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id water have been simulated over a wide range of
Wmmmmamwmmmmmmwmm
reeently-developed-by-Evans. The-model-reproduces the pressure satisfactorily for
mlpenturesupto 1273 K at constant density of 1 g/cm®. Within the uncertainty, the

is-also reproduced satisfactorily at the critical point. Two simulations at
773 and 1043 K have also been carried out st constant molar volume of 8.5 cm®/mol. The
molecular dynamics of the sample were investigated at each state point with a range of auto-
and cross-correlation functions. Some of these have been computed at constant molar volume
over a 15 kbar range of pressure and 1000 K range of temperature. They suggest that
diffusional dynamics in liquid water are largely determined by density. Some results at 10
(1 bar) and 77 K (1 bar) were obtained by “splat quenching” at constant molar volume. The
oxygen—oxygen peir distribution fonctions from these simulations have been compared with
the results available from amorphous solid water at these temperatures.

L INTRODUCTION

The thermodynamic properties of liquid and amor-
phous solid water are known experimentally ' from well be-
low room temperature at 1 bar (supercooled) to 250 kbar
and 1043 K . The critical point is also known accurately from
several different experimental sources in the literature.®
Therefore, there are sufficient data for the investigation of
the liquid state dynamics by computer simulation over a
range of siate points. It is particularly interesting in this con-
text to compete time correlation functions at constant molar
volume at several different state points generated by varying
the pressure and temperature. In this context data are avail-
able in the iterature at a constant density of 1.0 g/cm’ from
293 K, 1 bar to 1273 K, 15.0 kbar in the liquid state. In this
curve at these state points and at four intermediate points:
(1) 33K, 1.0 kbar; (2) 473 K, 3.0 kbar; (3) 673K, 7.5
kbar; (4) 773 K, 9.5 kbar, all at a liquid density of 1.0 g/cm’.
Atthueshtepolmsthemolarvolnmen,therefme,cmmnt
at 18.0 cm>/mol. Additionally, experimental dats are avail-
able from shock wave experiments® at a constant inverse
density of 0.47 cm’/g at two state points: (1) 773 K, 230
kbar; (2) 1043 K, 250 kbar, and these provide a forther
opportunity for simulations at very high pressure and con-
stant molar volume with which to investigate the nature of
the molecular dynamics of liquid water through a wide var-
icty of time correlation fonctions now available.”'°

At thecritical point of water (647.02 K, 220.91 bar) the
experimentally measured critical molar volume is 56.8 cm®/
‘mol, and simulations st the critical point are reported in this
paper of time correlation functions at the fundamental single
molecule Jevel. Finally simulations are reported in ultralow
tcmperature conditions at 1.0bar, 10K and 1.0bar, 77K, in

"Pmmm w&mmwdm
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order to compare with the experimental data available'**
at these temperatures on amorphous solid ice, high and low
density forms, respectively, whose measured densities at 1.0
bar are 1.1 and 0.94 g/cm’. The low temperature configura-
perature at constant molar volume and reequilibrating in the
new low temperature configurations. This techmique is
sometimes known in the literature as “splat quenching”™ and
is equivalent to removing kinetic encrgy ahmost instanta-
neously from the system. This does not result in a phase
change, and the configuration in which the system finally
eqlﬁlﬂumuhwtmpuummﬂump\numm

is amorphous in the sense that it has no regular ice-like strac-
ture. The simulations of spiat-quenched water appear liquid-
like since the time correlation fanctions at the single mole-
cule level are typical of those for a liquid. If the rate of
cooling is very rapid, as in computer simulation, then the
stracture of the configuration prior to quenching will be re-
tained at the ultralow temperature,'> frozen into a vitreous
condition that is not fiuid. This paper attempts to investigate
whether this state of matier bears resemblance to the amor-
phous solid state of ice known experimentally.

The simulations are carried out with a peir potential
devised by Evans in previous work, ' and based on an atom~
atom representation of the effective pair potential of water.
The hydrogen bonding is mimicked with partial charges at
the hydrogen sites and at the lone pair sites, with a zero
charge on the oxygen. The performance of this potential has
been tested in the literature'™'® against radiation diffraction
data on the liguid structure at 1 bar and room temperature.
In this respect it compares favorably with the MCY and ST2
potentials. "2 Recently,?* the Evans and MCYL (flexible
water)* potentials have been carefully compared through
time cross-correlation functions in the laboratory (xy.z)
and moving (1,2,3) frames of reference and found to behave
similarly as regard the molecular dynamics in liquid water at
room temperature and pressure. However, the Evans poten-
tial has not yet been tested experimentally against the var-
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cently by Morse and Rice.”” In this paper it is found to

the experimental pressure satisfactorily at a var-

of state points mentioned already, i e, over a thousand
degreesoftunmmdzsomarofptmte.

