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The simulation technique of molecular dynamics has been used to investigate a central-force model for
liquid water at 22°C and 1 g/cm’. In this model, the same atomic pair potentials are used both for
intramolecular and intermolecular interactions. Atomic pair correlation functions and velocity
autocorrelation functions have been computed. The results demonstrate that stable, nonlinear, vibrating
molecules are present, and that they form a random hydrogen-bond network of the type usually attributed
to water. These exploratory calculations suggest that small modifications in the central potentials Vyy,
Vou» and Voo would produce a more faithful representation of real water.

. INTRODUCTION

Computer simulation has recently emerged as a pow-
erful tool for the study of water!™ and aqueous solu-
tions. %7 This technique has already demonstrated mod-
est success in predicting experimental results for both
kinetic and structural properties at the molecular level,
as well as thermodynamic properties atthe macroscopic
level. Furthermore, it has supplied types of informa-
tion about aqueous fluids that are entirely unavailable
through measurements on real substances, e.g., the
distribution of hydorgen-bond polygons.® It seems likely
that computer simulation for water will improve in
breadth and precision, as well as increase in frequency.

In the simulations pursued thus far, the water mole-
cules have been treated as rigid asymmetric rotors sub-
ject to strongly anisotropic (but pairwise additive) in-
teractions. Unfortunately, the conventional analytical
theory for liquids is confined largely to spherical, or
nearly spherical, molecules. Hence, ab initio theory
for water and aqueous solutions has been unable to keep
pace with direct computer simulation.

In addition, it seems desirable eventually to incorpo-
rate nonadditive intermolecular interactions into the
simulations, since accurate quantum-mechanical calcu-
lations of potential energy surfaces for water aggre-
gates®1? suggest that nonadditive interactions are im-
portant in the liquid. Once again, conventional liquid
theory is ill suited to handle this feature.

Therefore, in the case of water we are faced with the
prospect of an ever~widening gap between experiment
and computer simulation on the one hand, and funda-
mental statistical mechanics for liquids on the other
hand. In an effort to narrow such a gap, a conceptually
simple class of “central force models” for water has
been proposed.!"®* These models postulate a set of
three central potentials, Vgg(r), Voa(7), and Voo(7),
which together describe all atom-pair interactions in
the system, whether or not the atoms belong to the same
molecule. Thus, water is regarded as a binary mixture
of spherical particles, so that if the model works, it
should be possible to apply the known methods of analyt-
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ical theory (at least in some temperature-density
ranges).

The functions Vyy, Von, and Vo can be chosen so
that H+H + O triads spontaneously settle into the non-
linear geometry required for separate H,O molecules.
Subsequently, pairs of the resulting water molecules
can be made to engage in linear hydrogen bonds by prop-
er balance between the nine competing intermolecular
force contributions.

The pre~eminent advantages of the central force mod-
els are that (a) intramolecular vibrations are included;
(b) molecular dissociation into H* and OH" and recom-
bination are possible; (c¢) as mentioned above, exclusive
use of central forces facilitates application of conven-
tional liquid-state theory to these models; and (d) it is
also noteworthy that molecular distortion occurs as
molecules interact, and this automatically provides a
source of some nonadditive interaction between mole-
cules.

The mathematical requirement that only additive cen-
tral forces between atoms be present, will probably
limit “central force water” to modest precision in com-
parison with experiment. However, all of the important
qualitative features seem to be present, some for the
first time, Central force models bear roughly the same
relation to water chemistry and physics that the vener-
able (but often imprecise) Ising model bears to the gen-
eral study of phase transitions.!?

The present paper reports results of a molecular
dynamics investigation into one version of the central
force models. Although it is clear that the specific
choice of Vg, Vou, and Vo, is not optimal, the results
are nevertheless quite encouraging. In the light of these
results, we believe that central force models should be
investigated not only for water, but for other polyatomic
substances as well.

