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Permanent and induced multipole, repulsion, and dispersion terms are proposed as a model for the
nonadditive potential of water molecules. 229 quantum-mechanical dimer energies of near Hartree-Fock
accuracy which have been published by Popkie, Kistenmacher, and Clementi and by Kistenmacher, Lee,
Popkie, and Clementi have been fit to an approximation to this model. The standard deviation 0.0019 of
calculated dimerization energies for one simple form of the present model compares with a standard
deviation 0.0023 given by an additive analytical fit developed by the above group. Nonadditive
contributions calculated for the present model are compared with those given by the HF calculations of
Hankins, Moskowitz, and Stillinger and by Kistenmacher, Lee, Popkie, and Clementi. The proposed model
is compared with other models, and results to aid in the choice of multipole expansion orders in

applications are given.

I. INTRODUCTION

Although direct quantum-mechanical calculations
provide reference standards for the energies of intermo-
lecular interactions, such calculations have the follow-
ing disadvantages which have led to other approaches for
the calculation of interaction energies of rather small
groups of even simple molecules such as water: (i)
Since the intermolecular energy is obtained as a differ-
ence, the calculated water dimer energies have been de-
creased from 12, 6 to 3. 67 kcal/mole by increasing the
size and number of harmonic types of basis functions,!~®
This points out the importance of using a more costly
basis set approximating the Hartree—Fock limit, (ii) It
is necessary to perform calculations on different poly-
mer orientations, since it has been shown that the inter-
actions show significant orientationally dependent devia-
tions from additivity™®™® (pide infra). The nonadditive
contribution of only about 10% has possible structural
importance as a consequence of the fact that it exceeds
the AE of transformation of the various ice forms, 8 with
their drastically different relative orientations. (iii)
Even in the case of four water molecules, the costliness
of direct calculations excludes extensive variations of
orientational parameters and consequently led to incor-
rect selection of the preferred orientation, *®'%® (Cile-
menti, Kistenmacher, Lie, and Popkie sought to cir-
cumvent the costliness of such polymer calculations by
developing analytical potential functions to fit a set of
Hartree—Fock dimer energies.®? Subsequently, Mat-
suoka, Clementi, and Yoshimine fit configuration inter-
action data.'® Their function consists of a sum of func-
tions f(7;;), where each 7;, is the distance between a
point ¢ on one monomer and a point j on another. Their
representation is not only simple enough to aliow more
adequate search of orientational parameters for poly-
mers, but even Monte Carlo calculations on liquid water
structure. !*

The present paper reports the test of an alternative
analytical model which includes a representation of the
nonadditive contribution in quantum-mechanical calcula-
tions. Section II describes the model and the methods
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of calculation. Section III presents and discusses numer-
ical results, and Sec. IV compares it with other analyt-
ical models.

1. PROPOSED MODEL

Classically, the interaction of discrete polarizable
charge distributions is a cooperative problem. There-
fore, the proposed model for the interaction energy of
n molecules has the form

Uln) = Upy(n) + Uy (n) + Ug(n) + Up(n),
Upm)= 2 2 Up(4, B),

k=f+1 j=1

(1a)
(1b)

where U,(j, k) is the electrostatic energy for the relative
orientations of molecules j and %2 corresponding to the
charge distributions of the isolated monomers, U;(n) the
additional electrostatic energy arising from the induced
molecular multipole moments; this is nof given as a
pairwise sum, U;(n) the dispersion contribution, and
U,(n) the repulsion contribution.

The argument previously raised against the use of this
classical contribution to the nonadditivity was based upon
a point dipole approximation, > Since this approxima-
tion has been shown to yield quantitatively and even qual-
itatively incorrect results (cf. Sec. IIIB), the argument
is not applicable.

The first of the two tests of this model consists of a
fit of Hartree—Fock energies of dimerization Uyp(2). Al-
though preliminary calculations were performed on the
dimer energies of Diercksen, * the 229 Hartree—Fock
dimer points of Popkie, Kistenmacher, and Clementi®
and of Kistenmacher, Lie, Popkie, and Clementi? with
their more extensive angular variation were chosen for
detailed analysis. Although in principle it would have
been desirable to use the results of recent CI calcula-
tions, 1%!? two reasons made this impossible: (i) Where-
as it was feasible to regenerate the HF solutions (vide
infra), the regeneration of CI solutions would have been
far more costly; (ii) the number of configurations re-
quired to represent the correlation has thus far prohib-
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ited CI water trimer calculations. Thus, there would
have been no basis for testing the nonadditivity of the
model.