. COMPUTER SIMULATION METHODS

The standard methods of constant volume molecular

the algorithm TETRA, fully described clsewhere 2> This isa
code bated on the Verlet method for interation of the lincar
dynamics and computes the net molecular torgue from the
individual atom-atom forces. The angular momentum is
then found by numerical integration of the torgue. The sys-
closed in a3 cubic box with periodic boundary conditions.

At each state point the time correlation functions were
computed over 6000 time steps of 0.5 fs each dumped every
second record into 3000 configurations. At each state point
steps at input temperature and molar volume. The simulated
mean pressurc was then compared with the measured pres-
sure and reported in Table 1. This procedure was repeated at
several different state points in order to determine the ther-
modymmnﬁtmtheympnrpotenﬂalfordectm:w
' ter—water interactions.

The effective intermolecular pair potential is described
fally in the literature. It is based on a three by three atom-
atom Lenmard-Jones model of the hydrogen-hydrogen, hy-
drogen—oxygen, and oxygen-oxygen interactions, supple-
mented by positive partial charges on the hydrogens and
negative partial charges on the lone pair sites. In previous
work the pressure computed from the program was adjusted
10 1 bar at 293 K for an input molar volume of 18.0 cm®/
mol.* In the simulations reported here the model param-
eters optimized by this procedure were retained unchanged
at cach state point for consistency of interpretation.

il. SLAM AND SPLAT QUENCHING
The experimental techniques of slam and splat guench-
temperature instantancously, holding constant the inpnt

TABLE L Comparison of experimental pressures and computed pressures
calculated from the Evans potential.

Input Input Computed mean Mecasured
icmperature  molar vol presure pressare
(KX) {c’/mol) (bar) (bar)
293 130 — 1374+ 300 10
mn 180 1315 1+ 500 1 0000
473 180 36934 800 3000.0
673 18.0 8773 1+ 950 7 500.0
F4E] 180 11 200 + 1 000 9 500.0
1273 180 19132 + 1800 150000
7 85 521 640 1 30000 2300000
1043 45 559670 4 46000 25066800
647 56.8 300 + 250 2209
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molar volume. For the experimentally observed'** input
molar volume at 10 K the resuiting computed pressure was
observed to be negative, indicating that the “frozen™ config-
uration was in a state of metastable equilibrium, the molar
volume being too high to sustain true thermodynamic egui-
librium, and the computed temperature tended to drift up-
wards from the input temperature of the algorithm. It is
difficult to deduce whether such a state is vitreous or super-
cooled liquid, and the results presented below in terms of
time correlation functions are meant to resolve this question
in dynamical terms. Atom—atom pair distribution functions
(PDF) were also computed in the metastable equilibrium
condition for comparison with the experimental data avail-
able for the oxygen-oxygen PDFs in the amorphous solid
state of water mentioned already, whose density at 10K is
approximately the same as that of liquid water at room tem-
perature and pressure. From a recent review work of An-
gell,'S however, it scems that the extrapolated density of lig-
uid water supercooled to 10 K must be far higher, and the
molar volume correspondingly lower. From these consider-
ations it seems that the state attained in the computer simu-
Iation by splat quenching to 10 K at about the same molar
volume as occupied by liquid water at room temperature is
structarewise akin to amorphous solid water. Further tests
of this hypothesis are reported below. Adjustment of the
input molar volume at 10 K from 18.0 to 13.75 cm*/mol
raised the computed pressure to approximately 1 bar but this
had little effect on the observed molecular dynamics.

V. RESULTS AND DISCUSSION

The computed mean pressures over 6000 time steps are
reported in Table 1, and compared with the experimental
cquivalents at the same state points. Omitted from this table
are the results at 10 and 77 K, because the pres-
sures are negative as discussed already. The overall agree-
ment in Table 1 is satisfactory, and well within the Limits of
uncertainty of the computer simulation method. This is evi-
dence in favor of the model pair potential, but a closer exami-
nation of its behavior in the ices™ will probably reveal short-
comings which would have to be remedied by farther
refinement of the model parameters. This will be the subject
of future work.

