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We present molecular dynamics simulations of the extended simple-point-charge model of water to probe
the dynamic properties at temperatures from 350 K down to 190 K and pressures from 22Z6&Bay down
to —300 MPa (~3 kbar). We compare our results with those obtained experimentally, both of which show
a diffusivity maximum as a function of pressure. We find that our simulation results are consistent with the
predictions of the mode-coupling theory for the dynamics of weakly supercooled liquids—strongly supporting
the hypothesis that the apparent divergencedyofamicproperties observed experimentally may be indepen-
dent of a possible thermodynamic singularity at low temperature. The dramatic change in water’s dynamic and
structural properties as a function of pressure allows us to confirm the predictions of MCT over a much broader
range of the von Schweidler exponent values than has been studied for simple atomic liquids. We also show
how structural changes are reflected in the wave-vector dependence of dynamic properties of the liquid along
a path of nearly constant diffusivity. For temperatures below the crossover temperature ofWAETE the
predictions of MCT are expected to failwe find tentative evidence for a crossover of the temperature
dependence of the diffusivity from power-law to Arrhenius behavior, with an activation energy typical of a
strong liquid.[S1063-651X%99)11712-4

PACS numbes): 61.43.Fs, 64.70.Pf, 66.10.Cb

I. INTRODUCTION 19]; (iii) a singularity-free scenario in which the thermody-
namic anomalies are related to the presence of low-density
The “slow dynamics” and glass transition of both simple and low-entropy structural heterogeneitj@8]. The predic-
and molecular liquids has been a topic of significant interestions of the MCT are of interest since the MCT might ac-
in recent years. The initial slowing down of liquids at tem- count for the apparent power-law behavior of dynamic prop-
peratures down td.~1.2T;, where relaxation times ap- erties on cooling, thereby removing the need for a
proach 1 ns, has been well described by the mode-couplingiermodynamic explanation of the dynamic properties of wa-
theory (MCT) [1]. The MCT has been successfully applied ter.
to a wide variety of systemg], including hard spherds], In this paper we focus on two related issu@sthe pos-
NigoPso [4], SiO, [5], and polymer melt§6]. However, there  sibility of using the MCT to explain the slow dynamics of
has not been an extensive test of the validity of the MCTwater under pressure, ard) a test of the validity of the
predictions for a model system over a wide range of pres-
sures and along different thermodynamic paths. 300 -
At low pressure, it was shown previously that the power- Liquid
law behavior of dynamic properties in the extended simple- T
point-charge(SPC/B model[7] can be explained using the
MCT [8]. Furthermore, the possible relationship between the 250
experimentally observed power-law behavior and the predic-
tions of the MCT has been discussgg11]. The experi-
mentally observed locus of apparent power-law singularities
of dynamic and thermodynamic propert{sg. 1] is of par- 200 -
ticular interes{12,13), and has catalyzed the development of
three scenarios to explain the anomalous properties of water:
(i) the existence of a spinodal bounding the stability of the ,
liquid in the superheated, stretched, and supercooled states 0 100 200
[12,15; (ii) the existence of a liquid-liquid phase transition
line separating two liquid phases differing in dendify6—

300 p (MPa) 400

FIG. 1. Phase diagram of water. The extrapolated divergence of
the isothermal compressibilityX) [14] and the extrapolated diver-
gence ofD (@) [9]. The different loci of these two singularity lines

*Present address: Polymers Division and Center for Theoreticare consistent with the possibility that the two phenomena may arise
and Computational Materials Science, National Institute of Stanfrom different explanations. Also shown are the melting liffg.X
dards and Technology, Gaithersburg, MD 20899. Electronicand coexistence lines of several ice polymorphs and the experimen-
address: fstarr@nist.gov tal limit of supercooling Ty).
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3.2 , predicts the asymptotic power-law divergence of correlation
MCT times, and power-law vanishing of the diffusion constant
3.0 1
z D~Do(T/Tc—1)" 1)
g 28t ]
5 SPC/E at a critical temperaturd.=T.(P), where we refer toy
%‘ 26 | = y(P) as the diffusivity exponent. In real systems, “freez-
> ing” of the system dynamics is avoided &, as relaxation
S 24t mechanisms not accounted for by the MCT become signifi-
§ cant. However,T. can still be interpreted as a ‘“‘crossover
5 2.2 temperature” where the dynamics change from being domi-
nated by density fluctuations to being controlled by “acti-
2.0 vated” processes. Some recent work has also demonstrated
18 the significance ofl; as a crossover temperature where re-

0.4 05 06 0.7 08 laxation occurs primarily through basin hoppif2y -3, in
the energy landscape view of liquid dynamj&4,32.

