities this leads to the isotropic
polarizability

tirely reasonable and natural in physical terms, they lead to a = J2Aa=1/2 1 4 5
very complicated description. The associated dispersion co- #2001 \/; “ \/;[azz 2 (act ayy)], 53
efficients depend on integrals of the fofth’ ooy =Vdty (5b)
f a?ub(iw)aﬁ‘v’v(iw)dw, ) a2]s(11):‘/2a'yz' (5¢0)
and the dispersion energy then involves a sum over these— Qo (11)= \/g(a —ayy) (5d)
xx— Qyy)s

that is, a fourfold sum over region and a fourfold sum over
multipole components. In the case of charge-flow polariz-
abilities, there are associated dispersion terms proportional to
R™" with 2<n<5, and the normaR® behavior results Only the components g1y, @2q(11), and azy11) May be
from a cancellation between these terms. Although conservaronzero for the case of a molecule or site with at l€2st
tion of charge guarantees that all termsRn" with n<6  symmetry, and onlyegg11y and ayo17) May be nonzero in
cancel out for largeR, there are many such terms and theyaxial symmetry.
may be large at typical intermolecular distances, so the can- The dispersion coefficients may now be derived from the
cellation is likely to lead to unacceptable numerical errors. polarizabilities at imaginary frequency via the integrals of
Consequently, a simpler polarizability model is needed Eq. (3).1 When a local polarizability model is used, the dis-
In earlier worl® it was shown that the nonlocal description persion energy can be expressed in the form
can be transformed to a local description, in which the only

Aoo5(11)= V2 yy . (5¢)

polarizabilities «f;, that occur are those with=b. In the U= — Ca(L L. J K.K. )R "SKakn
present work, therefore, we are concerned mainly with local” 2 ab LEJ K%b n (Labod Kal) Labpd”
polarizability models, though we have investigated nonlocal (6)
models to verify that they do not give a significantly better

description wherea andb label sites in the interacting molecules, and
One requirement of a polarizability description is thatSL:L;.] is anS function describing the orientational behavior.

the induction energy must always be negative for molecule§he indexJ takes values betweejt,—Ly| and L,+L,
in their ground states. This means that the conventional mowith the proviso that ,+L,+J is even. The dipole—dipole
lecular dipole—dipole polarizability must be positive definite: dispersion coefficients &e
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C2P(000,00 =2W f :du afoqanyf i) adoqapfiv), )

CaP(022,K)=—v2W f :du o iv) adkapiu),
(8)

C2P(202K0)=—v2W f Oxdu Bk an(iu) agoaayiv),
©)

CaP(220KK ") = %WJ:du (iU S (i),
(10)

CaP(222KK') = ;WJ;du (iU S (i),
(11

ab ' 108 ” a ; b ;
Cg (224KK")= 35 W . du a5y 11y (1U) @ryr 49y(1U),
(12

whereW=1%/(2m(4meg)?).

Higher dispersion coefficients may be calculated by
similar methods. The isotropic part of the quadrupole—

guadrupole polarizability is

13

1
apo(22)~ — \[gEk Aok 2k »

in the sum,k takes the values 0,cl 1s, 2c, and &. Dis-

persion terms arising from the quadrupole—quadrupole polar-

izability include

and

—R8C2°(000,00 33, (14)

— R 19%25(000,00 S35, (15

where the dispersion coefficients are

Ca°(000,00 = — \/1—5\N[ f o1y 1U) @go(zzyiU)du
+f aSO(zz)(iU)ago(u)(iU)], (16)

C20(000,00 = 14W f afoaaf 1) afoaafiv)du.  (17)

Distributed dispersion: A new approach 4623
such as polarizabilities, the higher-rank polarizabilities
(dipole—quadrupole and quadrupole—quadrupoéguire a
greater flexibility in the basis set and are likely to be under-
estimated. Furthermore, there is no reason to expect the
B3LYP functional to give particularly good results for polar-
izabilities. Our concern here is to demonstrate the general
features of our approach.