The table shows that the computed pressures tend to
increase more steeply than the observed pressures as the
temperature rises from 293 to 1273 K at constant molar vol-
ume. The pressure at the critical point is, however, repro-
duced satisfactorily, and the agreement with the observed
pressure is within the uncertainty at the input critical molar
volume at 56.8 cm®/mol. At the great pressures observed in
Biquid water under high temperature conditions induced by
shock waves' the potential produces a computed pressure
about twice the observed value in the case of worst disagree-
ment at the 250 kbar state point. In constant volume com-
puter simnlation a slight change of box size (input molar
volume at constant temperature) has a very big effect on the
computed pressure, and in view of this the broad range of

t between computed and observed liguid pressures
in Table I has to be regarded as satisfactory until the poten-
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tial is fully tested out against the ice structures using the
mm‘&

mem

Ahnguageofmelealhrdymmnthatofmneeone-
lation functions, and these are used extensively in this sec-
tion to monitor-the liquid dyaamical bebavior from 10 to
1273 K aver 250 kbar of liquid pressure. The technical diffi-
culties of achieving this experimentally are formidable, even
at pressures into the kbar range. Apart from the thermody-
namic data in Table L, little has been achieved experimental-
ly in this area. Computer simulation therefore provides a
fairly precise alternative to actual data on the molecular dy-
namics of liquid water over its complete range of existence.
In some cases the simulation provides valuable insight to the
nature of rotational and translational diffusion in liquid wa-
ter which can be obtained in no other way, and which is

fundamental to the understanding of molecular diffusion

processes in general. This insight is achicved, for example, in
terms of cross-correlation functions (OCF) of different
kinds, which signal the complete inapplicability of “classi-
cal” diffusion theory** in liquid water. For example, we illus-
trate in Fig. 1 the direct statistical cross correlation between
the molecular center of mass velocity v and the time deriva-
tive of the molecular dipole vector p,

(”.' (t)].‘](e) )
(D?(O) ) llzo-‘}z(o)) 1/2

in the laboratory frame of reference (x,),z) for the various
state points. It is clear from these results that the intensity of

clin =

5159

the direct correfation becomes greater as the molar volume
decreases, and is approximately constant at constant molar
volume. The classical theory of dielectric and far infrared
spectroscopy™ takes no account of direct statistical correla-
tion of this nature between transiational and orientational

~ dynamics, and provides much less information than com-

puter simulation. Simply put, it is impossible for a water
molecule to diffase in its aqueous cavironment according to
the rules of rotational or transiation diffusion theory. Fur-
thermore, the language of cross-correlation function as illus-
trated in Fig. 1 seems simpler than that of hydrogen bond
breaking and reformation. What little is known experimen-
tally about the diffusion of water molecules seems to be inter-
preted vagoely in terms of the dynamics of H bonds. The
large number of cross-correlation functions now known pro-
vide a clearer and more precise alternstive description
through the intermediacy of computer simulation. Further-
more, the trajectories and configuration generated in the
simulation can be used self-consistently for comparison with
experimental data as in Table I and also to generate a range
of autocorrelation functions (ACF) which are Fourier
transform signatures of various measursble spectral band
24