MCT predicts that the Fourier transform of the density-
density correlation functioi33] or intermediate scattering

von Schweidler exponent b

FIG. 2. The line shows the predicted relationship betweand

v from MCT. The symbols show the calculated values for thefunCtion
SPC/E model: ©) from this work, (filled ¢ ) from Ref.[8]. 1 N

Fgt)==——( > e iar®-rj©] 2
MCT predictions over a wide pressure range in a system S(9) \jik=1

with dramatic structural changes. We find that the MCT pro-

vides a good account of the slow dynamics of the SPC/Elecays via a two-step process. In the first relaxation step,
model for water at all pressures, with the structure evolving™(d,t) approaches a plateau valégeafd) Which is de-
continuously from an open tetrahedral network to a denselycribed, to leading order in time, by a power law with expo-
packed fluid, similar to a Lennard-Jones-type liquid. By ex-nenta=a(P),

amining the wave-vector dependence of collective dynamics, a

we are able to discover how these structural changes are F(9,0) = Fpiaea @)~ 1% ©)

reflected in the dynamic behavior of the liquid. We are alsoAt larger times,F(q,t) decreases fronf yuea(d) and the

able to test the validity of the relationship predicted by the . .
MCT for the diffusivity exponenty and the von Schweidler MCT predlpts the de_:cay obeys the von Schweidler power
law to leading order in time

exponenb over a wide range of valuegandb [Fig. 2]. Our
results support the predicted relationship of these exponents. = () —F(q,t)~t° (4)
A paper of a subset of the present results for the SPC/E platea ' '

potential has recently appeargll]. The dynamic properties \hereb=h(P) is known as the von Schweidler exponent.
of the ST2[22] and the TIP4F[23] potentials in a more The region of validity of Eqs(3) and (4) can be quite lim-
limited pressure range, have also recently been discussed.jig(.
The slow relaxation of(q,t) has a characteristic relax-
Il. MODE-COUPLING THEORY ation time 7 that is also predicted to have asymptotic power
law dependence on temperature,
We will focus our discussion on the idealized form of the
MCT, originally formulated to describe spherically symmet- T~71o(TITe—1)"7 (5)
ric potentials. Recent extensions have been made to account
for the rotational motion present in nonspherical moleculaith the same value of the exponeptas for the diffusion
systems[24], such as water. The idealized version of theconstant. Hence, Eqél) and(5) predict that the produdd
MCT has been shown to provide a good account for thdS not singular asT—T., hence we take the product to be
center-of-mass motion for the SPC/E mof&R5]. We pro- ~ constant over the range that E4$) and (5) are valid (ne-
vide only a brief account of the MCT predictions relevant toglecting corrections to scaling
the results of this paper, and we refer the reader to extensive The MCT predicts that the scaling exponeatd, andy
reviews for more informatiofil,2,26. are not independenta and b are related by the exponent
The MCT assumes that localization, or “caging,” of mol- parameten using the relationship
ecules due to the slow rearrangement of neighboring mol- ) )
ecules is the source of the dramatic increase of relaxation _ [F1-a)] :[F(l_b)] 6)
times on cooling, leading to a strong coupling between single I'ii—-2a) TI'(1+2b)’
particle motion and the density fluctuations of the liquid.
Indeed, according to the MCT, tis¢aticdensity fluctuations, WhereI'(x) is the gamma function. The MCT also relatgs
measured by the structure fac(m), entirely determine the to aandb via
long-time dynamic behavior. The MCT accounts for the loss
of correlation by the interaction of density mode fluctuations, _ i n i 7)
ignoring other possible mechanisms for relaxation. The MCT Y 2a" 2b
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TABLE |I. Summary of the state points simulated with 216 molecules interacting via the SPC/E potential. For all state points, the
uncertainty in the potential enerdy is less than 0.05 kJ/mol. The uncertainty in the diffusion condaist approximately+ 4, in the last
digit shown. State points we equilibrated for a titg, followed by “data collection” runs of duratiofy,,.

