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Slow Dynamics of Water Molecules in Supercooled States
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We perform long molecular dynamics simulations of liquid water in normal and supercooled states
for times up to 50 ns. We observe the onset of a cage effect at 0.25 ps followed by diffusion at much
longer time. The diffusion constant has a power-law temperature dependence. The long-time single-
particle dynamics of supercooled water is dominated by a two-step process, beta and alpha relaxations,
familiar in the mode-coupling theory of supercooled simple liquids. Over length scales comparable to
the cage size alpha decay is characterized by a relaxation rate hayitpay crossover close to the
kinetic glass transition temperature.

PACS numbers: 61.20.Ja, 64.70.Pf

There has been a well documented set of thermodylow-density amorphous ice [12]. Moreover, recent small
namic and transport properties of supercoole@Hhvhich  angle scattering experiments indicate that the correlation
indicates that specific volume, sound velocity, isobaridength of the density fluctuations in water, even-att °C,
specific heat, and isothermal compressibility of superdoes not extend more than 3.8 A [13]. Thus, the apparent
cooled water increase moderately strongly in the vicinityanomaly of the isothermal compressibility & may not
of Ts = 228 K or 49 deg below the temperature of maxi- be due to a thermodynamic instability.
mum density (TMD). It has been noted by Speedy and In this Letter we present evidence, based on molecular
Angell [1,2] that theT dependence of many thermody- dynamics (MD) simulations, thafs may be associated
namic quantities can be fitted, at some distance away fromwith a temperature of structural arrest due to the cage
Ts, to a power-law divergence of the typE/Ts — 1)™*.  effect that appears in deeply supercooled liquids. We
The values ofx depend on the measured quantity andfind that the single-particle dynamics in this hydrogen-
span an interval between 0.024 and 0.35 [2-5]. Transbonded liquid is consistent with the predictions of the
port properties, such as static shear viscosityinverse idealized mode-coupling theory (MCT) for supercooled
self-diffusion coefficientD ~!, and various experimental liquids [14], suggesting the identification dfs as the
relaxation timesr, on the other hand, diverge strongly on MCT glass transition temperature [15].
approachingl’s with an exponent in the range 1.5 to 2.5 Thus the nature of the singularity in transport proper-
[2-5]. In particular, it has been noted [6] that two scalingties of water is at least partially dynamic in origin. We
relations are valid. The produc3n/T and D7 remain  conducted MD simulations in th& VE ensemble, with
temperature independent within the investigated temper&16 molecules. The model potential used is the $BPC
ture range. [16], which models a single water molecule as a rigid

Interpretation of the thermodynamic origin @ can  set of interaction sites. The electrostatic long range in-
be cast in three widely discussed classes [3]. The firdieractions have been taken into account using the reac-
class suggests that the divergence of thermodynamiton field method [17]. Further details of the simulations
quantities is due to the existence of a reentrant spinodare described [18]. The SPE potential has been explic-
line which crosses the ambient pressure line Tgt itly parametrized to reproduce also the experimental value
[1,7,8]. The second class predicts the existence at ambienf the self-diffusion constant at ambient temperature and
pressure of low temperature inflections in the liquiddensityl g/cm® and it has been widely studied in recent
isotherms, connected to the formation of a low-densityyears [19,20]. Moreover, this potential is able to repro-
structure in the liquid [8,9]. The third one predicts duce a pressure-dependent TMD [9,20,21]. As shown in
extrema in the response function but no divergence upof20] the SPQE 1 bar isobar is characterized by a TMD of
supercooling at any pressure [10,11]. The second an235 K and a corresponding density 0626 g/cm’®. The
third classes associate the predicted maximum in the-40 MPa isobar is instead characterized by a TMD of
response function on cooling to the formation of patchesbout 250 K and a corresponding densityl 000 g/cm’
of four-coordinated hydrogen-bonded water molecules]21], in agreement with the experimental pressure depen-
i.e., to the development of a structure similar to thedence of the TMD line. We have decided to study a nega-
low-density amorphous ice structure. It is relevant totive pressure isobar, so that the density at the simulated
point out here that a recent neutron diffraction experimenpoints never exceeds g/cm’. Seven simulations have
of supercooled PO has shown that at-31.5°C the been performed at the state points indicated in Table I,
structure factor tends toward that of the correspondinganging from 35 deg above the TMD té5 degrees
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TABLE I. Simulated state points. 10!
T Dy E P D
(K)  (g/cm® (kJ/mol) (MPa) (1073 cm?/9) 0
10
2845 0984 —481 —73 =11 (13 =0.1) 10° 9
2585 0986 —500 —76*12 (52 *0.5) 107! e
2382 0987 516 —80*10 (1.4 *=0.1) 10! =10
2240 0984 —526 75+ 15 (44 % 0.4) 1072 v
213.6 0.977 —534 —78* 14 (1.1 = 0.4) 102 e
v -2