The behavior of these ACFs over the compicte range of
existence of liquid water is not known experimentally, be-
cause of the obvious technical difficulties. At constant den-
sity the effect on the orientational autocorrelation function
of increasing the pressure and the temperature is to increase
the rate of decay of the ACF up to about 9.5 kbarand 773 K,
and therefore to decrease the correlation time. At about 15
kbar and 1273 K the orientational ACF develops a long tail,
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FIG. 1. Diagoma] ciements of the “coupling fanction™ C¥ (1) lorhqndndcauplmedmmvuh. (a) molar voleme 1800 cay’/moal, pressure 20 bar,
at 293 K (steam); (b) 18.0 cm®/mol, 1 bar, 293 K; (c) 18.0.cm®/mol, 15 kbar, 1273 K; (d) 8.5.ca’/mol, 250 kber, 1043 K.
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indicative of .an initial rapid-decay followed by a much
diffusional type of time dependence. At 250 kbar and
mm.mwmmmwm-
ume the orientational correlation function has about the
_same charactecistics, but its correlation time is Jonges. The
longest and the shortest correlation times are found, respec-
timely, in the splat quenched ssmple st 10 K and at the criti-
cal point. The behavior of this correlation fanction approxi-
exactly, because the latter has contributions from cross cor-
relations between molecules in any condensed state of mat-
ter. At present, dielectric relaxation measurements seem to
be unavailable at most state points simulated in this paper,
but are given elsewhere™ at 1 bar down to low temperatures.
In this work we have also computed the time depend-
ence of the sotational velocity autocorrelation function
(RVACF) 2s a function of density, pressure, and temapera-
ture. The cscillations in the RVACF gradually damp out as
the pressure and temperature is increased at constant molar
volume, 30 that the cage effect {torsional oscillation) s
. gradually lost as the kinctic energy is increased, even at con-
stant volume. At 250 kbar, 1043 K the osciflations are deep-
ened and occur at much shorter times, doe to the high den-
sity of liquid water at thesc ultrahigh pressures and
temperatures.’™ The rotational wvelocity ACF  splat
quenched to 10 K is almost identical to its equivalent at 1
‘bar, 293 K, and this is due to the fact that the high density
dypamics are frozen in by the technique of splat quenching
to 10 K. In contrast, the rotational velocity ACF at the criti-
cal point is free of oscillations, indicating that the molecular
motion is fairly free from interrupting by collisions. Even at
the critical point, however, Fig. 1 shows that the linear cen-
ter of mass velocity is strongly correlated to the rotational
velocity direct in the laboratory frame of reference. In fact,
cven in pressurized steam at a molar volume of 1800 cm®/
mol [Fig. 1(a)] there is residual cross correlation of this
type, and this clearly means that the available theories of
collision line broadening? have to be revised in line with this
finding. The rotational velocity ACF is the Fourier trans-
form, essentially speaking, of the far infrared power absorp-
tion cocfficient,” the frequency dependence of which con-
tains direct information on the rotational velocity ACF and
indirect information on the cross correlations of Fig. 1.
The autocorrelation function of the center of mass mo-
lecular linear velocity develops a negative overshoot at high
liquid density (at 250 kbar), but is otherwise a monotonic
decay over the 0.1 ps range. The correlation time is longest at
the critical point, and in the splat quenched condition at 10
K the ACF is almost identical in time dependence to its
counterpart at 296 K and 1 bar, despite the great difference
in kinetic energy. This scems to imply that the dynamics are
driven by density rather than kinetic energy, i.e | the depend-
ence of the time ACFs on density is much greater than on
kinetic energy (or temperature). In this respect, therefore,
the much sharper negative overshoot observed in the veloc-
ity ACF with the MCYL potential in the liquid state at 1.0
bar is probably due to the 8000 bar of pressure generated by
thepotmmhtthattunpeumremdatanmputmphrvol-
ume of 18.0 cm*>/mol. 2

‘We have also computed the angular velocity ACF over
the same range of state points. While exhibiting broadly sim-
ilar behavior to the rotational velocity ACFs the negative
overshoot in the angular velocity ACF is lost at 15 kbar and
1273 K, and the oscillatory nature is lost at the critical point.

. This ACF is at its most oscillatory, however, in the high

density liquid at 250 kbar, with a negative overshoot of about
0.3. Again it is intevesting to observe that the behavior at 10
K in the splat quenched condition is nearty identical to that
at room temperature.

B. The moving frame of reference

¥ a frame of reference is defined with regpect to the
principal moment of inertia axes of the water molecule as in
Ref. 16 then there appearin this frame (1,2,3) cross-correla-
v and the molecular angular velocity e. The CCF is usually
normalized as

and in liquid water the (2,3) and (3,2) clements exist and
are symmetry allowed. The dependence of these clements on
density, pressure, and is illustrated in Fig. 2. At
aconstant molar volume of 18.0 cm®/mol (see Table I), but

different temperatures and presgures, the two clements re-
main constant relative to cach other and also in time depend-
lack of symmetry in the water molecnle itself. As for the
direct laboratory frame cross correlations of Fig. 1 then, the
moving frame CCF Cf (#) is also driven primarily by den-
sity, not by kinetic energy. At constant density (i-c., molar
volume) the CCF characteristics remain constant. How-