T (K) p (glcn?) U (kJ/mo) P (MPa D (10 ® cn¥/s) teq (NS) tgata (NS)
190 1.00 —55.00 5+ 20 2.4¢10°4 60 200
200 1.00 —54.44 -1+18 1.51073 30 100
210 0.90 —53.45 —298+15 2.92¢<10°2 8 100
0.95 —53.84 —154+9 1.93x 1073 25 100
1.00 —53.70 -19+11 1.03< 102 35 100
1.05 —53.43 80r12 2.27x 1072 30 80
1.10 —53.24 184-13 3.17x10°2 30 80
1.20 —-53.13 46114 3.04< 1072 25 80
1.30 —53.20 901 15 8.71x 102 25 100
1.40 —~52.98 1624 14 4.9x10°* 30 100
220 0.95 —53.00 —150+6 1.68< 102 15 15
1.00 —52.87 -21+10 3.89< 102 15 15
1.05 -52.73 738 5.58< 102 15 15
1.10 —52.59 1878 8.47x 10 2 15 15
1.15 —-52.53 3178 9.18<10 2 2 15
1.20 —52.48 4839 8.01x 10 2 15 15
1.25 —52.47 6879 5.94x 10 2 3 15
1.30 —52.49 95112 2.63x10 2 15 15
1.40 —-52.57 1676:15 1.69< 102 18 15
230 0.95 —52.14 —155+8 6.25x< 10 2 4 5
1.00 —52.06 —41+9 0.103 4 5
1.05 —-52.01 70:10 0.134 4 5
1.10 —51.90 193-12 0.177 4 5
1.20 —~51.85 50113 0.159 4 5
1.30 —51.90 994 14 6.72<10°2 4 5
1.40 —~51.82 1752-17 1.12<10°2 4 5
240 0.95 —51.33 —153+8 0.141 7 5
1.00 —-51.35 —45+9 0.187 7 5
1.05 —51.34 689 0.244 7 5
1.10 —-51.28 195-10 0.270 7 5
1.20 —51.24 52711 0.237 7 5
1.30 —-51.25 10334 0.135 7 5
1.40 —51.24 182812 2.49%K10 2 12 5
260 0.95 —49.68 —148+9 0.504 5 3
1.00 —49.87 —43+10 0.608 5 3
1.05 —49.93 7711 0.591 5 3
1.10 —50.00 212-11 0.588 5 3
1.20 —50.10 57213 0.574 5 3
1.30 —50.14 112714 0.354 5 3
1.40 —49.97 197914 0.139 5 3
300 0.95 —46.80 —109+12 1.99 0.5 1
1.00 —47.20 —13+13 2.00 0.5 1
1.05 —47.49 112-14 1.83 0.5 1
1.10 —47.65 264-14 1.82 0.5 1
1.20 —47.95 67816 1.53 0.5 1
1.30 —48.06 129318 1.12 0.5 1
1.40 —47.88 2222719 0.495 0.5 1
350 0.90 —43.21 —105*+16 6.11 0.5 40 ps
1.00 —44.35 62+18 4.97 0.5 40 ps
1.10 —45.15 358-20 3.81 0.5 40 ps
1.20 —45.56 828-22 2.70 0.5 40 ps
1.30 —45.76 150425 1.80 0.5 40 ps

1.40 —45.50 252226 1.39 0.5 40 ps
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FIG. 3. The oxygen-oxygen structure fact®f(q): (a) Depen-
dence onp for T=210K. (b) T dependence along the
=1.0 g/cnt isochore. Notice that changifighas little effect, while
changingp has a more pronounced effect. Each curve is offset b
0.2 for clarity. Ill. SIMULATIONS

FIG. 4. Mean-squared displacemént(t)) for (a) all densities
at T=210 K and(b) all T along thep=1.0 g/cn? isochore. The
y’nset of (a) shows the density dependence of the cage size.

Because of Eqs(6) and (7), only one exponent value is __ We perform molecular-dynamicéMD) simulations of
needed to determine all others, so calculation of two expo-216 water molecules interacting via the SPC/E pair potential

nents determines if the dynamics of a system are consistehf]: The SPC/E model treats water as a rigid molecule con-
with the predictions of the MCT. Furthermore, these expo-Sisting of three point charges located at the atomic centers of
nents are expected to depend on the path along whidb the oxygen and hydrogen, which have an OH distance of
approached. 1.0 A and HOH angle of 109.47°, the tetrahedral angle.
After F(q,t) departs from the platea(q,t) is well de- ~ Each hydrogen has chargg =0.423&, wheree is the fun-

scribed by a Kohlrausch-Williams-Watts stretched exponend@mental unit of charge, and the oxygen has chayge
tial =—2qy. In addition, the oxygen atoms of separate mol-

ecules interact via a Lennard-Jones potential with parameters
0=3.166 A ande=0.6502 kJ/mol.

, (8) Our simulation results are summarized in Table I. For
=300 K, we simulate two independent systems to improve
statistics, as the long relaxation time makes time averaging

where 7(q) is the relevant relaxation time. Moreover, it has more difficult. We equilibrate all simulated state points to

been shown that the expongdit= 8(q) is related to the von  constantT and p by monitoring the pressure and internal

t \A@
@

F(q,t)=A(q)eXp[

Schweidler exponer{B4] energy. We control the temperature using the Berendsen
method of rescaling the velocitig85], while the reaction
lim B(q)=h. (9) field technique with a cutoff of 0.79 ni86] accounts for the