Table | gives results for a selection of polarizability
models. Because of the axial symmetry, the only nonzero
components areq . With k=k’; moreover, ¢ «c
= as1'ks- Model A'is a single-site description, with dipole
polarizabilities only at the center of the molecule. Model B
comprises anisotropic dipole polarizabilities on each atom;
model C adds charge flow between C and O, and model D
adds dipole—quadrupole polarizabilities on @he dipole—
quadrupole polarizability on C must be zero as it is a cen-
trosymmetric site. Model E includes quadrupole—
quadrupole polarizabilities on each atom, but no dipole—
quadrupole terms. This leads to a model that is not positive
definite; model F constrains the offending terms in the car-
bon quadrupole—quadrupole polarizability to be zero.

The first point to notice is that the overall molecular
dipole—dipole polarizability is very insensitive to the model.
For all but the single-site model, which fits the data rather
poorly, the values of the dipole—dipole polarizability ob-
tained by the fitting procedure are very close to the values
obtained from a conventionalADPAC polarizability calcula-
tion with the same basis set and functional, namely
~16.9 andA «~13.0 a.u. For comparison, the experimental
values arex=17.81(Ref. 32 andAa=14.623
Including higher-rank polarizabilities makes very little
difference to the molecular dipole—dipole polarizabilities.
This confirms the point made above that by exploring the
response at many different points to the perturbing potential
from a single point charge, it becomes possible to fit the
different polarizabilities independently of each other. The
values of the total molecular quadrupole—quadrupole polar-
izability are meaningless for the simpler models, which do
not have enough flexibility to describe it, but the results for
models E and F are close to the values obtained from a
conventional calculation, namelyw,g,=239.8, @51co1c
=213.4, anda,,5,.=33.9 a.u. Model E is slightly better
here than model F, where the C atom quadrupole—
quadrupole polarizability has been constrained to avoid
negative polarizabilities.

The individual atomic dipole—dipole terms are more sen-

There are many anisotropic contributions to these highe#itive to the inclusion of higher-rank terms. Inclusion of
terms also, but our calculations do not at present providéharge-flow terms reduces the longitudinal component of the
sufficiently well-characterized data to evaluate them reliablycarbon and oxygen polarizabilities, but does not improve the

V. RESULTS AND DISCUSSION

A. Carbon dioxide

1. Polarizabilities

For CO, we used a Sadlej badts™ and the B3LYP func-

quality of fit, showing that when explicit charge flow is ex-
cludedaf and e pick up its effects satisfactorily.

The inclusion of higher-rank polarizabilities changes the
atomic dipole polarizabilities quite significantly. Dipole—
guadrupole polarizabilities on oxygémodel D have little
effect on the quality of fit, but quadrupole—quadrupole po-
larizabilities on C and O improve it substantialiyjodel B.

tional. Calculations were carried out using 24 batches of 50Wnfortunately, however, some of the carbon quadrupole po-
points each. We should note at the outset that although tharizabilities are negative for this model, which is physically
Sadlej basis is designed to give good results for propertiegnsatisfactory. Forcing these terms to be zero gives a more
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TABLE |. Some polarizability models for CO The r.m.s. fitting error and the maximum error are expressed as percentages of the range of response values.
Values are in atomic units, i.e.#qag for the polarizabilities, whera= 3 for dipole—dipole, 4 for dipole—quadrupole, and 5 for quadrupole—quadrupole; and
En ag for the Cg dispersion coefficient.