ever, if the density-of the liquid is changed, ¢.g., doubled by

the application of 250 kbar of pressure at 1043 K, then the
intensity of the (2,3) and (3,2) elementsis each increased by
roughly four times. In very dense lquid water, therefore, the
Iaboratory frame (Fig. 1) and moving frame (Fig. 2) cross
correlations are very strong, signaling the onset of solid-like
behavior at very high density. In the molecular crystal it is
quite clesr what statistical cross correlations of the type
shown in Figs. 1 and 2 mean. They are signatures of roto-
transiational lattice modes at the single molecule level. In the
Liquid state they are the remmants of lattice-like bebavior. In
Fig. 2 it is also shown that the moving frame CCF in the splat
quenched condition at 10 K again remains very similar in
timne dependence to its counterpart at 296 K and 1 bar. Final-
1y the intensity of the CCF decreases at the critical point, but
its time dependence remains remarkably constant. This re-
mains true at an additional state point incorporated in this
figure for steam, where the molar volume is 1800 cm®/mol
and the computed pressore 20 bar at 293 K.

C. Theory of cross-correlation functions of Fig. 1

In this section a general simple theory is developed for
the cross-correlation fanction observed in Fig. 1 between the
molecular linear center of mass velocity and the rotational
velocity. This is a simple theory based on the idea of linked
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Langevin equations first proposed by Condiff and Dahler™®
for cross correlation between v and the molecular angular
velocity @. However, there is no direct laboratory frame
cross correlation between e and v becanse of genersl symme-
try rules generated by parity inversion. To see this type of
cross correlation one must use the moving frame as de-
scribed above.
We first note the kinematic equation

p=eXp n
in the laboratory frame (x.»,z) with origin at the molecular

center. This is generally true for any rigid rotating body. The
total velocity of an atom in the watesr molecular is then given

FIG. 2 (2,3) aad (3,2) cle-
ments of the moving frame
cross-correlation matrix CY (1)
for liqeid and compressed gos-
cous water at: (a) molar vol-
wme 1800 cm’/mol, pressure 1
bar, 293 K (steam); (b) 180
c’/mol, 1 ber, 373 K; (c)
18.0cm*/mol, 9.5 kbar, 713 K;
(d) 18.0 cm’/mol, 15 kbar,
1273 K; (c) 8.5 cma’/mol, 250
kber, 1043 K; (f) 180 cm®/
mal, 1.0 kbar, 10 K; (g) 568
on’/mol, 221 kbar, 647 K
(critical poiat); (h) 1800 cn’®/
mol, 200 bar, 293 K (com-
pressed gaseous water).

N S D N T TN U N |

Y. =V+juXp (@

(7. (D) v, (D)) = (v(£)-¥(0)) -+ (v(1)-p(0))

+{p@) -pO)alr) e(0)). (3)

The central term on the right-hand side of this equation de-

notes the effect of rotation-transistion coupling and has
been observed for the first time in this work.

The problem is to devise suitable linked Langevin equa-

tions for this “coupling term,” which appears in all molecu-

J.Chem. Phys., Vol. 88, N0. 9, 15 April 1968
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lar Liquids. It is assmned, therefore, that the rotational vel-
coity, being a fluctuating variable with the units of velocity,
mM@mbyaIangwmequﬂmwhchanhnked
mmmm&tﬂwmmdmhnwv&
locxtyv.n:etwoequanonsmhnkedwnhmtammthe
maginer of Condiff and Dahler,?> and are written directly in
ﬂ*]ahomtoryfmmedtefam. Inordcttoslmphfythc

v oty Ax o erms-of b 1 m
undetlymgthemnomldynamu:sofdnethmpmne-
ghécted, so that the asymmetric top is approximated kinema-
tically by the spherical top with embedded dipole. This is
also an approximation used implicitly in the original work of
Condiff and Dahler.

]

(”z(O)k-k{m{-(c_b:)lh‘ 1+ (4, — B)sinf (c — b2V 1
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The system of linked Langevin equations is then

V=dy— A+ F, )

Bn= —14‘ 4n“i'No (5
where 4, is the translation friction coefficient, 4, the rota-
tional friction cocfficient, and

A,=—4,
are cross terms. The equations are completed by the stochas-
tic accelerations ¥ and N.