q—= long-range Coulombic interactions. The equations of motion

evolve using the SHAKE algorithii87] with a time step of
This relation facilitates evaluation df, since the region of 1 fs, except all =190, where a time step of 2 fs is used due
validity of Eq. (4) is difficult to identify in practice. to the extremely slow motion of the molecules. Equilibration
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P (MPa)
~1
- 10 FIG. 6. D as a function of pressure for various temperatures
'-3 from (a) our simulations andb) NMR studies of watef9].
- -2
T 10 close to those that would be found if it were possible to
T=210K perform a simulation in the NVE ensemble.
107 Since we perform long runs for many state points, we
(b) store the molecular trajectorids; ,p;} at logarithmic inter-
‘ ‘ . . vals to avoid storage problems that linear sampling presents.
0.9 1.0 1.1 1.0 1.3 1.4 Specifically, we sample configurations at times growing in
p (g/em®) powers of 2 up a maximum tim&,,.. We begin a new
8 ‘ ‘ sampling cycle each timg,, (relative to the cycle starting
O—Op = 0.95 glem® time) is reached. This sampling method allows for calcula-
() upf:-gsglcl?;, tion of dynamic properties on time scales spanning eight
6 | A apoitgem | orders of magnitudérom 1 fs to 100 nsusing a relatively
<—<lp = 1.2glem’ small amount of disk space. Still, more than 2 GB of storage
z gg;:ﬁgﬁm, was required for the configurations Bt 210 K. Our simu-
?= al lations have a speed of approximately 208 per update per
e molecule on a MIPS R10000 processor, representing a total
© calculation time of approximately 8.4 years of CPU time,
e including the systems of 1728 molecules discussed in the
2t Appendix. For the larger systems, we utilize a parallelized
version of our simulation code on eight processors to im-
prove performance.

0 It ' L L
200 220 2401_ (K)260 280 300 IV. STATIC STRUCTURE FACTOR
L ) We first summarize the structural properties of our simu-

_FIG. 5. (a) Diffusion constanD along isotherms for each den- | viqnq in order to better understand the relationship between

sity simulatedi(b) Relaxation timer of F(qp,t) along isotherms for o op e in structure with the changes in dynamic behav-

each density simulatedc) Test of the MCT prediction thdD 7 is . . - oo .

constant along isochores. ior, vyh|ch we will detail in Sec. VIII. Other 'studles h{;\ve
considered the structural and thermodynamic properties of
SPCI/E in a large region of thé®(T) plane[38-41], so the

times at high temperatures are relatively small. At Idw present discussion is brief.

extremely long equilibration times are needed. The structural The MCT theory requires as input the static density-

and thermodynamics properties may be obtained after reladensity correlation functions. In the case of water, the struc-

tively short equilibration times. However, dynamic proper-ture of the system is very sensitive to the value of the exter-

ties show significant aging effectse., dependence of mea- nal control parameterR,T). Hence, for all state points

sured properties on the chosen starting jifhgreat care is  simulated, we calculate the oxygen-oxygen partial structure

not taken in equilibration. factor[33]

For production runs, it is desirable to make measurements

in the isoenergetic/isochoric ensemiVE). However, a 1

small energy drift is unavoidable for the long runs presented S(9)= N

here, so we again employ the heat bath of Berendsen, using

a relaxation time of 200 pE8]. The large relaxation time Several studies have carefully calculated the structure of

prevents an energy drift but achieves results that are vergimulated water, and found surprisingly good agreement

2
(10

N
E efiq<rj
=1
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FIG. 7. Fit of each isochore to the power ldw~ (T/T.—1)" predicted by MCT. We include the results of Rg43] along thep
=1.0 g/cn? isochore.

with experimentg§16,41]. At T=210 K, we show the struc- show the most dramatic change in behavigfg) shows
tural changes from low to high densitifig. 3@]. The struc- only small changes in the first two peaks. Also, the Ioc_ation
ture at low density/pressure is similar to that observed fof the first maximumg, in S(q), the wave vector at which
low-density amorphouéLDA) solid water, consisting of an F(a,t) typically shows the slowest relaxation, does not ap-

open tetrahedral network. At high density/pressure, water i§€ar to change significantly. All other densities and tempera-
very similar to high-density amorphodsiDA) solid water, tures show a relative smooth interpolation of Fig&) &and

where core-repulsion dominates, similar to simple quuidsB(b)'
under pressure.
. . V. MEAN- ARED DISPLACEMENT AND DIFFUSION
We show the evolution 08(q) as a function ofT along SQU SPLAC usIo
the p=1.0 g/cn? isochore in Fig. &). We note that in the The mean-squared displacement  (r?(t))

temperature range from 190 to 300 K, where the dynamics={|r(t)—r(0)|2) is shown in Fig. 4. All the curves shotg

10'

P = -80 MPa P=0MPa P = 100 MPa
7 10" b - L
£
o
=
— -1
g 10"t L
10' t iy
P = 200 MPa P = 300 MPa P = 400 MPa
7 10 3 2
£
[
"
(=3
Z
o 10"t L
107 10° 107 10° 107 10°
T~ T -1 T -1

FIG. 8. Fit of the diffusion constant along each isobar to the poweDaw{T/T.— 1) predicted by MCT. We include the results of Ref.
[8] along the—80 MPa isobar.
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TABLE II. Fitting parameters to the power law predicted by the