Application of known integral equation methods to the

central force models for water will be reported sepa-
rately.
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It. CENTRAL FORCE INTERACTIONS

The specific central interactions used in the present
study have the following functional forms (using kcal/
mole and A as energy and length units):

36.1345 20

Van(7)= 7 +1+exp[40(’r—2)]
-17.03002 exp[ - 7. 60626(» —1.4525)%];  (2.1)
Voilr)o 12:269  2.8677 6 .
OH v 1+exp[5.49305(r ~2.2)] ’
(2.2
144.538  23401.9
Voolr)= 124:538 234019 (2.3)
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Figure 1 displays these functions graphically. Although
they differ in some quantitative details from the set ad-
vocated in Refs. 11 and 12, the dominant features re-
main unchanged.

Only Vgg and Vg contribute to the potential energy
surface for an isolated water molecule. Vyy possesses
a relative minimum at 1.5151 A, while Vo possesses
an absolute minimum at 0.9584 &; in the H,O “aggre-
gate, ” these distances are automatically attained at a
mechanical equilibrium geometry, which we have chosen
to be that experimentally determined for the isolated
molecule.

Given the molecular geometry, and 1.86 D as the mea.
sured dipole moment for the isolated molecule, the hy-

drogen atoms must be assigned charge 0.32983 ¢, and
the oxygen atoms must bear charge —0.65966 ¢. These
assignments underlie the Coulombic terms in each of
Egs. (2.1), (2.2), and (2.3).

The potentials Vgy, Vg, and Vg, are such that the
net interaction between two H;O triads leads to forma-
tion of a linear hydrogen bond. Although the molecules
participating in such a dimer would tend to distort, cal-
culations indicate that the effect is small.!? In the ab-
sence of such distortion, two H,O triads can lower their
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FIG. 1, Central potentials used for all atom pairs in the
present model for water. The specific functions plotted here
appear in Egs. (2.1)-(2.3),
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TABLE I. Water molecule normal mode frequencies, ®

H,0' D0
Mode CF model  Experiment® CF model Experiment?
Asymmetric stretch 3805, 10 3755, 79 2788, 05° 2788, 05
Symmetric stretch 4266, 01 3656, 65 3057.09 2671, 46
Symmetric bend 1369, 33 1594, 59 1008, 20 1178.38

Frequencies in em™.

D, Eisenberg and W, Kauzmann, The Styructure and Pvoper-
ties of Water (Oxford U, P., New York, 1969), pp, 7-8.
°Chosen to agree exactly with experiment,

energy by —6.12 kcal/mole by forming an optimal hydro-
gen bond, for which the oxygen—oxygen separation is
2.86 A.

Three vibrational normal modes exist for each mole~
cule. Their frequencies {for free molecules) depend on
curvatures of Vyy and Vg, only at the positions of me-
chanical equilibrium. Because these two adjustable pa-
rameters would not permit simultaneous fit to all three
experimental frequencies, a compromise was adopted.
The curvature values

Via(1.5151) = 257, 25 keal/mole - A%,
(2.4)
V!5(0.9584) = 1147, 65 kcal/mole * &2

were selected first to reproduce the asymmetric stretch
frequency in D,O, and then to equalize fractional errors
(at 14.4%) in the two symmetric mode frequencies for
the same molecule. Table I provides a compilation of
normal mode frequencies, both experimental and calcu-
lated for the central force model, with H,O and D,O.

The set of potentials (2.1)-(2. 3) contains an inadver-
tent weakness that needs to be (and easily can be) re-
moved. Besides the desired nonlinear H,O structure,
they also produce an additional minimum for these three
atoms. This spurious minimum requires the molecule
to straighten out to a symmetric linear form, with OH
bond lengths equal to 1.035 A. In fact, this linear
structure lies 5, 376 kcal/mole lower than the realistic
bent structure.!* However, its presence is inconsequen-
tial in the present exploratory study, for a sufficiently
large barrier (~7.5 kcal/mole) exists to prevent each
molecule from linearizing under the conditions studied.
Having started all molecules out near the bent-structure
minima, they retain that structure during the course of
the molecular dynamics run,

In future studies we will use modified potentials which
cause the bent structure to be the absolute minimum.

lil. MOLECULAR DYNAMICS PROCEDURE

Our calculations employ 648 particles (432 hydrogens
plus 216 oxygens) out of which 216 intact water mole-
cules can be formed. These particles reside in a cubi-
cal unit cell 18.62 A on a side, So that the mass density
is 1g/cm®. Periodic boundary conditions apply; as any
particle moves outward across a face of the unit cell,
an image particle moves inward across the opposite
face.