The four terms in Uyp(2) were computed as follows:
(i) U,(2): Since the molecular orbital coefficients were
not available, they were regenerated for the molecular
geometry ((x, y, 2)={0: (0, 0, 0), H: (1.1028459,
+1.4337993,0) a.u.,} 1 a.u. =0.529167 A)"® using the
Polyatom system of programs on the CDC 6600 at New
York University. This gave a total energy of
- 76.05525209 £ 0. 00000003 a.u., which agrees with
the published value — 76. 05525, U,(2) defined by this
wavefunction was computed by a multipole expansion
using the following sequence of new more efficient tech-
niques: (a) The molecular electronic density was parti-
tioned in that particular way which has been called a
“very extreme split. ”'* This transferred all overlap
density to the O atom. (b) The procedure of Mezei and
Campbell'® was used to generate the multipole moments
and characteristic directions. (¢) U,(2) was calculated
by method IV of Campbell and Mezei.'® (ii) U;(2): The
second order approximation used in the calculations re-
ported here is characterized as follows: It includes in-
duced dipole-permanent multipole and induced dipole—
induced dipole contributions, but ignores the contribu-
tions of induced multipoles of orders =2. Thus, the en-
ergy retains only terms quadratic inthe field components
and ignores the contribution of the field gradients so that
the ith component of the induced dipole vector is

King s =23, E; (2)

where a;, is the 7, j element of the polarizability tensor,
and E the electric field. Although there is debate!” about
the adequacy of various techniques used to calculate the
a;,;, since the trace given by the «,; calculated by Lieb-
mann and Moskowitz!® agrees to within ~0. 7% with the
experimental value, their «;; have been used. The in-
duced dipole vector components were obtained as the so-
lutions of a set of simultaneous linear equations*®%° mod-
ified for the case of molecules at random sites. The
U;(2) was then calculated by the procedure of Mandel and
Mazur.? (iii) [U;(2)+ U/(2)]: Consider the difference
between the energy of the dimer interaction I{2) and the

0=7rn,=R;, O,
S(r2)=

RU = 712, 1’

where 7;, is the distance between a point in molecule 1
and a point in molecule 2.

As a second test of this model, the nonadditive contri-
bution to the interaction energy was calculated for the
trimer orientations for which HF energies had been pub-
lished either by Kistenmacher, Lie, Popkie, and Cle-
menti” or by Hankins, Moskowitz, and Stillinger.® The
HF nonadditive contribution for a set of » molecules is
defined as the difference

Ry <72<Ry, (na—R P (3Ry~Ry -27,)/(Ry~-
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permanent and induced moment contributions
AU(2)= U(2) - [U,(2) + U(2)]. (3)

The proposed model interprets AU(2) as [U;(2) + T,(2}].
Since the Hartree—Fock formalism considers the inter-
action of each electron with the average field of the
others, in this approximation

The proposed model satisfies the following qualitative
requirement posed by Eq. (4): Whereas [Uyp(2) - U,(2)]
shows both positive and negative values in the set of 229
data points, ®7 A Uyp(2) shows only positive values. In
lieu of a good theoretical estimate of AUyr(2), the latter
was determined by a least squares fit of the data. One
of the simplest choices for a spherically asymetric po-
tential approximation to A Uyz(2) is a sum of functions

8

Alrar @)= 20 A2 -x7)), (5)
Ik

where r™ "/ are the positions of the nuclei 7 and j of

dimers B and ¥, respectively. In this test each f, was
chosen to be one of the conventional forms for which the
least squares parameters appear linearly:

flle P =2 ) =c(i, 3, )£ =T |, (6)

n, fixed, and c(z, j, %) are least squares parameters.
Various choices of the 7, in the conventional range for
such an empirical approximation »,= 9 were considered.

The use of a scaling function for [U,(2) + U;(2)] was also

.tested. Consider two charge distributions g and 7.