MCT, for T<300 K. Note that the state pointp£1.00 g/cni, T T (K)
=200 K, andT=190 K) and p=1.40 g/cmi, T=210 K) are not 275 250 225 200
included in the fit because they are very closd {0 and so do not 10° > : ‘ '
conform to the power law.
p (glcn?) 10
or P (MPa) Do (1075 cné/s) T, (K) v
0.95 15.9 2014 2.84 ‘“ﬁ
1.00 11.4 193.6 2.80 S 107
1.05 7.85 188.3 2.67 °
1.10 6.39 188.6 2.31 o
1.20 5.40 189.9 2.24 107
1.30 5.73 192.9 2.70
1.40 4.78 210.2 2.59
—80 133 197.9 2.79 35 40 45 5.0 55
0 10.2 193.9 2.62 10%T
100 .72 187.8 261 FIG. 10. Arrhenius plot oD shows that the power-law behavior
200 6.51 188.8 2.50 (solid line) appears to make a smooth crossover to Arrhenius be-
300 6.08 188.8 2.42 havior (dashed ling for T<T. with activation energy E
400 5.91 190.7 2.25 ~65 kJ/mol. This behavior may be related to a possible fragile-to-

strong transition of the dynamic propertiésee the discussion in

text).
dependence at small time, as expected in the “ballistic” re-

gime.

For low T (e.g., T=210 K [Fig. 4@]), (r?(t)) shows
relatively flat behavior over 3—4 decades in time. This is th
“‘cage” region, in which a molecule is trapped by its neigh-
bors and cannot diffuse, and is only vibrating within its cage. . O
At low P, the cage consists of hydrogen-bonded neighbors iffiPuted to finite size effectf42], and not to a Boson peak.
a tetrahedral configuration. This cage is relatively strong, For long times, all the curves show lineadependence,

compared to simple liquids, because of the H bonds. The siZ@dicating that our simulations are in the diffusive regime.

of the cage may be estimated by the valué(t)) at the We _extra(Z:t the diffusion constarm usi.ng the asymptotic
plateau, as shown in the inset[&fig. 4@)]. Surprisingly, the relation{r<(t))=6Dt. We plot the density dependence®f

size of the cage is not monotonic with density, and has & Fi9. 5 and find that the SPC/E potential, like water, shows
an anomalous increase [ on increasing density. We also

point out the feature thdd shows a slight increase at very

maximum atp~1.1 g/cnf. We shall see that this corre-
esponds roughly to thg at whichD also has a maximum. We
observe a small bump ifr?(t)) att~0.35 ps, as observed in
Ref. [8]. A system size study indicates that this may be at-

4 low density; namely, ap=0.90 g/cni and T=210 K. This
can be attributed to the fact that the liquid is extremely
stretched at this density, causing an increase in the defects of
37 the bond network, and thus increased diffusivity. We slibw

as a function of pressure along several isotherms to compare
with experimental measurememtsg. 6] [9]. The anomalous
increase irD is qualitatively reproduced by our calculations
for the SPC/E model, but the quantitative increaseDois
significantly larger than that observed experimentally. This
discrepancy may arise from the fact that the SPC/E potential
is understructuredrelative to water{39], so applying pres-
sure allows for more bond breaking and thus greater diffu-
sivity than observed experimentally. We also find that the
0 0 0o 02 05 o 8 y pressure wher® begins to decrease with pressure — normal
: : ) ' behavior for a liquid — is larger than that observed experi-
¥ (nm) mentally[9]. This comparison ob with experiment leads us
FIG. 9. The van Hove correlation functid®g(r,t) for several to eXp_eCt that while the q‘%a”tative _dy_namic features we ob-
densities atT=210 K. For each curvet is chosen such that S€rve in the SPC/E potential may aid in the understanding of
(r2(t))~0.1 nn?, well inside the diffusive regimdi.e., where the dynamics of water under pressure, they will likely not be
(r2(t)) is linear int]. The presence of a pronounced shoulder induantitatively accurate.

Gs(r,t) for p=1.4 glcn? indicates that hopping phenomena are ~ We estimateD along the isobar$>= —80, 0, 100, 200,
significant, and thus deviations from power-law dependence are 300, and 400 MPa from the isochoric data. We confirm that

pected. along the —80 MPa isobar, our estimates agree with the

4nr°G(r, 1)
N
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COi’g)___o_o__-—o———o——O——O——_’ FIG. 12. Pressure dependence of the diffusivity exponede-
f fined byD~(T—T,.)?. The symbols are as follows() y mea-

260 | 1 sured from simulation along isochoresi]] v measured from

simulation along isobaric paths, which are estimated from the iso-
— 240 choric data; @) y measured along the 80 MPa isobar in Ref.
X [8]; (A) experimental measurementspin water from Ref[9]. It
- is clear that the SPC/E potential fails to reproduce the qualitative

220 F behavior ofy under pressure in liquid water.

200 | a single peak. Aip=1.40 g/cni, we see a “shoulder” in
Gy(r,t) atr=~0.2 nm in addition to a well-defined peak at
r~0.05 nm, indicating that particle hopping is significant.