Sites g,
ab t u A B C D E F
co 00 00 -_— - -0.22 - - -
al ccC 10 10 24.96 12.44 11.03 11.89 12.25 12.45
at ccC 11 11c 12.26 0.56 0.56 2.45 2.22 2.21
ccC 20 20 _— _— —_— _— —21.64 _—
ccC 21 21c - - - - 29.56 29.50
cc 2 22c —-— -— —-— —-— —-4.33 -—
af 00 10 10 -_— 6.56 6.25 6.84 6.66 6.55
a® 00 11 11c —_— 6.01 6.01 5.07 5.15 5.15
00 10 20 -— - - -0.62 - -
00 11 21c - -_— - 1.83 -_— -
00 20 20 - - - -_— 7.50 0.21
00 21 21c —_— -_— —_— —_— 19.52 19.54
00 2z 22c - - - - 18.94 16.89
o Total 16.49 16.91 16.91 16.91 16.86 16.86
Aa Total 12.70 12.98 12.99 12.98 13.05 13.04
Total 20 20 - - - - 241.13 244.79
Total 21 21c - -_— - —_ 212.26 212.11
Total 2z 22c - - - - 33.55 33.71
Fitted parameters 2 4 5 6 10 8
r.m.s. error 0.989 0.171 0.171 0.171 0.034 0.038
Maximum error 24.3 3.37 3.37 3.73 0.82 1.11
Isotropic Cg 141.8 149.4 149.3 149.5 148.6 148.5
sensible model, though the fit is not quite so good. The oxygen—oxygen dispersion is close to isotropic,

We see then that almost any model with sufficient flex-since the oxygen polarizability is nearly isotropic. The
ibility in the atomic dipole polarizabilities is capable of re- carbon—carbon dispersion, however, is highly anisotropic.
producing the overall molecular polarizability, but that if we The distance dependence of all of these ternigi8, but the
want an accurate account of the local response to a nonuréngular form of the most important anisotropic terms is the
form field we need to include higher polarizabilities. same as some of the terms in the electrostatic interaction: the
Cs(022,00) andCg(202,00) terms have an angular depen-
dence like the charge—quadrupole and quadrupole—charge
electrostatic interactions, respectively, while thg(224,00)

Dispersion coefficients have been calculated by thderm has an angular dependence like the quadrupole—
methods described above, using the frequency-dependent pgdadrupole electrostatic interaction. Consequently they can
larizabilities. Table | gives the isotropiCg coefficient for  be calculated easily by any program, such @mENT, >
each of the models shown. For all but the single-site modelvhich can handle the anisotropic electrostatic interactions.
it is close to the value of 148.86 a.u. obtained from a con-The remaining termsCg(220,00) andCg(222,00), do not
ventional dispersion coefficient calculation usimgbPAC  have the form of any electrostatic interaction, but they are
with the same basis set and functional. The anisotropienuch smaller and can be neglected without much loss of
atom—atom coefficients for model F are shown in Table Il.accuracy. TheRIENT program does provide for them, how-
The dispersion energy is given by E&). For a linear mol-  ever, in addition to the electrostatic terms.
ecule, only terms withK,=K,=0 occur.

2. Dispersion coefficients

VI. WATER

TABLE Il. C, atom—atom dispersion coefficients for CGlerived fromthe ~ A. Polarizabilities

frequency-dependent polarizabilities of model F. Values are in atomic units, .
ha?tree b%h(gef. 5. P Table 11l shows results for water, obtained from 27
batches of 500 points calculated using the Sadlej basis and

Atoms: co the B3LYP functional. The O atom and molecular polariz-
Lalvd KoKy cc CE(Lalsd KaKy) 00 abilities are described in terms of axes wittalong theC,

000, 00 13.08 15.34 18.52 symmetry axis ang perpendicular to the molecular plane;

022, 00 6.92 1.14 1.33 for the H atoms local axes are used, wilalong the O—H

202, 00 6.92 7.86 1.33 bond andy perpendicular to the molecular plane.

ggg 88 2:(7)2 8:13 8:82 The same characteristics emerge as fop Cthe overall

224, 00 11.70 187 0.31 dipole polarizability is almost the same in every case, though

the quality of the fit is not as good for the simpler models,
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TABLE Ill. Some polarizability models for 50. The r.m.s. fitting error and the maximum error are expressed as a percentage of the range of response values.