209.3 0.970 —53.8 -99 £18 (5.1 =0.9) 1073
206.3 0.966 —54.2 -90 £23 (1.8 = 1.1) 1073

260 2;0 3(I)O
1 0_3 L L L L T (K2‘
10° 10*

below, thus covering both the normal and supercoolec t(ps)

states of water, for time periods ranging from a few hun|G. 1. MSD of the center of mass vs timeOT = 206.3 K,

dreds of ps at higff’ to 50 ns at the lowest [22]. OT7T=2093K, & T=2136K A T=2240K, «T=
Several previous water MD simulations, starting fromt2h38-2 K, Vg - 25t8-5t,K’ ‘>tT0=25284-5 ][0” Thg g“r‘t’ﬁs ShOWt I

the pioncering work of Rahman and Silinger [23] havel7e, 20 efec String at 0,255, oloued by te eventua

analyzed the single molecule dynamics and its relation tQsohars. 's are from Table 1,0 from [20]. Full lines are

incoherent neutron scattering [23—25]. References [23power-law fit, respectively, given by = 13.93(T/198.7 —

25], based on a rather limited simulated time scale (ug)*” andD = 7.39(T/186.3 — 1)>?° whereD is in cn?/s and

to 10 ps at most) and limited temperature range, havé is in K.

shown that (i) the intermediate scattering function for

the center of masg,(Q, 1) is non-Gaussian [23], (ii) the Lennard-Jones spheres close to the ideal glass transition.

diffusive behavior of water molecules is not describableThe values ofD extracted from the asymptotic behavior

by a discrete jump diffusion [23,25], (iii) the major of MSD are shown in the inset of Fig. 1 together with

low frequency translational peaks are centeredSaénd the fitted curve to the power-law temperature dependence

175 cm~! [23,24], and (iv) the decay df,(Q.t) hasafast D = D,(T/T* — 1)?. We also show the values db

and a slow component, the time scale of which becomeffom [20]. For both isobars, the temperature dependence

increasingly disparate upon supercooling [25]. of D is well described by a power law, as in real experi-
In the following we present the most significant resultsments [4]. T* andy are pressure dependent. The differ-

of the analysis of our long time scale and deeply superence betweerT™ and the corresponding TMD is always

cooled MD simulations. We focus on those quantitiesabout 50 K. We note also that the difference betw&en

which are traditionally examined when studying dynamicand TMD in real water is also about 50 K. Henceforth we

behavior of supercooled viscous liquids undergoing a kisuggest the possibility of interpretiriy as the tempera-

netic glass transitiora la mode coupling [14,26]. The ture of structural arrest. The differences jnbetween

reason for this parallel is that the dynamic properties ofeal water and the two simulated isobars are consistent

water nearTs show many analogies with respect to thewith the experimentally observed sensitivity pfon pres-

phenomena near the temperature of structural affess  sure (see Ref. [4]).

discussed by MCT [14,15,26]. These analogies will be In Fig. 2 we presentF(Q,) in the time interval

discussed as we proceed. A more detailed account of th®)~3 < r < 10* ps. In the7 range investigated, the

present work will be published in a separate paper. Indecay of F,(Q,t) is clearly described by two relaxation

Fig. 1 we show the mean square displacement (MSD) ofrocesses. The time scale of the two relaxations becomes

the center of mass as a function of time for different tem-more and more disparate as water is supercooled. We fit

peratures. The curves have been plotted in a log-log scalgl the curves rather well by the following equation:

in order to display better the flattening-out behavior of . —(t)7.) —(t)7)P

the MSD at intermediate times. For lower temperatures Fy(Q,0) =[1 = A(@)]e™ "™ + A(Q)e™/™, (1

the molecules appear trapped in a cage for a considerabl¢ghere A(Q) is the Debye-Waller factor arising from the

amount of time before starting to diffuse away. For thecage effect,r,; is the short relaxation time, and; is

lowest temperature the MSD becomes almost flat starthe long relaxation time. For all temperaturegQ) =

ing from 0.25 to about 100 ps; thus the particle remains:~¢’2"/3, with « = 0.50 * 0.03 A suggesting that during

trapped for three decades in time. Note that the onset dhe fast process the center of mass of the water molecule

the cage effect appears always at the same time, 0.25 gs,constrained in a cage of radius

regardless of temperature. This is completely analogous Note thatA(Q), which plays the role of a nonergodicity

to the recent results [27] obtained for a binary mixture offactor [14], is such that at lowQ we mainly see the
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solig FIG. 3. 1/7; vs Q. Solid lines are guides for the eye. Inset