180 : : - = i ianifi-

0 100 200 300 200 Along the p—l.OQ g/cni we have simulated to signifi
P (MPa) cantly lowerT, allowing us to study the temperature depen-

dence ofD for T=<T,. Figure 10 shows that the lowest tem-
FIG. 11. (a) Isochrones oD from simulation. The lines may be peratures are consistent with the Arrhenius form
identified at follows:D=10"5 cn?/s (O); D=10"%%cn¥/s (O);

D=10%cnm?/s (¢); D=10"" cnf/s (A). The diffusion is also D=D..exp —E/kgT). (13)
fit to D~(T—T.)”. The locus ofT, is indicated by &). (b) Iso- . o
chrones ofD constructed from the experimental data in H8i. Arrhenius temperature dependenceDofs not surprising in

this region, since folT<T, it is expected that the energy

barriers the system must overcome to rearrange exceed the
—80 MPa calculations of Ref8], which employs the same thermal energy[27]. Hence the motion of the system is
truncation of the potential used hesee Sec. Il Along the  gominated by activated jumps over the energy barriers, as
0 MPa isobar, our estimates &f are smaller than those described by Goldsteif81]. We obtain an activation energy
calculated for SPC/E in Ref38], perhaps because R€88]  of E~65 kJ/mol and extrapolate a glass transition tempera-
chooses a different truncation of the electrostatic terms—y,re T,~125 K [45], surprisingly close to the experimental
highlighting the extreme sensitivity of the dynamics 10 yajue of 136 K[46]. The extrapolated value df, is similar
changes in the potential. _ to that estimated in Ref43] which studied hydrogen bond

We fit D by the power law of Eq(1) along both isochores  gynamics. Moreover, our results are consistent with a cross-

and the estimated isobars o300 K[Figs. 7. and & The  gyer from “fragile” behavior (the behavior described by
values of the two fit parametelig and y are given in Table \cCT) for T=T,, to “strong” behavior(Arrhenius behavior
Il [44]. We also include the data from Re#3] along the  yith E~kgT,/25~40 kd/mol for our estimate of ;) for T
p=1.0 g/cn? isochore and from Ref[8] along the P <T_ The possibility of a “fragile-to-strong” crossover in
= —80 MPa isobar to improve the quality of the fits. At water has been suggested based on experimental findings
=1.40 g/cnd, we excludeT =210 K when fittingD and ob-  [47], while other recent experiments suggest no such transi-
tain T,=209.3, since we expect the power law of Ef). 10 tion exists[48]. Lower temperatures are required to conclu-
fail for T=<T.+5 K, because activated processes—such asjyely test this possibility in the SPC/E model.
“hopping” not accounted for in the idealized MCT—
become significant and aid diffusion. To demonstrate the
presence of hopping at=1.40 andT=210 K, we plot the
“self” part of the van Hove correlation functiolsg(r,t), To construct isochrones d (lines of constanD), we
which measures the distribution of particle displacements first estimate T(D) at values of D=10° cn¥/s,
at timet, for several densities a&t=210 K[Fig. 9]. Forthese 10 %% cn?/s, 10 ® cn?/s, and 107 cné/s, using the fits of
densities where a power law adequately describethere is  Figs. 7 and 8. Along the isobaric paths, we know alreRdy

VI. ISOCHRONES OF D AND THE LOCUS OF T.(P)
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FIG. 14. Fit of the stretched exponential of Eg) for t=2 ps at
T=210 K toF(q,t) to obtain:(b). The horizontal line indicates the
value predicted by MCT fob usingy values extrapolated from Fig.
12. For P=80 MPa, the relaxation of(q,t) for g=60 nni?
comes almost entirely from the first decay region, so ghealues
obtained are not reliable in this range.

F(q,9)

0o=18.55 nm 1, the approximate value of the first peak of
S(q) where the relaxation of(q,t) is slowest. We define
the relaxation timer by F(t=7)=e 1. We showr along
isotherms in Fig. &), from which it is obvious that- has
t (ps) very similar behavior td . Indeed, the MCT predicts that
the producD 7 is constant along isochores, which we test in
FIG. 13. The intermediate scattering functiéi{q,t) (& for  Fjg 5c). We find thatD 7 increases slightly on cooling, but
190<T<=300 K along thep=1.0 g/cni isochore andb) for many  yemains relatively constant along each isochore. The weak
q values aff =210 K andp=1.00 g/cni. The solid line shows the ojqyarT dependence iD 7 should be subjected to a deeper
fit to Eq. (8) for t=2 ps. scrutiny to find out if it is related to @-vector-dependent
for these points, and along isochores we may estimate thgorrection to scalingsinceD is aq=0 quantity or to the
value ofP using the results presented in Table I. We plot theprogressive breakdown of the validity of the ideal MCT on
isochrones in Fig. 11. approachingr .
We also show the loci of.(P) in Fig. 11(a), obtained The study of the time dependenceFd(fq,,t) allows us to
from the fits in the previous section. We kndat T, along  test the predicted relation between the exponéntnd y
the isobaric paths, and we estimate theat T, along iso- [see Eqs(6) and (7)]. Since the value ob is completely
chores by extrapolating in Table | toT,. determined by the value of [26], calculation of these ex-
Using the experimental diffusion data of REJ], we also  ponents for SPC/E determines if MCT is consistent with our
construct the behavior of the experimental isochrones folresults. The range of validity of the von Schweidler power

lowing the same techniquiFig. 11(b)]. The shape of the |aw [Eq. (4)] is strongly q dependenf51], making unam-
locus of T¢(P) compares well with that observed experimen-pigyous calculation ob difficult.