We use a rapid digital computer®® to solve classical

J. Chem. Phys., Vol. 63, No. 12, 15 December 1975



Rahman, Stillinger, and Lemberg: Central force model for liquid water

{Newtonian) equations of motion for the particles, sub-
ject to forces implied by the central potentials (2.1)-
(2.3). Since the particles carry permanent charges,
interactions have long range. It was thought to be
necessary, therefore, to include interactions with peri-
odic images of all orders through an Ewald summation.

Some technical details are indicated briefly in the Appen-

dix. We believe that this technique is properly designed
to handle long-wavelength electrostatic field fluctuations
in the system that may be important for dielectric re-
sponse.

To start the molecular dynamics calculation, an ini-
tial configuration for the 648 nuclei was selected from
an earlier molecular dynamics study which utilized
rigid water molecules.® This configuration placed each
H,O triad close to the intramolecular potential minimum
produced by V oy and Vyy. As mentioned earlier, each
molecule remained near this local minpimum during the
subsequent dynamics.

It is not surprising that when a new potential energy
function (in this case the central force model) is grafted
onto an instantaneous configuration corresponding to a
completely different interaction scheme (rigid-molecule
model), the system finds itself in a state of “discom-
fort,” i.e., in a state of high potential energy. When
the dynamical calculation is started in this manner, the
system heats up rapidly at the expense of the potential
energy, and the momenta need to be scaled downward
several times by appropriate amounts to achieve a dy~
namical system in the neighborhood of room tempera-
ture. This kind of initial manipulation is standard pro-
cedure in the technique of molecular dynamics.

On account of the strong forces present in the system,
and the fact that hydrogens have such small masses, a
rather small time step Af is required for numerical
integration of the dynamical equations. We have used

At=5x10"18 sec (3.1)

in the present study. Even though rapid intramolecular
vibrations are now present, Af is roughly twice as long
as the step length that has been used in prior rigid-mole
cule studies.?® Although repeated evaluations of Ewald
sums (as indicated in the Appendix) are necessary in
the present case, computer running speed for a given
number of molecules is somewhat faster with the pres-
ent model than it was with rigid water molecules.

The single dynamical run upon which results have
been based spanned 1988 A¢, or approximately 107 sec.
This includes many vibrational periods for the molec-
ular normal modes, even for the low-frequency sym-
metric-bend mode. The temperature during this run
was 295. 4 °K (22. 2 °C), obtained from the mean kinetic
energy per particle.

The mean potential energy per molecule was found to
be —133.720 kcal/mole in the liquid relative to sepa~-
rated atoms. Most of this can be attributed to the bond-
ing energy within the molecule, which is — 125,400 kcal/
mole at the mechanical equilibrium configuration, Ther-
mally induced harmonic vibrations for the free mole-
cule at 295. 4 °K bring the latter value up (by 3k 7/2)
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FIG. 2. Hydrogen—hydrogen pair correlation function (gyy)
and its running coordination number (z4y) for the central-force
model, The ambient conditions are 22°C and 1 g/ em®,

to —124.519 kcal/mole. Thus, the mean interaction
energy in the liquid is —9. 201 kcal/mole. This last
value compares reasonably well with the result —9.96
kcal/mole that can be calculated for real water at the
same temperature, using measured thermodynamic
properties.

IV. PAIR DISTRIBUTION FUNCTIONS

The three nuclear pair correlation functions ggx{7),
gaul7), and goo(7) have special significance in the pres-
ent context. Owing to the fact that only additive cen-
tral forces are present, these correlation functions suf-
fice to give (as suitable integrals) an important collec-
tion of equilibrium properties for the system. Included
are the energy, virial pressure, isothermal compress-
ibility, and the wavelength-dependent static dielectric
response. *? Since guy, £ou, and g, also convey im-
portant information about the packing geometry of mole-
cules in the liquid, it is natural that these functions
should be among the first quantities examined in a mo-
lecular dynamics study.