Distributed dispersion: A new approach

Values are in atomic units, i.e.,myag, wheren=3 for dipole—dipole, 4 for dipole—quadrupole, and 5 for quadrupole—quadrupole.

4625

ab

Sites agy
ab t u A B C D E
OH 00 00 - -1.26 - - -
a2, (e]0) 10 10 9.91 6.83 7.01 8.99 9.10
ad 00 1lc 11c 10.13 5.12 6.74 9.48 8.90
ayoy (e]6) 11s 11s 9.55 9.55 7.31 9.24 9.14
(e]0) 10 20 - - - —4.03 —4.13
(e]6) 10 2z - - - —0.45 —0.68
(e]0) 1ic 21c - - - —6.05 -5.15
00 11s 21s - - - —3.49 -3.31
(e]0) 20 20 - - - 36.23 35.71
(e]6) 21c 21c - - - 37.65 35.71
(e]0) 21s 21s - - - 34.65 35.71
(e]0) 2z 22c - - - 37.79 35.71
(e]6) 2% 22s - - - 38.60 35.71
(e]0) 20 2z —_— —_— —_— —1.04 —_—
ot HH 10 10 - - 2.33 0.99 1.10
akl, HH 11c 11c - - 0.92 -0.12 —
ath HH 10 1 - - 0.02 0.18 -
a;‘y HH 11s 11s - - 1.13 0.16 0.20
a,, Total 10 10 9.91 9.95 9.96 9.94 9.93
Qg 11c 1ic 10.13 10.28 10.29 10.27 10.27
ayy 11s 11s 9.55 9.55 9.58 9.55 9.55
Fitted parameters 3 4 7 17 10
r.m.s. error 0.674 0.424 0.247 0.086 0.090
Maximum error 19.0 12.8 6.4 2.8 3.1
IsotropicCg 46.20 46.76 46.90 46.65 46.66

especially model A, which simply has a dipole—dipole polar-  An interesting feature emerges if we take a single-site
izability at oxygen. Adding a charge-flow tergmodel B model with the site not at the O atom but displaced along the
improves the fit somewhat, but a greater improvement isymmetry axis towards the hydrogen atoms. The dipole po-
achieved with dipole polarizabilities at the H atoms as welllarizability and theCg coefficient are formally independent
as O(model Q. Adding dipole—quadrupole and quadrupole— of origin, and indeed, they change only slightly. However,
quadrupole polarizabilities on oxyggmodel D improves the r.m.s. error is reduced from 0.67% to 0.57% for an origin
the fit significantly, but the H-atom polarizabilities are no at the center of mass, 0.12 bohr from the O atom, and to
longer positive definite. Suppressing the hydrogeg and  0.44% for an origin 0.35 bohr from the O atom.

ay, gives a positive definite description, and the quadrupole—

guadrupole polarizability on oxygen can be made isotropic to

reduce the number of fitted parameters. These changes

(model B make the fit only slightly worse.

The constancy of the overall polarizability values may
be compared with the variation seen in the paper by Celebi Table IV gives atom—atom dispersion coefficients for
et al,!* where the distributed polarizabilities were fitted to water, derived from the frequency-dependent polarizabilities
induction energy values. Leaving aside their model A, whichof model E. The low symmetry of the atom sit€3,, for O
includes charge-flow polarizabilities only and is not expectedand C for H, leads potentially to a large number of nonzero
to give a sensible result, their models B and C give reasondispersion coefficients. However, the choice of local axes for
ably consistent values for the dipole polarizability, thoughH with z along the O—H bond makes thx& component of
not as constant as ours; but, their addition of the quadrupolethe polarizability very small, and it is suppressed altogether
qguadrupole polarizability on O changes the dipole—dipoleén model E. Moreover, the anisotropy of the molecular po-
values by as much as 18%. Moreover, it is only when thdarizability is quite small, and indeed the local O atom po-
guadrupole—quadrupole polarizability is included, in theirlarizabilities are nearly isotropic, while the H-atom polariz-
model E, that their dipole—dipole polarizabilities approachabilities are small.
the values obtained in a conventional calculation. Our analysis justifies the common assumption that a