Whereas the multipole series about two points P; and P,
converges if and only if 8 and ¥ are contained within non-
overlapping spheres centered at P; and P,, Pack, Wang,
and Rein? have shown that truncations of the multipole
series can yield good approximations for regions of in-
terest in intermolecular interaction, Since the minimum
HF dimer energy occurs at O-0O distances of about

3.0 13., it seemed desirable to see whether a simple ap-
proximation such as Eq. (8) would be more accurate if
[Uy(2) + U;(2)] were multiplied by Rahman and Stillinger’s?
scaling function which has continuous vanishing first de-
rivatives at R; and R;:

RL )3, (7)

n
Uyr(n, 2) = Uyg(n) - Z: i Uur(2, 7, k), (8)
Rafsl jal

where Uyp(2, j, k) is the HF interaction energy of mole-
cules j and k in the absence of other molecules. Since
the MO coefficients of the water wavefunction of Han-
kins, Moskowitz, and Stillinger® were not published,
they too had to be regenerated. This gave a monomer
energy of — 76. 0413592355 + 0. 0000000005 a.u,, in ex-
cellent agreement with the published value®® of
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TABLE I. The errors of the different least squares fits.

Weighted standard
relative deviation

Standard deviation
for AU \up(2)

Exponent set for AU zp§(2) (i) (i)

{8, 12} 0.21 0.0022  0,00087
{9, 12} 0.19 0.0019  0.00093
{9,13} 0.20 0.0020  0.00098
{9, 14} 0.20 0,0022  0.0010

{12,15} 0.23 0.0035  0.0017

{9,11,13} 0.16 0.0012  0.00083
{9,12,15} 0.16 0,0012  0.00085

Legend: (a) The values quoted are in a.u.; (b) the results re~
fer to the fit of all 229 data points of Refs. 6 and 7; (c) for the
definition of the quantities listed see Eqgs. (10) and (11); (d)
column (i) is for the use of relative criterion of Eq. (10) for the
minimization, column (ii) is for the use of the criterion of the
minimization of the sum of the squares of deviations for AU ,5¢(2).

—76.041361 a.u. According to the present model, the
nonadditivity is approximated as the induced moment
contribution :

Uin) - 22 2 Uy(2,5,B), 9)

h=j+l §=1

where U;(2, j, k) is U;(2) for molecules j and &.

tll. NUMERICAL RESULTS
A. The fit of the Hartree- Fock dimerization energies

As a guard against the error in A (2) appearing mag-
nified in U,(2) because of the least squares procedure, a
multipole expansion of order 10 was used. The accuracy
of the values U,(2) was estimated by examining incre-
ments | U,(2, m) — U,(2, m ~2)| for multipole expansions
of different orders m. The estimated errors were at
most ~0.01% at O-O distances greater than or equal to
the near neighbor distances in ice and in almost all cases
were less than 1%,

The criterion used to determine the c(i, j, k) coeffi-
cients of Eq. (6) was the minimization of the weighted
squares of the relative errors

Z w{[A Ve (2), = Upur(2),]/ AUnr(2), 1. (10)

q
The choice of the weighting factors w, was based on two
considerations: (a) For sufficiently large distances
Uyr(2) approached its asymptotic form [U,(2)+ U;(2)]; ()
the values for Uyg(2) were quoted to 10™ a.u. The w,
used were

| Ur(2)[<3%x107° 2. u.,
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3%10% = | Uyp(2)],=3x107% a.u., w,=0.1,
| Uge(2)],>3%107* a. u., (11)

The results can be summarized as follows: (i) Test
of consistency of the calculated values of [U,(2)+ U;(2)]
with the assumed wavefunction. One advantage of the
proposed potential, that it is asymptotically exact as the
distance between the molecules increases, affords a
simple consistency check of all steps from input through
the permanent moment calculation. In all cases [U,(2)