FIG. 2. F(Qmx,1) VS time (symbols as in Fig. 1). DQ? vs Q at different7. (Symbols as in Fig. 1.)

lines are calculated according to Eq.(1). The inset shows th& 7/
T dependence of the exponept associated with the slow
relaxation.

expects to haveg)-dependent; and we suggest that in

. . the case of water this scaling relation may be modified
slow relaxation, while at the peak of the structure factorby including the 0-dependent factor as shown above
Omax, W See bOth the fast and the slow rengatmnsWe also examined in some detail the intermediate time
Clearly the Gaussian form of the fast relaxation cany.pavior of F (0.1). In MCT, the initial part of thea

) ) . 3

be only an approximate one, because the short timgyayation is given by a power law in time with exponent
behavior of F,(Q,t) would have to reflect all the low ,andb is a function ofy, the power-law exponent ab

frequency spectral features of translational motion o — T*. We fitted the run at the lowest temperature by

water molecules, which were extensively investigatedya yon Schweidler power-law decay in the range from 4

before [23-25]. The novel point discovered for they, ggq ps and obtaingd = 0.5 which, using the universal
first time in our simulation is that, around and abovescaling relations of MCT, leads tp = 2.75. This value

Omax, the slow relaxation part of ”.WS(Q’.I) changes is consistent with our analysis &f.
gradually from an exponential behavior at higtio a well In summary, we have shown that the experimentally

defined stretched exponential decay. The stretch exponegfcarved power-laW dependence ab may be related to

gpproa(ljches tpe vilue 0'7.3 ﬁﬁappr(_)ac?]es]j - Its Th cage effects similar to the one observed in simple liquids
e[()jen er&ce oQ . QmathShS own in the inset. The close to their MCT glass transitiofi [14,15,27]. Thus,

Q dependence op is such thal goes t0 1 ag) goes ;¢ findings support the view that no thermodynamic

t0 0. Both th_eT and theQ _dependence 9B are t_hus in instability is required to explain the anomalous behavior

agreement W'th. the prediction of MCT [14], in spite O.f the of transport properties in supercooled water n&gr

fact t_hat water is a hydrogen-bonded molecular liquid. - \ye haye also shown that the long-time behavior of the
It |s_remarkable to observe. 'ghat @ax the slow single-particle dynamics is characterized by a two-step

relaxatlon IS alrea_ldy clgarly V'.S'ble 12 Qeg pelow theprocess where the indicésand y are connected by the

TMD which is easily realizable in a quasielastic neutrony,ct njversal relations. We propose a simple model for

scattering (QENS) experiment of bulk water.  Figure 35 5 ) that can also be used to analyze the line shape of

?I\ﬁeSl/Tz VS Qh 'T. a Iog—:]qg F;:Ot.' Itis Teen t?at thg d?ta future high resolution QENS experiments to extract¢he
ollow a straight line within the interval of of practical 7 dependence of the correlation time

interest. At the highest temperature the slope is 2 and at p 5 acknowledges financial support from the
lower temperatures the slopes gradually change to 1. IR, ,ndations Angelo Della Riccia and Blancleflor

the inset we show the degree of validity of the ConStaanoncompagni-Ludovisi Research of S.H.C. is funded

of the productr;Dg* as a function off and Q. It is by U.S. Department of Energy. Research of F.S. and

seen that at higher this product is nearly constant but, 5" g supported by GNSKCNR and INF/MURST
for the last two lowesf's, it deviates significantly froma =~ '

constant at higl®. In real water D7 is constant [6]. Our
MD results give additional information o@ dependence
which can be tested by scattering experiments. We notgy) r.J. Speedy and C.A. Angell, J. Chem. Phgs, 851
here that the MCT of kinetic glass transition predicts (1976).

that D~' and thea-relaxation timer; diverge with the  [2] C.A. Angell, in Water: A Comprehensive Treatisagited
same exponent nedt*. However, asQ increases, one by F. Franks (Plenum, New York, 1981), Chap. 1.

2732



VOLUME 76, NUMBER 15

PHYSICAL REVIEW LETTERS

8 ARIL 1996

(3]
[4]
5]
[6]
o
(9]
(10]
(11]

(12]

(13]

(14]
(15]

(16]

[17]

[18] Periodic boundary conditions are used. The time steg23]

P.G. Debenedetti, “Metastable Liquids” (Princeton Uni-
versity Press, Princeton, NJ, to be published).

E.W. Lang and H.-D. Lidemann, Angew. Chem. Int. Ed.
Engl. 21, 315 (1982).