In contrast, our dipole—dipole polarizabilities are almostsingle-site model with isotropic polarizability and dispersion
constant, and even for the simplest model are close to this adequate for all but the most accurate work, but it suggests
values obtained from a conventional polarizability calcula-that both should be attached to a site on the symmetry axis
tion using the same basis set and functional, whichagre  about 0.35 bohr from the O atom rather than at the O atom or
=9.96, a,=10.31, andw,,=9.61. the center of mass.

B. Dispersion coefficients
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TABLE IV. Cg atom—atom dispersion coefficients fop®, derived from

the frequency-dependent polarizabilities of model E. Values are in atomi

units, hartree boh(Ref. 6).

Atoms: OH
LoLpd KKy 00 C3P(L,Lyd,K,Kp) HH
000, 00 39.04 1.82 0.08
202, 00 0.14 0.01 0.07
202, 20 0.51 0.02 -0.01
022, 00 0.14 1.42 0.07
022, 0z 0.51 -0.23 -0.01
220, 00 0.00 0.00 0.01
222, 00 0.00 0.00 0.01
224, 00 0.00 0.01 0.16
220, 0Z 0.00 0.00 0.00
222, 0% 0.00 0.00 0.00
224, 0Z 0.01 0.00 0.02
220, 20 0.00 0.00 0.00
222, 20 0.00 0.01 0.00
224, 20 0.01 0.05 0.02
220, x2c 0.00 0.00 0.00
222, x2¢ 0.00 0.00 0.00
224, x2¢ 0.04 0.01 0.01
VII. BENZENE

A. Polarizabilities

G. J. Williams and A. J. Stone

izability models, and some results are shown in Table V. We

@lso carried out calculations using the PBEO functional; the

results were similar but the overall polarizabilities somewhat
smaller in magnitude.

A single-site modelmodel A), with dipole polarizabil-
ities at the center of mass, gives a poor fit. Adding quadru-
pole polarizabilities at the center of mass does not improve
matters very much. Distributed-polarizability models are bet-
ter; with dipole polarizabilities at the carbon atoms only
(model B, the polarizability values are already in good
agreement with the experimental valuess 70.3 andA «
=-38, and are close to the valueg=70.1 and A«
= —37.8, obtained from a conventiorath initio polarizabil-
ity calculation using the same basis set and functional. Add-
ing sites on the H atom@nodel Q improves the fit signifi-
cantly. Adding quadrupole polarizabilities on the carbon
atoms (model D gives a further substantial improvement,
but the atomic polarizabilities now are not positive definite.
The components listed are all those that are allowed by the
local C,, symmetry of the carbon site. Closer investigation
shows that it is the off-diagonats,,,. term that is respon-
sible for the lack of positive definiteness; it can be forced to
zero with only a slight reduction in the quality of the fit.

It is evident that there is considerable variation between
models in the values of the atomic dipole—dipole polarizabil-

For benzene we used the Sadlej basis and the B3LYRy components, but that the overall dipole—dipole polariz-
functional, and calculated responses for 20 batches of 50&bilities and isotropic dispersion coefficients hardly vary at
points. The response values were fitted to a number of polagall. One should not expect a definitive model for thistrib-

TABLE V. Some polarizability models for benzene. The r.m.s. fitting error and the maximum error are expressed as a percentage of the range of response
values. Values are in atomic units, i.eqé,ag, wheren=3 for dipole—dipole, 4 for dipole—quadrupole, and 5 for quadrupole—quadrupole. The local axes
for the C and H atoms haveperpendicular to the molecular plane anélong the C—H bond. ThX site for model A is the center of mass.