Figures 2, 3, and 4 display, respectively, the numer-
ical results for ggy, &, and goo. Running coordina-
tion numbers nyy, noy, and nyo have been included,
where

’
nasl7)=4mcy f sg,s(s)ds 4.1)
o
(cg is the number density for species 8); notice that in

the case of noy, hydrogens surrounding a given central
oxygen are counted, not the reverse.

Intramolecular structure is obvious in ggg and goy
as completely resolved peaks at short distance. The
respective running coordination numbers rise to just
the correct values over these peaks (1 for nyy, 2 for
noy) to demonstrate that all 216 molecules remain intact
and nonlinear. No doubt owing to strong fluctuating in-
termolecular forces, these intramolecular correlation
peaks are substantially wider than they would be for
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FIG. 3. Oxygen-hydrogen pair correlation function (g5y) and
its running coordination number (zoy) for central force water
at 22°C and 1g/cm®.

thermally excited, but noninteracting, molecules.
Furthermore, the H-H peak maximum is displaced
slightly from the distance at which the corresponding
pair potential achieves its minimum; the most probable
bond length is about 1.46 A. Although the O-H intra~
molecular peak exhibits less of a shift in its maximum
(if any), the over-all shape is distinctly asymmetric.

The intramolecular correlation implicit in gq0(7),
Fig. 4, is particularly significant. The shell of first
neighbors centered at 2. 80 A comprises an average of
4.5 oxygens, at least as judged by nyo(7) at the position
of the subsequent g,o minimum. This mean coordina-
tion number is only slightly larger than the 4 suggested
by the structure of ice, and agrees with values deter-
mined for real water by x-ray diffraction experiments R
It is distinctly smaller than mean coordination numbers
determined for simple liquids such as Ar.?!

The second g,, maximum is low, broad, and centered
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FIG. 4. Oxygen—oxygen pair correlation function (gop) and its
running coordination number (zq5) for central force water at
22°C and 1 g/cm®,
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FIG. 5. Comparison between experimental (black circles) and

theoretical {open circles) x-ray diffraction intensities for water,
The experimental points are due to Narten, Ref, 18,

at 4.4 A. The distance ratio, 1.57, of second to first
maximum distances is sufficiently close to the ice lat-
tice value, 1.63, to suggest that more than a vestige of
icelike structure may be present. In particular, it sug-
gests that successive linear hydrogen bonds at roughly
the ideal tetrahedral angle 109.5° may persist into the
liquid phase. This also agrees with conclusions based
on x-ray diffraction experiments, 1817

The existence of linear hydrogen bonds in the liquid
is supported by the well-resolved intermolecular gy
maximum centered at 1.85 A. The running coordination
number indicates that this comprises about 2 hydrogens,
just the number that would be donated to the central
oxygen in linear hydrogen bonds in a tetrahedral net-
work. Furthermore, the observed mean O-H distance
lies close to that expected in such hydrogen bonds. 12

Aside from the intramolecular parts, the correlation
functions in Figs. 2—4 are qualitatively similar to prior
molecular dynamics determinations of the same quanti-
ties that have been carried out with rigid-molecule as-
sumptions.l‘3 Nevertheless, there are numerous quan-
titative differences whose importance is difficult to
assess at present. Eventually it will be helpful to have
in hand experimentally separated pair correlation func-
tions with which direct comparisons can be carried out,

Reliable atomic structure factors are available for
oxygen and hydrogen, for use in relating experimental
x-ray diffraction intensities to nuclear pair correlation
functions.!® We have used these structure factors along
with molecular dynamics results for gyu, &on, and goo
to calculate the hypothetical x-ray diffraction pattern
for central-force water. Figure 5 compares that pat-
tern for 22 °C with Narten’s measurements on H,O at
20 °C.!% Similarly, we have employed known nuclear
scattering lengths'® to calculate the hypothetical neutron
diffraction pattern for central-force water (with hydro-
gens regarded as deuterium atoms)., Figure 6 shows
how this pattern compares with Narten’s experimental
neutron diffraction pattern for D,O at 25 °C.1°