tally [9] (Fig. 11. Therefore, an explanation of the SPC/E Fortunately, according to the MC[B4], at largeq vec-
dynamics using the MCT would support using the MCT 45 the stretching exponeg(q), which characterizes the
framework as an interpretation of the experimentally foundthe long-time behavior of(q,t) [see Eq(8)], is controlled

locus of T,(P). We find, however, thay decreases witl |, tho same exponehtat largeq. Fits of F(q,t) according
for the SPC/E model, whiley increases withP [Fig. 12]. to Eq.(8) are shown for many values afT =210 K andp

This disagreement underscores the need to improve the dy-4 og g/cn. The same fit quality is observed for all other
namic properties of water models, most of which already|ow T state points. Theq dependence of8(q) for p
provide an adequate account of static propeif&s. <1.30 g/cn? and T=210 K is shown in Fig. 1450] for

F(q,t). In addition, we show the expected valuebaiccord-

ing to MCT, using the values of extrapolated from Fig. 12.
We plot the intermediate scattering functiéifqy,t) in ~ The largeg limit of B appears to approach the value pre-

Fig. 13a) for all T along thep=1.00 g/cni isochore, where dicted by the MCT. Hence we conclude that the dynamic

5
D .‘B O g

0.0 _

VII. INTERMEDIATE SCATTERING FUNCTION
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T=220 K, p=1.0 g/cm’ T=210 K, p=1.05 glcm’ T=210 K, p=1.1 g/om’

T T
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& 10
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0 25 50 75 25 50 75 25 50 75 FIG. 15. _Flttlng_ parameter
q(hm™) q(nm™) q(nm™) 7(q) of Eq. (8) in relation toS(q)
_ _ 3 _ _ 3 _ - 3 along approximate isochrones.
T=210 K, p=1.2 g/cm T=220 K, p=1.3 g/cm T_2f? K, p_1.‘4 g/cm The heavy line indicates the pre-

diction 7~ S(q)/q?.

“(a)x(ay)
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=

O'O I I 1 1 L L L I
0 25 50 75 25 50 75 25 50 75

q (hm™) q (nm”) q (hm™)

behavior of the SPC/E potential in the pressure range wenode-coupling equations. We also note thég) is well
study is consistent with slowing down as described by MCTdescribed by the relation
[Fig. 2]. We also checked that the values lofcalculated

from Eq. (9) are consistent with the von Schweidler power ()< S(q)/q? (12)
law Eq.(4), but that corrections to scaling tR° are relevant _
at severaly vectors, as discussed in RE8]. (the deGennes narrowing relatigh2]), as shown in the

same figure. The MCT prediction for tleedependence of
is often very close to the relatiaii2).

VIIl. RELATIONSHIP OF STRUCTURE TO DYNAMICS

The results shown in Fig. 14, and the observed power-law IX. DISCUSSION

dependence of diffusivity, suggest that MCT is able to pre- We have presented extensive simulations that provide fur-
dict the dynamical behavior of SPC/E water in a wide rangeher evidence for interpreting the dynamics of the SPC/E
of P andT. As discussed above, the structure of the liquidpotential in the framework of of MCT. Our calculations also
changes significantly under increased pressure. To highlighgrovide a necessary test of the relation predicted between the
the effect of structural changes on dynamic properties, wejiffusivity exponenty and the von Schweidler exponebt
consider an approximately isochronic path—along wHth for a wide range of values and b. Our results support
remains nearly constant—such that the changes in dynamigterpretation of the experimental loclig(P) as the locus of
properties we observe on increasiBgare confined to their the MCT transitions.