+ U;(2)] converged asymptotically and in those orienta-
tions for which sufficiently great distances (>~ 5~6 A)
were available agreed with Uyp(2) within the 107° a. u.
accuracy of the published data. (ii) Choice of the num-
ber of exponents in the set {m}. According to the discus-
sion of Sec. I, [AU,ur(2)], is positive for each data
point g. Nevertheless, when sets of three exponents
were used, one of two results were obtained: (a) For
some g, [AUxyr(2)], showed negative values, which were
very small compared to [ Uye(2)],; (b) Although
[AU,4r(2)], was positive for each g, the ratios of the co-
efficients in the potential function were such that the po-
tential would surely become negative for smaller dis-
tances and it was by no means clear that negative values
would not occur with more extensive orientational vari-
ation over the range of distances used. Thus, the fur-
ther minimization of the sum of the square deviations by
the introduction of a third exponent was introducing a
correction for the angular dependence of AUyp(2) at the
cost of possible spurious local extreme values and the
sacrifice of the qualitative consistency of its interpreta-
tion as U,(2). Such an improved angular representation
could be more satisfactorily made by inclusion of surface
spherical harmonics in the representation, Therefore,
without such an extension, the choice should be limited
to sets of two exponents, (iil) Effect of a scaling func-
tion. The introduction of a scaling function was tried
for the following sets of the parameters in Eq. (7):

(R;, Ry) =(4.3,4.9) or (3.8,5.0) a.u.

w,=1.0.

(12)

In each case the result was a significant increase in the
standard deviation. Therefore, for this particular fit
the scaling function should not be used. (iv) Results of
the least squares fils. Although it is obvious that lower
standard deviations could be obtained by using as a cri-
terion the minimization of the sums of the squares of de~
viations (cf. Table I) rather than the sums of the squares
of the relative deviations [cf. Eq. (10)], the latter was
adopted since it seemed desirable to minimize the rela-
tive accuracy. The results of the fits are shown in
Table I. The values for the coefficients for {n;, n,} ={9,
12}, which gave the lowest deviations, are

n =9: c(H,H,1)=-55284x10% c(H,0,1)=9,8636x10% c(0,0,1)=2.5762x10%

n,=12: c(d,H,2)=9.1906x10% c(H,0,2)=-1,2374x10% ¢(0,0,2)=4.5431%10°,

It should be noted that although some coefficients ate
negative, their magnitudes compared to those of the
other positive coefficients for the same n; are small and,

(13)

§

therefore, are unlikely to give rise to negative AU,gg(2)
values, even for orientations which were not sampled in
the set of 229 points.
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TABLE 1II.
the HF values.

2341

Comparison of the nonadditive trimer contributions of this model with

Trimer nonadditive contributions

R(O-0) Type 61, 63 HF

This
approximation

Data of Hankins, Moskowitz, and Stillinger®®@) ®,

2.76 Sequential —-54,7 ~-54,7 — 0,942
3.00 Sequential —~54,7 -—54.7 -0.573
3.15 Sequential -54.7 -54.7 —0.442
3.00 Sequential +54,7 -—54.7 —-0.635
2,76 Double donor -54,7 -—-54.7 1.295
3.00 Double donor —-54,7 -—54.7 0. 606
3.15 Double donor " —-54,7 =547 0.377
2.76 Double acceptor —-54,7 -—54.7 0.767
2.90 Double acceptor —-54.7 -54.7 0.529
3.00 Double acceptor —54,7 —54.7. 0.372
3.15 Double acceptor -54.7 -=54.7 0.236
3.39 Double acceptor -~54,7 -54.7 0.102
3.00 Double acceptor -54.7 -=25.0 0. 490
3.00 Double acceptor -54.7 -=70.0 0. 364
Datum of Kistenmacher, Lie, Popkie, and Clementi’™:
Optimal closed trimer -1.13

|
o

. 767
.378
.255
.439

09
595
422

Pt
o oo

—

26

869
677
476
282
293
854

cooooor SO

-1.12

Legend: (a) The oxygen—oxygen distances R(O—O0) arein; (b) the type, B1p
and 8,3 are defined by Ref. 5, Figs. 4-6; (c) the energies are in kcal/mole;

(d) the contribution of the present model is computed by Eq. (9).

B. Calculations of nonadditivities

Only the dimer data of Popkie, Kistenmacher, and
Clementi® together with that of Kistenmacher, Lie, Pop-
kie, and Clementi’ covered sufficiently extensive varia-
tion to permit the least squares determination of the pa-
rameters for a repulsive potential. The sensitivity of
the HF interaction energies and electron densities to the
basis set used denies the possibility of using the fit of
one set of HF results for comparison with data from an-
other. For the orientation they found to be optimal they
obtained a HF trimerization energy of — 0. 02128 a. u.
This compares with —0.01962 a.u. (error =+0.00266
a.u.) from their analytical two-body potential and
-0.02157 a.u. (error =—0,00029 a.u.) from the pres-
ent nonadditive approximation. >