Thelinked Langevin equations can be solved by Laplace
transformation to give

(rn)-¥(0) = (c—bH"2 (c>b%);
{V*(0))e~ *{cosh{ (b2 — )"t ] + (A, — bYsinh[ (b2 — )1 ]} s
- b2 —e¢)'\2 (c<d?);

with a similar expression for the rotational velocity ACF, the cross-correlation fanction being given by

(v(1-p(0)) = (7(0))' >4} (0)) 4, ~*simi (c

_bZ) l/z’ l

(c —b 2) 2

where the sine is t0 be replaced by sinh when the argument is
negative. _
Here
b=2(4, +4,); c=iA4,—1,4,.
Note that the cross-correlation fanction {v(7) -p(0)) canbe
obtained by integration and the theory provides a number of
correlation fanctions self-consistently in terms of the friction
coeflicients.
ACEF, tracer diffasion analysis for the fincar center-of-mass
velocity ACF and computer simulation for the cross-corre-
Iation function, the three friction coefficients can be defined
uniquely. This provides a method of interrelating theory,
computer simulation, and experimental data. Alternatively,
the theory can be used to parametrize computer simulation
results for the velocity, rotational velocity, and cross-corre-

lation function in terms of the friction coefficients. For liquid

water computer simulation data at 1 bar, 293 K the three
friction coefficients 4, = 1.0 THz, 4, =25.0 THz, and 4,,
= 50.0 THz give the curves of Fig. 3 which broadly reflect
the computer simulation results theoretically. Nothing more
can be expected for a simplified theory, which does aot use
memory functions to.account for the knowa dependence of
friction coefficicats on frequency.

It is concluded, therefore, that the the use of a Langevin
equation direct for the rotational velocity is justified by the
theoretical results of Fig. 2, which give the same patiern of
time dependence as the corvelation functions simulsted in
this paper. In the absence of cross correlations, however, a
Langevin equation in the rotational velocity is not justifiable
because its solution is a simple cxponential which does not
reproduce the negative overshoot characteristic of all rota-
tional velocity autocorrelation functions in molecular li-

{c<d?),

|

quids. Similarly the center-of-mass linear velocity ACF of-
ten has the well-known negative tail which is not described
by a simple Langevin equation in v. It is significant that the
linked Langevin equations (4) and (5) produce negative
tails both in the velocity and rotational velocity ACFs with-
out invoking the memory functions, and also reproduce the
main features of the cross-correlation function between

~thaevamblednectinthehbontoryfnmeofrd‘ermoe.

“mammmmmmm
20 to zevo with a finite slope, due to the fact that the friction
dependence. Unfortunately, the introduction of such a time

0.06 0.1
1 (psec)

FIG. 3. Thearetical results from the linked Langevia theory: Vel (velocity
-antocorrelation fenction), R.v (rotational velocity autocorrelstion fonc-
tion ), and C.c.f (cross-correlation fonction). See the text for the perameters
ased.
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‘ dependence would result in an overparametrized theory and

the linked Langevin equations would no longer have a sim-
phmwmm&emdmefun I-:uler—

mwmwmw 'ﬂnemeol‘ﬁnku‘l

huonﬁmmmvanﬂzsﬁ)rﬂt “Therefore, the system of
Eqs. (4) am} (3) steers a course between all these Gbstacles,
and seems to be justified by the results.

. D. Higher order-crose-corrsiation Junciions

.- Recent computer simulation work has uncovered™>®
the existence of numerous higher order cross-correlation
functions in the laboratory frame (x,5,z) and moving frame
(1,2,3). In this section we report that we have simnilated the
various types of cross-correlation function in liquid water
over its complete range of existence. The results are too no-
merous to illnstrate in detail, bat capies are available on re-
quest.

In the moving frame (1,2,3) the diagonal elements of

the cross-correlation functions
i _ V(D) Xa(0)]0,(0))
o= (('xm)?)III(”})llz
and .
_A{Ir() Xe()],5;(0))
Cz“) ((rxu),’)"’(r})"’

greatest at the critical point, the (3,3) clement reaching an

- intensity of 0.45 (Fig. 4). The time depenxdence at the other
- state points is broadly similar to the example in this figore,

the intensity falling 10 a maximum of 0.2 5t 1 barand 293 K
and rising to 0.35 at 15 kbsr and 1273 K. At 250 kber and

- 1043 K the intensity has fallen t00.12 with a much shorter

time dependence. The broad pattern over all the state points
is, therefore, opposite to the simple cross-correlation func-
‘tions of Fig. 1; the intensity is a minimum at high pressures

— 1
— 2-2 N
— 3-8

0.06 0.1
t (psec)

0.14 0.18

FIG. 4. Examplie of the diagomal eiements of C, in the moving frame of
reference: liquid water at 221 bar and 674 K (critical point).
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FIG. 5. Exampie of the disgonal elements of €, in the movieg frame of
reference: liquid water at 250 kbar snd 1043 K.