g-vector dependence. We select five state points With e found that on increasing pressure, the values of the
=(0.030:0.009)x10 ° cnf/s: (i) T=220K, p  exponents become closer to those for hard-sphere2(58
=1.00 g/cnd, (i) T=210K, p=1.05g/cm, (ii)) T  andb=0.545) and Lennard-Joneg%2.37 andb=0.617)
=210 K, p=1.10 systems[53], thereby confirming that the hydrogen-bond
glen?, (i) T=210 K, p=1.20 g/cni, (iv) T=220K, p network is destroyed under pressure and that the water dy-
=1.30 g/cnd, and(v) T=240 K, p=1.40 g/cni. We show  namics become closer to that of normal liquids, where core
in Fig. 15 theq dependence of the-relaxation timer(q) repulsion dominates. A significant result of our analysis is
extracted from the fit of(q,t) to the stretched exponential the demonstration that the MCT is able to rationalize the
of Eq. (8). For all state points, thge dependence of follows  dynamic behavior of the SPC/E model of water at all pres-
the g dependence o8(q), as commonly observed in super- sures. In doing so, MCT encompasses both the behavior at
cooled liquids and in solutions of the fudtvector-dependent low pressures, where the mobility is essentially controlled by
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TABLE lll. Summary of the state points simulated with 1728 ing discussions and comments on the manuscript. We espe-
molecules to check for finite-size effects. For both state points, thejally thank S. Harrington for his contributions to the early
uncertainty in the potential energy is less the 0.04 kJ/mol. stages of this work. We thank the Boston University Center
for Computational Science for access to the 192 processor
SGl/Cray Origin supercomputer. F.S. is supported in part by
MUSRT (PRIN 98. The Center for Polymer Studies is sup-
190 1.00 —55.12 6+8 60 40 ported by the NSF Grant No. CH9728854.

200 1.00 —-5441 —-4x=7 0.0026-0.0007 30 35

p u P D teq  ldata
T (glen?)  (kd/mo)  (MPa) (10 %cmé/s) (n9 (n9

APPENDIX: FINITE-SIZE EFFECTS

the presence of strong energetic cages of hydrogen bonds, o o o
and at high pressures, where the dynamics are dominated by Some recent work28,29 indicates that significant finite-
excluded volume effects. We also showed how these strugize effects can affect results at temperatures close to the
tural changes are reflected in thelependence df(q,t). MCT T.. Most of our systems are farther than 5% frdm

Our results underscore the need to improve the dynamit-€-» T/Tc—1=0.05) so that the relatively small size of our
properties of potentials for realistic simulations of water andSystem should not affect our results. We simulated two inde-
other other materials. Of the many potentials available foPe€ndent systems of 1728 molecules at bbth200 and 190
studying water, only the SPC/E potential is known to displayK andp=1.00 g/cni to check if significant finite size effects
the power-law dependence of dynamic properties, but eve@Ppear at lowT. The results are shown in Table Ill. We
SPCIE fails to reproduce the power law quantitatively. AoObserve no significant deviations from the system of 216
recent study of the ST2 potentigs4] found that theT de- molecules atT=200 K. Hence we believe that no strong
pendence ob is consistent with an ArrheniuE dependence finite-size effects are present in the 216 molecule system for
for T=300 K, crossing over to another region of Arrhenius T=200 K.
behavior forT=<275 K[22], in contrast to the non-Arrhenius ~ However, atT=190 K, the potential energy of the 1728
behavior observed in real water and to our interpretatiodnolecule system appears to be significantly smaller than that
based on the MCT foff=T,. The presence of a loW- of the smaller system. We lack adequate computer resources
Arrhenius regime in the ST2 potential might be due to acti-to make a reliable estimate the diffusivity in the larger sys-
vated processes, which are expected to dominate the dyna®Mm, but simulations are continuing in order to check the
ics of fragile liquids belowT., as we observed for the possible flnl?e—5|ze effects at this temperature. From a physi-
SPC/E potential. Hence the ST2 potential may provide arf@l standpoint, the value d calculated at 190 K in the
excellent opportunity to study these activated processes on®nall system leads to the Arrhenius behavior wih
smaller time scale than is typically observed for most fragile~65 kJ/mol. This value is appealing, since it corresponds
liquids. closely the value oE obtained for an Arrhenius fit oD in

Finally, we stress that a full comparison between theoryce Ih [56]. In other words, at these low temperatures, the
and simulation data requires a complete solution of the reliquid is locally very similar to the crystal, and hence any
Cenﬂy proposed m0|ecu|ar-MC'(ff_he extension of MCT to reordering should require a similar activation energy. Of
molecules of arbitrary shapf24]. A detailed solution of the ~course, this does not preclude that the finite size of the sys-
complicated molecular-MCT equations in such large regiorfem may chang®.
of T andP values would require computational effort beyond ~ The most likely effect onD due to finite size, if any,
the present possibilities, but a detailed comparison betweefyould be to increas®, since at very lowT, the finite size

molecular-MCT and MD data for one selected isobar is unWould likely prevent the system from sampling some regions
derway[55]. of phase space that help to reorder the system, and thus dif-

fuse. If D could still be fit by an Arrhenius law, then the
value ofE would be smaller, and closer to that expected for
a strong liquid withT,=125 K (see the end of Sec.)V

We thank C. A. Angell, A. Geiger, E. La Nave, A. Beyond such an effect, we do not expect any significant
Rinaldi, S. Sastry, A. Scala, and R. J. Speedy for enlightenehange in the conclusions presented here.
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