J. Rouch, C.C. Lai, and S.-H. Chen, J. Chem. Pl§6;.
5031 (1976).

G. Sposito, J. Chem. Phyg4, 6943 (1981).

R.J. Speedy, J. Chem. Phy6, 982 (1982).

P.H. Poole, F. Sciortino, T. Grande, H.E. Stanley, and
C.A. Angell, Phys. Rev. Let{r3, 1632 (1994).

P.H. Poole, F. Sciortino, U. Essmann, and H. E. Stanley,
Nature (London360, 324 (1992).

H.E. Stanley and J. Teixeira, J. Chem. Phy8, 3404
(1980).

[19]

uniform density beyondr.. The MD code used here
to calculate the SP(E trajectories is the same used in
Ref. [21] where further details are given. During the
equilibration time, 4, a heat bath [H.J.C. Berendsen
et al.,, J. Chem. Phys81, 3684 (1984)] has been used
to allow for heat exchange. Simulations at Idwhave
been started from equilibrated configurations at higher
Equilibration has been monitored via the time dependence
of potential energy. In all caseg, was longer than the
time needed to enter in the diffusive regime (see Fig. 1),
i.e., (r2(teq)) larger thanto A2,

Y. Guissani and B. Guillot, J. Chem. Phy88, 8221
(1993); P.E. Smith and W. F. van Gusteren, Chem. Phys.
Lett. 215 315 (1993).

S.S. Borick, P.G. Debenedetti, and S. Sastry, J. Phyg20] L.A. Baez and P. Clancy, J. Chem. Phyd)1 9837

Chem.99, 378 (1995).

M.-C. Bellissant Funel, inHydrogen-Bonded Liquids,
edited by J. Dore and J. Teixeira (Kluwer Academic
Publishers, Dordrecht, 1991), NATO A%1329 p. 117;

J. Dore, inCorrelations and Connectivityld. E. Stanley
and N. Ostrowsky (Kluwer, Dordrect, 1990), p. 188.

Y. Xie, K.F. Ludwig, Jr., G. Morales, D.E. Hare, and
C. M. Sorensen, Phys. Rev. Leftl, 2050 (1993).

W. Goétze and L. Sjogren, Rep. Prog. Ph§5, 241 (1992).
A.P. Sokolov, J. Hurst, and D. Quitmann, Phys. Rev. B
51, 12865 (1995).

H.J.C. Berendsen, J.R. Grigera, and T.P. Straatsma,
J. Phys. Chemf1, 6269 (1987).

O. Steinhauser, Mol. Phyd5, 335 (1982).

for the integration of the molecular trajectories is 1 fs.
Specific sites on different molecules in SAC interact

via either Lennard-Jones or Coulomb potentials. The
interaction between pairs of molecules is calculated

explicitly when their separation is less than a cutoff [24]

distancer. of 2.50, where o is the length scale in the
Lennard-Jones part of the SPE The contribution due
to Coulomb interactions beyond. is calculated using
the reaction-field method, as described by Steinhauser

(1994).

[21] P.H. Poole, F. Sciortino, U. Essmann, and H. E. Stanley,

Phys. Rev. E48, 3799 (1993).

[22] Densities have been chosen on the basis of trial and error

preliminary runs. The corresponding pressures for the
chosen final densities are reported in Table I. We have
preferred to work in theNVE ensemble to avoid the
interference of the dynamics of the pressure bath with
the dynamics of the system. Note also that the density
dependence of the diffusion coefficient over the small
range of densities studied.966—0.990 g/cn?) is much
smaller than the temperature dependence [see F. Sciortino
et al., J. Chem. Phys96, 3857 (1990); |. Vaismamet al.,

J. Chem. Phys98, 9859 (1993)].

A. Rahman and F.H. Stillinger, J. Chem. Ph$$§, 3336
(1971); F. H. Stillinger and A. Rahman, J. Chem. PIg&.
1281 (1972); F. H. Stillinger and A. Rahman,Molecular
Motions in Liquids,edited by J. Lascombe (D. Reidel
Publishing Company, Dordrecht, 1974), p. 479.

R.W. Impey, P.A. Madden, and I.R. McDonald, Mol.
Phys.46, 513 (1982).

[25] J.J. Ullo, Phys. Rev. 86, 816 (1987).
[26] J.-P. Hansen and S. Yip, Transp. Theory Stat. PRys.

1149 (1995).

[17]. Also, the contribution of Lennard-Jones interactions[27] W. Kob and H.C. Andersen, Phys. Rev. T, 4626

between pairs separated more thanis included in the
evaluation of thermodynamic properties by assuming a

(1995);52, 4134 (1995).

2733