Of course, the nonadditive contribution itself can be
calculated according to Eq. (9) for different HF wave-.
functions, The values have been collected in Table II
for comparison with the HF data of Hankins, Moskowitz,
and Stillinger® and of Kistenmacher, Lie, Popkie, and
Clementi,” The induced dipole—-permanent multipole ap-
proximation of this report has given a very good value
for the optimal frimer orientation, a useful first approx-
imation for the sequential and double donor orientations,
and the correct sign but quantitatively poor representa-
tion for the double acceptor orientations, Thus, this
approximation has given from very good to useful first
approximations for the optimal trimer orientation and
for those orientations that occur with probabilities of 4/6
(sequential) and 1/6 (double donor) in ice. The following
arguments supports our contention that the inclusion of
an improved approximation for induced dipoles and at
least the first order induced quadrupole contribution can

be expected to substantially reduce all discrepancies

and that, therefore, the induced multipole model in this
approximation will provide a useful interpretation of the
nonadditivity: (i) Previous calculations on ice I 7 have
shown that premature truncation of the permanent multi-
pole expansions, which yields an inadequate representa-
tion of the molecular symmetry, gives serious errors
whose magnitudes are strongly orientationally dependent.
For example, whereas inclusion.of higher order multi-
poles narrows the range of permanent multipole energies
for different site orientations to approach agreement
with the experimental observation that all orientations
are approximately equally probable, the dipole approxi-
mation gives values at 0 °C ranging from 3. 56 to 4. 98
kcal/mole.?® Also, calculations on a wavefunction of
near HF accuracy?” have confirmed previous qualitative
conclusions and have yielded a dipole—dipole energy only
about 30% of the total permanent multipole energy. New
calculations of the induced dipole contribution once again
introduced a spread in energies as a function of orienta-
tion.2” This can be expected to be removed with an im-
proved approximation to the molecular symmetry by
higher order induced multipoles, just as in the case of
the permanent multipole contribution. (ii) For the double
donor and double acceptor orientations used by Hankins,
Moskowitz, and Stillinger® the dipole contribution to the
permanent multipole energy has a sign opposite to that
of the total permanent multipole energy. Conversely,
inclusion of all terms up to the order of quadrupole—quad-
rupole in a single center expansion!* yields about 90%

of the total. Thus, it is plausible to expect that an ade-
quate approximation to the induced dipole and quadrupole
should be required to obtain an adequate account of the
induced energy. (iii) The calculations reported here in-
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TABLE III. Effect of order on internal extrema as a function of ¢, 0° < ¢ =180°,

nmax

Type R(O-0) 4 6 8 10 AE
1 2,72 oM 30. 30. 30. 30.

E, -0.2277E-2 —~0.2636E-2 ~0,2585E-2 —0.2593E-2 0.11E0
2 ®,  60.

E, -0.2715 0.18E0
3 ¢, 150, 150.

E, 0,9257E-2 0.9812E-2 0.17E-1
4 ¢o 150,

E, 0. 9883E-2 0.23E-1
1 3.00 bo 45, 45, 45, 45,

E, —0.6185E-2 ~-0,6258E-2 —0.6254E-2 —0.6246E-2 0.11E-0
2 bo 45, 45, 45. 45,

E, ~-0.65677E-2 ~0.6836E-2 -0.6840E-2 —0.6834E-2 0.77E-1
3 ¢, 165,

E, 0.6384 cee 0.11E-1
4 Loz
1 3.40 o2 45, 45, 45. 45,

E, —0.5475E-2 —0,5501E-2 ~0.5501E-2 —~0.5498E-2 0,94E-1
2 by 45. 45, 45, 45,

E, —0.5811E-2 -0.5927E-2 -—0.5830E-2 —0.5829E-2 0.79E-1
3 [

E, .
4 Ll

E, oo ‘e e ‘e

Legend: (a) R(O—0): oxygen—aoxygen distance in &; (b) Ey=E(dy a.u., where E=U,(2)