Sites

ab

Ay
ab t u A B C D E
af XX 10 10 4221 -— -— -— -—
o XX 11c 11c 80.72 - - - -
ay, cC 10 10 - 7.45 4.82 6.65 6.29
affx CcC 1c 1lc - 9.53 19.50 5.80 6.29
agy CcC 11s 11s - 18.13 4.23 16.55 16.35
cC 10 25k - - - 2.92 1.31
CcC 1c 22s - - - —21.06 —8.06
CcC 11s 22c — —_— —_ -3.21 11.45
CcC 11s 20 - - - 11.52 15.27
cC 20 20 - - - 26.69 22.24
cC 20 2z —_— —_— - 40.54 -
CcC 21 21c - - - 78.34 88.60
cC 21s 21s - - - 89.04 77.69
CcC 2z 22c - - - 43.17 52.94
cC 22X 22s - - - 79.35 96.34
o, HH 10 10 - - 2.78 0.81 1.16
ok, HH 11c 11c -— -— —-0.09 2.63 1.16
a'y"y HH 11s 11s - - 3.90 2.49 3.67
a Total 67.89 70.22 70.29 69.86 69.85
Aa Total —38.52 —38.26 —37.08 -37.71 —37.70
Total 20 20 —_— - - 816.8 818.5
Total 2k 21c - - - 1159.3 1159.4
Total 2z 22c - - - 2294.7 2290.4
Fitted parameters 2 3 6 16 13
r.m.s. error 1.436 0.490 0.258 0.061 0.065
Maximum error 35.0 13.3 10.3 3.5 5.0
IsotropicCg 1658.3 1788.9 1790.0 1768.1 1767.9
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TABLE VI. Cgz atom—atom dispersion coefficients for benzene, derivedB, Dispersion coefficients

from the frequency-dependent polarizabilities of model E, and referred to

local axes withz along the C—H bond. Values are in atomic units, hartree Table V shows the isotropic molecul@g dispersion co-

bohr (Ref. 6. efficient for each of the benzene models considered. We can

see that, like the total molecular polarizability, it is well de-

ab

La/lj\*t’gr’T}f;Kb ce Cs (L""I(‘:bd’KaK") HH scribed by all but the simplest of the models. The distributed
description of dispersion, like the distributed model of the
000, 00 31.42 7.84 200 nolarizability, varies a good deal between models. In this
Sgg’ 88 g:gg %i 8:22 case we can take advantage of the flexibility of the distrib-
220, 00 0.57 0.14 0.04 uted model to base the dispersion coefficients on model E,
222,00 0.81 0.20 0.05 where the polarizability of both carbon and hydrogen has

224, 00 8.79 2.20 0.55 axial symmetry about the C—H bond. We redefine the lacal

axis to lie along the C—H bond, and obtain the dispersion
coefficients listed in Table VI. Because of the effective axial
o " symmetry, the same components are nonzero as far, CO
uted polarizabilities; the partition between atoms of the PO-nd the same comments apply. A dispersion model based on

Iﬁrllzatloln respcrmsghl\z Ialro?eliyc arblltrarsBe;gﬁ: Sr ator:;sti '2 model D has more than twice as many different nonzggo
ino eg:utes ?prptr?at ?u r? €a SS‘:’ ah v aby pr?u od nS{)fefﬁcients, and would be more complicated to use while
g, but SO farthat approach appears to have been used o ering very little advantage.

to dissect the response of the molecule to a uniform field,
either statié* or dynamic®) The arbitrariness provides an
opportunity to simplify the model without losing accuracy.
For example, the dipole polarizability components perpen-  For ethandTable VII) we used 25 batches of 500 points,
dicular to the C—H bond in model D can be constrained to bealculated using the Sadlej basis and the B3LYP functional.
equal, giving a fit that is almost as good, but with two fewerAs for the other cases described above, the overall molecular
fitted parametergThree fewer if we also constramgozz to  dipole polarizability is in good agreement with the results of
be zero; this is model EThe advantage of this apparently a conventional cAbPAC calculation @=29.0 a.u.,A«a
arbitrary procedure is that it leads to a much simpler disper=3.84 a.u.), and in reasonable agreement with the experi-
sion model, as we show below. mental dataz=30 a.u.3® Aa=4.5 a.u®