[=]
-

for the higher order CCF and & maximum for the simple
CCFs.
The overall pattern of behavior of the higher order mov-

" ing frame CCF C, is similar. In Fig. 5 we illustrate the time

dependence at 250 kbar and 1043 K only. This consists of a
sharp peak at about 0.01 ps of maximum intensity 0.14. The
intensity of this CCF is again a maximum at the critical
point.

In the laboratory frame of reference the higher order
CCFs:

Ci(n =

and

((vx @)} 2((T, xv)?)'?
exist over the whole range of state points. In this case, how-
ver, the inteusity behavior is remarkably constant up to the
Mm&“mtmmmm‘ ity at the critical

{[v(n) X o(1)],[F(0) Xa(0)],)
((rX ) 2((FXo)))'/?

0.06 0.1 0.14 0.18

t (psec)

FI1G. & Example of the clements of C; in the moving frame of
reference: liquid water at 15.0 kber and 1273 K.
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FI1G. 7. Example of the diagonal clements of C in the moving frame of
reference: liquid water st 1.0 bar and 293 K.

point. The function is illustrated in Fig. 6 for 15.0 kbar and
1273 K. The maximum intensity of C, remains constant at
about 0.5 across the complete range of state points and is
illustrated in Fig. 7 at 1.0 bar and 293 K.

E. Pair distribution functions

Figure 8 illustrates some oxygen—oxygen pair distribo-
tion functions for water splat quenched to 10 K and at the

1

6A
FIG. 8. (a) Oxygen—oxygen pair mm—w
sesvht for amorphous solid ice at 10K; - - simulation (see the

* computer
text); (b) comparison of O-O PDFsat 293K, 1.0bar (- - -) and 250.0kbar,
143K (—).

“Evang; Lie, and Clementi: Molecular dynamics simutation of water

very high density achieved by shock wave compression to

250 kbar and-1043- K. At 10 K the computer simulation

results produce three peaks in the range of correlation up to
6.0-A. In this egion the cxperimental oxygen-oxygen PDF
aiso has three-main peaks, but the experimental PDF in
amorphous solid-ice refiects a more tightly packed structure
tham that fromthe computer simulation. The three peaks
from the simulation [Fig. 8(a)] are broader and are posi-
tioned progressively further out from the origin than their
equivalents in the experimentally derived PDF of amor-
phous solid water. This seems to suggest that the state ar-
rived at in the computer simulation is a very supercooled
liquid-fike structure. This conclusion is supported by the si-
milarity of the molecular dynamics at room temperature and
spiat quenched at 10 K. In Fig. 8(b) the oxygen—oxygen
PDF at 250 kbar and 1043 K is compared with the equiva-
lent from the same potential at 293 K and 1 bar. It is clear
from this figure that the PDF at the high density condition
has & fairly pronounced shoulder at about 2.8 A which is
absent at room temperature and pressure. This is reminis-

cent of the extra structure developed in the splat quenched
condition at 10 K.

V. CONCLUSIONS

tizne steps on the 1CAP1 system at IBM Kingston the dy-
namical and structural properties of liquid water have been
observed over a broad range of conditions. A simple linked
Langevin theory of the rotation-transiation dynamics has
been developed to account for the coupling function ob-
served in this work at all the simulated state points. This is
capable of réproducing the main features of the simulated
coupling function. The structural propertics of water splat
quenched to 10 K have been compared with those expesi-
mentally observed in amorphous solid water at this teshpera-
ture. The simulated structure at this temperature is “looser™
and more liquid-like than the observed structure. The model
intermolecular pair potential used in this work succeeds in
reproducing the observed pressures satisfactorily in the kbar
range, but is about twice too high in the 100 kbar range at up
to 1043 K.
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