+ U (2)+ AU pup(2); (¢) ¢y: the &, for which | E(¢y) | <both | E(¢y,) | and | E{¢y) |, where
dp=k(15°), 0=k =12; (d) ny,,: the highest order used in the multipole expansions in the
calculation of U,(2) in the E(¢y); (e) the last column expresses the importance of the ex-
tremum in terms of the greater of the two relative variations | [(E(¢y—15) — E(@)]/E(¢y) |
and | E(dy+15) — E(d ()]/E(dy) | ; (f) the exponential convention:, 16E~4=1, 6X 1075,

clude only the uniform field contributions to the induced
dipoles. Terms in the energy that involve both the field
and its gradient®® yield the first approximation to the in-
duced quadrupole tensor and the next correction to the
induced dipole. The double acceptor orientation type is
both the type with the largest absolute field gradients
and the only type for which the induced dipole energy in
the uniform field approximation gives a quantitatively
poor account of the induced energy. Thus, the agree-
ment for the nonadditive contribution for the other orien-
tation types also makes it plausible to assume that the
induced multipole energy in this approximation will give
an adequate account of the nonadditivity for the double
acceptor orientation as well. A method which applies to
nonuniform fields and extends the approximation to high-
er order induced moments is being developed.?®

C. Choice of expansion order in applications

The computational effort and accuracy as a function of
both order and expansion type has been analyzed in de-
tail.'* As a test of the appropriate choice of order for
many practical applications the variation of the positions
of local extreme values in the dimer energy with angles
has been investigated as a function of order for the ex-

pansion called the “very extreme split, ” the type of
greatest accuracy. This is viewed as a valid indication
of the effect of order upon the practically important prob-
lems of determining preferred orientations in larger
groups of molecules, In this test calculations were made
for each of the four types of orientations used by Popkie,
Kistenmacher, and Clementi® in their first 190 HF dimer
calculations. For this set of calculations their O, was
translated to the origin. The results are recorded in
Table III. The column labeled AE for the relative devia-
tions yields the following conclusions about the location of
internal extreme values when the very extreme split is
used: (i) ny,.= 6 locates reasonably well the extrema at R
=~2.7A, (ii) n,, = 4 locates them reasonably well at R
=~3A, Thisalsoillustrates how the appropriate choice of
order will decrease as the distance of separation increases.

1V. COMPARISON WITH OTHER MODELS; DISCUSSION
OF RESULTS

The present model should be viewed as an extension
of those which Stockmayer®® (dipole, Lennard-Jones 6-
12 potential) and Rowlinson®! (dipole, zonal quadrupole,
Lennard-Jones 6-12 potential) used in their analyses of
second virial coefficient data. The necessity for this
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extension is established by the following two observa-
tions: (i) At distances important in condensed phases,
single center multipole expansions including quadrupole-
quadrupole and dipole—octupole contributions can give
serious errors,2% This is illustrated by recent calcula-
tions!* based on one wavefunction used in this study*
where errors in sign with significantly large absolute
values are recorded. The significance of this assertion
is as follows: The basic model makes no explicit men-
tion of multipole moments but only of U,(»n), the interac-
tion energy of charge distributions corresponding to the
densities of the isolated molecules (in this study approx-
mated by wavefunctions of near HF accuracy). Although
direct calculation of the integrals

J’fp(xg)p(xy)/lxs—x,[dxsdx, (14)
is too costly for a large number of relative positions
and orientations, multipole calculations can be executed
much more economically even for the higher orders re-
quired to obtain satisfactory accuracy using a single cen-
ter expansion, (ii) The data given in the following para-
graph show that U;(2) makes an important contribution,
Moreover, the results of Sec. IIIB indicate that the in-
duced dipole interactions in the uniform field approxima-
tion can be used to provide a useful first approximation
to the nonadditive energy.

At one of the orientations for which Popkie, Kisten-
macher, and Clementi obtained their most negative dim-
er interaction energy [R(0,-0,)=5.67 a.u., @ =30,0°,
B=0.0° in Table I°] the relative contributionsare U,(2)/
Uyr(2)=1.43, U,(2)/Uyp(2)=0.18, and U,(2)/ Uyp(2)
=0.62. The importance of the induced contribution is
illustrated by another orientation R(0,-0,)=5.14 a.u.,
¢ =45, 0° for type 1 in Table II of Ref. 6 for which U,(2)/
Uyp(2)=—0.98, U;(2)/Uye(2)=-0.66, and U,(2)/ Uyp(2)
=2.63. Three points should be stressed for the inter-
pretation of these ratios: (i) U,(2) is what Coulson has
called the electrostatic contribution in his discussion of
the decomposition of the energy of the hydrogen bond, 3
(ii) As noted in Sec. II, Uyy(2) must be supplemented
by a dispersion contribution before comparison with ex-
perimental data. (iii) As an indication of the quality of
the electron density defined by this wavefunction, the
calculated dipole moment of 0, 8645 a.u. =2.20 D com-
pares with the experimental value of 1. 8546 0. 0004 D
and the Neumann and Moskowitz®* value of 1,995 D, The
principal quadrupole moments in the units of 10%® esucem?
relative to the O atom of