The most significant feature demonstrated in Fig. 5
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FIG, 6, Comparison between experimental (N) and theoretical

(MD) neutron diffraction intensities for D,0'%, The experimen-
tal curve has been taken from Narten, Ref, 19,

is the capacity of the central-force model to produce

a double peak around 2.5 A™). This characteristic ap-
pears prominently in the experimental diffraction pat-
tern at low temperatures, but deforms to a single max-
imum upon heating the water to 200 °C.!® It is hardly
surprising that successive zeros for experimental and
theoretical curves in Fig. 5 should agree closely, since
both depend primarily on the O~O near-neighbor dis-
tance; one of the conditions used in constructing the
central -force model was the observed length for linear
hydrogen bonds in water. That the theoretical curve
oscillates with considerably greater amplitude than its
experimental counterpart indicates that O—O nearest
neighbors are too narrowly distributed in distance.

The neutron diffraction curves shown in Fig. 6 exhibit
good qualitative agreement. These results are con-
siderably more sensitive to the positions of hydrogen
{deuterium) atomsthan are the x-ray results. Conse-
quently, the fact that both neutron curves have maxima
at 2.0 A suggest that the length scale for O-H and
H~H correlations is about right. The failure of the mo-
lecular dynamics maximum to reach any higher than
about £ the experimental height has no obvious explana-
tion, but this weakness also occurs for rigid-molecule
simulations.® The most obvious shortcoming of the cal-
culated results in Fig. 6 is the falloff with declining 2
below 0.5 A™; this probably arises from inadequate
configurational averaging for protons, bearing in mind
that the measured dielectric relaxation time at 22 °C2°
is about 10 times the length (10" sec) of the molecular
dynamics reported here.

V. NUCLEAR MOTIONS

Motions of the separate nuclei in the water model are
a composite of molecular vibration,' rotation, and trans-
lation. There are several ways in which the motions
generated during the molecular dynamics calculation
can be analyzed. One of the most convenient employs
velocity autocorrelation functions (@ =H, O):

A (t)=(vy (0) - v, (¢ D/VE) . (5.1)
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Here we have let v, ; stand for the velocity of the jth
particle of species o, The averaging implied in

Eq. {5.1) uses dynamical data for all particles of the
required type, and uses all available pairs of system
states separated by time interval /.

Figure 7 presents the velocity autocorrelation func-
tion for oxygen. Obviously, considerable oscillatory
character is present. These oscillations represent
motions of the water molecules as a whole, rather than
the much quicker normal mode vibration (roughly 10
times as fast). The tendency for Ay ?) to plunge from
the initial value 1.0 to ~0.1, followed by a positive
maximum, has also been observed in earlier rigid-mo-
lecule water simulations.!™® However, in the present
case these features develop in only about 2 the time ex-
hibited by those rigid-molecule results. Furthermore,
there seems to be less indication in the present model
compared to those prior results for oscillatroy behav-
ior beyond these small-time features.

Provided that all potentials present are continuous,
velocity autocorrelation functions in an equilibrium
ensemble should have vanishing initial slope,

ell‘nol A(€)=0. (5.2)
That mathematical condition is certainly satisfied by
the central-force potentials {2.1)~(2.3). Nevertheless,
the initial behavior shown in Fig. 7 for Ay{¢) seems to
involve a negative initial slope. This latter behavior is
characteristic of 'systems in which rigid cores arepres-
ent.® Evidently, the steep rise displayed by Vu(7)
inside its minimum (see Fig. 1) plays the role of a
rigid core, at least on the time scale shown in Fig. 7.