The total molecular quadrupole—quadrupole polarizabil-  However, model A, with dipole polarizabilities on the C
ity is shown in Table V for those models that have enoughatoms only, gives a rather poor fit to the response data.
flexibility to describe it adequately. The values @b 5, Model B, with C atom polarizabilities up to quadrupole, is
ao1c 210 andagy o5 are close to the values obtained from asignificantly better, but a greater improvement is achieved
conventional CADPAC calculation: apg,=822.0, a,1.0c  With dipole polarizabilities only on both C and H sites
=1157.7, andu,y 20 =2296.0. (model Q. The best result is obtained with dipole polariz-

VIIl. ETHANE

TABLE VII. Some polarizability models for ethane. The r.m.s. fitting error and maximum error are expressed as percentages of the range of response valu
Values are in atomic units, i.e. € qag , wheren= 3 for dipole—dipole, 4 for dipole—quadrupole, and 5 for quadrupole—quadrupole. For the C atoms, the local
z axis is directed outwards along the CC bond andytlexis parallel to one of the molecul&), dihedral symmetry axes. For the H atoms, the lacakis

is along the bond and the axis is perpendicular to the HCC plane.

Sites ag,
ab t u A B C D E
al CcC 10 10 15.79 15.68 6.40 9.35 10.11
a® CcC 1lc 1lc 13.70 13.72 2.97 5.03 5.22
CcC 10 20 - —5.09 - 0.78 -0.13
CcC 1 21c - 9.78 - 1.49 3.68
CcC 1c 22c - —16.92 - -6.73 3.65
CcC 20 20 - 95.70 - 11.25 8.44
CcC 2kc 21c - 132.64 - 46.13 46.13
CcC 2z 22c - 122.32 - 22.85 25.00
CcC 2kc 22c - 2.34 - 10.19 8.62
at, HH 10 10 —— - 4.87 3.78 4.28
ol HH 1ic 11c - - 2.58 1.71 1.62
all HH 11s 11s - - 2.82 2.43 1.62
aE‘Z HH 1ic 10 - - 0.55 0.38 -
a Total 28.79 28.75 28.77 28.77 28.77
Aa 4.17 3.92 3.88 3.91 3.91
Fitted parameters 2 9 6 13 11
r.m.s. error 0.637 0.159 0.087 0.051 0.057
Maximum error 24.1 9.0 2.4 14 21
IsotropicCg 361.1 359.3 356.0 359.8 359.8
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TABLE VIII. Cq atom—atom dispersion coefficients for ethane, derived|ecular dispersion interaction between the atoms in a poly-

from the frequency-dependent polarizabilities of model E, and referred “htomic molecule. and obtain anisotropic atom—atom
local axes wittz along the C—C bond for the C site and along the C—H bonddisp(_:‘rsi(_)n coeffici’ents

for H. Values are in atomic units, hartree baRef. 6). .
In the present work we have concentrated on dipole—

Atoms: CH dipole polarizabilities an€4 dispersion coefficients. Higher-

Lalod KoKy cc CE(Labd.KaKp) HH rank polarizabilities and dispersion coefficients will require
000, 00 20.75 7.48 2.70 larger basis sets. However, the force fields that are com-
202, 00 3.61 131 0.72 monly used in molecular simulations generally use only iso-
022, 00 3.61 197 0.72 tropic R~ dispersion terms, anab initio information about
ggg 88 8'23 g'(l)f 8'8‘; the distribution of dispersion interactions between atoms will
224: 00 217 118 066 ]E)ek;:l valuable source of information for refining such force

ields.
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