Qux = = 5. 716, sz -4, 171, Qee=—"1.493

compare with the values of Neumann and Moskowitz®* for
their most extensive basis set of

Qe=—5.708, @Q,,=-4.180, Q. =-"1.482,

The axes are those of Ref. 6.

Next, consider a comparison of the proposed model
with an additive one developed by Clementi, Kistenmach-
er, Lie, and Popkie for an analytical fit of the same set
of dimerization energies.®7 In addition to the inclusion
of nonadditivity, the proposed model has two advantages:
(i) Whereas the other authors observe that their analyt-
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ical function should not be interpreted physically, the
proposed model is based on a simple physical picture;
(ii) the proposed model is asymptotically exact as the
intermolecular separation increases. Conversely, the
additive model®” is computationally more efficient,
However, the cost of application of the present model
can be reduced by appropriate choice of the order of the
multipole expansion (cf. Sec. IIIC).

The fits can also be compared with regard to accuracy
over different ranges of the energy of interaction. First,
inspection of their standard deviations ¢ for the 229 HF
points™? (all points, 0=0,0023 a.u.; Eup>5 keal/mole,
0=0.0004 a.u.; Eyr>0, 0=0,0002 a.u.) shows that the
attractive orientations must have been much more
heavily weighted than the criterion used in this paper,
relative accuracy. This means that their function should
be expected to have the advantage of a better fit over the
range of orientations and distances which are so heavily
weighted. This conclusion was supported by our own
calculations. On the other hand, the present function
with its somewhat lower standard deviation for all points
can be expected to be more accurate for some repulsive
orientations, which occur, for example, inice.

A third extremely important additive model is the ana-
lytical fit of 66 CI dimer energies by Matsuoka, Clemen-
ti, and Yoshimine.!® Compared with the model developed
in this paper it has the marked advantage for pair inter-
actions of including some dispersion contributions which
are omitted in the HF data used here.

Before application to experimental data the HF contri-
butions included should be supplemented with an indepen-
dent determination of the dispersion contribution. Ulti-
mately, it would be desirable to extend the present mod-
el with its nonadditive contribution to such CI data.

Stillinger®® (1970) proposed an important alternative
approach to nonadditivity with his suggestion of an effec-
tive pair potential for nonadditive interactions. Ben-
Naim and Stillinger and Rahman®®*?*°® developed and ap-
plied a revised model (ST2). The latter even yields good
agreement with experimental values for the zeros of the
O-O pair distribution function in liquid water, although’
the peaks show significant discrepancy in magnitude, 3%®
In general, it has achieved impressive success in repro-
ducing the properties of liquid water.

However, the work of several investigators has indi-
cated limitations on the applicability of such effective
pair potentials. For example, Present*? has warned that
an effective pair potential, which is consistent with ex-
perimental data for a many-body system but differs from
the pair potential in a two-body system, has the limita-
tion that the relation between the two depends upon which
property is to be treated. Thus, it is questionable
whether parameters in an effective pair potential select-
ed to reproduce properties of one state involving an im-
portant nonadditive contribution (e.g., liquid water) will
reproduce those of another state involving different ori-
entations and, therefore, a different nonadditive contri-
bution (e.g., surface states, solvation, etc.). Similar-
ly, Rae’s* calculations on HCN suggest that parameters
adjusted for one bulk state of simple H-bonded systems
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will not reproduce the properties of smaller groups of
molecules. Thus, parameters adjusted to give a good
account of the structure of HCN(s) were not satisfactory
for the dimer. Whereas the effective pair potential
model has yielded extremely important results in the
study of liquid water, the preceding discussion supports
the conclusion that a model such as the present one with
an explicit nonadditive contribution is preferable for ap-
plications to different states.
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