Figure 8 shows the initial portion of Ay(#), but with
its time scale expanded by a factor of 10, It now be-
comes clear that the slope starts at zero. The expected
leading guadratic behavior seems to be confined to
about the first 10"° sec. A slight undulation is visible
in the curve of Fig. 8, which probably represents small
vibrational motion of the oxygens as the molecules
execute their perturbed normal modes of vibration.

t (10713 sec)

FIG. 7, Velocity autocorrelation function for oxygen particles
in the central force model (22°C, 1 g/em®),
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FIG. 8, Initial behavior of the oxygen velocity autocorrelation
function. The time scale has been dilated by a factor 10 in
comparison with Fig, 7.

The velocity autocorrelation function for hydrogens,
Ag(t), appears in Fig. 9. The vibrational amplitudes
of these atoms of course are considerably larger than
those of the oxygens. Therefore it should come as no
surprise that what appears as minor undulation in Ag{ ¢),
Fig. 8, has been amplified into well-developed maxima
and minima in Agz(#), Fig. 9. This marked vibrational
structure is superposed on longer molecular rotational
and librational contributions.

Fourier cosine transforms of the velocity autocorre-
lation functions provide power spectra for the nuclear
motions

&, ()= fo "4, (8) coslwt) dt. (5.3)

These quantities offer a tool for studying the way that
molecular normal modes of vibration broaden into bands
as the molecules are brought together in a condensed
phase. In order to produce accurate predictions of this
type, longer dynamical runs would probably be required
than the one on which we base this paper. Nevertheless,
we have employed the available dynamics to give an

idea of qualitative trends. By examining &y, we find
that the symmetric bend mode on the average shifts up-
ward in frequency; its broad band seems centered at
about 1475 ecm™, compared to the value 1369 cm™ in
Table I. By constrast, the stretch modes (which occur
at 3805 cm™ and 4266 cm™ for separate molecules) seem
to shift downward to a pair of broad overlapping bands
centered near 2900 cm™ and 3500 cm™. To the extent
that comparison with real water infrared bands is valid,
note that the symmetric bend shifts upward 50 cm™,

and the stretch modes downward = 300 cm™, as mole-
cules condense to form the real room-temperature
liquid.

Mean-square displacements were monitored during
the course of the molecular dynamics for both particle
species. These displacements yield self-diffusion con-
stants in the long time limit:

Rahman, Stillinger, and Lemberg: Central force model for liquid water

D~{[ar, ()})/6t. (5.4)

Under conditions for which all water molecules remain
undissociated, we would have D= Dy, while appreciable
dissociation would doubtless lead to D,< Dy. With the
available short dynamical sequence, the formal diffusion
constants are found to be

Dy=0.87x10" cm?/sec,

D,=0.73%x10" cm?/sec. (5.5)

We know from other evidence that the molecules have
remained intact. The discrepancy between the values
(5.5) has its explanation in the fact that rotational re-
laxation is far from complete over the short dynamical
run. Consequently, the hydrogens are still subject to

a delocalizing rotational diffusion that hardly affects the
oxygens (each of which is nearly coincident with its mo-
lecular center of mass). If it had been possible to run
the molecular dynamics for an order of magnitude long-
er, Dy and D, should have become substantially identi-
cal,

The experimental value of the self-diffusion constant
for water at 22 °C is about 2.1x10”° cm?%/sec.
Although one must be cautious in the interpretation of
numbers such as (5.5) based on limited dynamical infor-
mation, it seems safe to conclude that molecules are
diffusing too slowly in the present version of central
force water. Subsequent changes in the potentials Vyy,
Vom, and Vo to improve the model should take this con-
clusion into account.

V1. DISCUSSION

The present exploratory study seems to justify further
attention to central force models for water. The princi-
pal goals originally set for construction of these models
have been met, namely, that central forces alone can
cause formation of stable molecules, and that these mol-
ecules can be induced subsequently to form a hydrogen-
bond network with roughly tetrahedral coordination.

But before attempting to carry out exhaustive molecular
dynamics studies for a wide variety of thermodynamic

1 1 1 I I 1 1
0 | 2 3 4 5 6 7 8 9

t (10714 sec)

FIG. 9. Hydrogen velocity autocorrelation function for the
central force model 22°C, 1 g/cm?®),
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states, it would be wise first to improve upon the specif-
ic potential functions (2.1)~-(2.3).

The weakness noted earlier for the present functions,
that a stable minimum exists for linear molecules, can
be rectified by the simple expedient of lowering the Vg
curve near its minimum by several kcal/mole. This
change can be introduced without affecting the curvature
value (2.4) at that minimum. The result will be an in-
creased energy cost attached to the O-H bond lengthen-
ing that accompanies the linearization. Similarly, the
Var “step” at 2.0 A could be moved outward slightly to
achieve the same goal.

We have learned in the present study that the distri-
bution of nearest-neighbor pairs of oxygens is too nar-
row. Therefore, modifications in Vgg, Voy, and Vo
should jointly be sought, so that the net interaction be-
tween two molecules in a linear hydrogen bond has
greater breadth near its minimum. At the same time,
the O-O separation of the minimum should not be
allowed to shift significantly. If the molecules were
given greater configurational freedom in this manner, a
likely extra advantage would be a rise in the self-dif-
fusion constants.

We have observed that the mean intermolecular bind-
ing energy is somewhat too small in our central force
model. Probably related to this is the fact that the pres
sure p is too large; for the present simulation,

p/cokgT=2.6+0.1 (6.1)
(¢ is the number density of oxygens), rather than a
value close to zero to agree with experiment. One of
several ways to make molecules bind more strongly
would be to increase the electrostatic charge magni~
tudes on both oxygen and hydrogen particles. Although
this would destroy the agreement between measured and
modelled dipole moments of isolated molecules, it
would be in accord with suggestions that water mole-~

cules in condensed phases bear considerably enhanced
dipole moments.?!

In the future, it will be important to produce more
precise velocity autocorrelation functions Aa(t) and
power spectra &,(w), to sharpen the tentative observa-
tions offered in Sec. V. At the same time, dynamical
information from the simulations could be converted to
the wavelength and frequency-dependent dielectric func-
tion €(k,w), for which formulas are available.!® This
would permit more direct comparison of the central
force models with reality, using measured infrared
absorption bands.

Water offers a particularly severe test of the ability
of central force models to represent polyatomic liquids.
Since it now appears likely that this general approach
will offer valuable insights into the molecular nature of
that substance, attention should be turned to analogous
substances as well. Obvious candidates are HF, NHg,
and CH,, and it is doubtful if any one of these cases
would present a more formidable challenge than the one
already met. It would be useful not only to apply the
resulting central force models to fluid states, but to
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apply them as well to the investigation of dynam1cal prop-
erties of the corresponding crystals.

APPENDIX

The details of the theory of Ewald summations are
well known and will not be repeated here; the analytical
expressions are displayed for instance in recent paper
by Lantelme et al.,? where a molecular dynamics
study of molten salts is reported. We shall only men-
tion certain technical details of interest.

With cubic boundary conditions, the Ewald sum has
full cubic symmetry so that gth of the cube essentially
spans the whole cube. We have divided half the box
length, L/2, into 30 equal parts and for 0<z=y=<x
= L/2 constructed a meshof 4960 (= 30 x 31 x-%) points
at which the Ewald sum, its gradient (3 components),
and second derivative (6 components) are evaluated with
high accuracy and stored once for all. Given the posi-
tion vectors r,, r, of a pair of particles, we first con-
struct the correct minimum image vector correspond-
ing to r; —r, and then use a suitable table lookup and
interpolation procedure to calculate the potential and
the force between the two particles.

It is probably unnecessary to use a fine mesh of 4960
points, and one composed of 680 (=15x16x &) is
likely sufficient. Tests are being conducted to justify
this reduction. If this coarse mesh is found to be suf-
ficient, it will considerably reduce computer memory
requirements.

Lastly, let V (r) denote the Ewald sum for the vector
r. Actually, the reciprocal gquantity ¢{r)=1/V{r) and
its derivatives (first and second) are tabulated and
stored. The interpolation procedure thus works on ¢
and its derivatives, and the the conversion to V and its
derivatives is made. This has some advantage, since
¢ varies somewhat more smoothly than V.
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