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Nature of self-diffusion and viscosity in supercooled liquid water

T. V. Lokotosh! S. Magazif G. Maisand and N. P. Malomuzh
!Department of Theoretical Physics, Odessa State University, 2 Dvorjanskaya Strasse, 270100, Odessa, Ukraine
%Dipartimento di Fisica dell'Universitadi Messina and INFM, Contrada Papardo, P.O. Box 55, 98166 Sud Agata, Messina, Italy
(Received 5 January 1999

The nature of the simplest transport processes in water, namely, self-diffusion and shear viscosity, is ana-
lyzed on the basis of a version of the microinhomogeneous structure model. The study predicts the existence
of locally ordered groups of molecules, taking into account considerations of acoustic properties, light scat-
tering, and computer simulation findings. In particular, it is shown that the anomalous properties of water in
supercooled states are mainly connected with the existence of quasiordered regions, which we call clusters.
Furthermore, the spatial sizes and evolution times of the crystal-like clusters, as well as the temperature
dependence of their fraction volume, are established. Special invariants of the characteristic parameters of
molecular motion are pointed out. Finally, it is shown that the self-diffusion in supercooled water is caused by
the processes of formation and destruction of crystal-like clusters, while the processes of internal partial
reconstruction give the main contribution to the shear viscosity coefficient.

PACS numbse(s): 61.20—p, 66.30.Fq, 62.16:s, 62.20-x

[. INTRODUCTION appearance of the ordered regions in the continuous H-bond
network were given if7]. On the basis of such a picture the
In comparison with the majority of one-component lig- negative sign of the thermal expansion coefficient in the su-
uids, water shows many unusual properties in its normal angercooled region and in the normal one near the melting
supercooled states. The connection of these water anomalipsint, the increase of isothermal compressibility and of
with subsystems of strong H bonds becomes evident by conheat capacityCp on cooling, and also the anomalies of other
paring water with its homologue 43. It is sufficient to note thermodynamic properties of water get a natural and consis-
here that, for example, the melting temperatures g8 ldnd  tent explanation. The estimate of patch size obtained in ex-
H,O differ from each other by about 100 K, and that, in periments on x-ray scatterir@] is approximately 8—10 A.
certain temperature ranges, the temperature expansion coef-In [10—15 the details of water microstructure were speci-
ficients and the temperature derivatives of thermoconductiviied step by step and corresponding mathematical models
ity even have different signs, etd,2]. were formulated. A classification of the supercooled states
To explain the observed peculiarities of water propertiesyvas proposed. While liquid or amorphous water have never
different approaches have been propog2dl15. Many ef-  been observed experimentally in the region below the line of
forts have been made toward a more adequate account of themogeneous nucleatioh,(P) down to the lineTx(P)
crystal-like structure of water. If8—6] the existence of finite above which amorphous ice crystallizes, numerous computer
size microregions with icelike structure and with irregularity simulations of noncrystalline water in this regiph6—21]
in their dispositions was hypothesized. In these publication§iave been very successful and give much information for
an important role was attributed to the water molecules thatheoretical discussion. There are reasons to as$lithel4
fill the cages of icelike patches. Although this model allowedthat a new unusual point, close to the critical one, exists in
the authorg3—6] to explain qualitatively the behavior of the “no man’s land.” It is evident that its existence influences
thermoconductivity, thermal expansion coefficients, andhe properties of water in the supercooled and even in the
some other physical quantities, it is not self-consistent: thenormal state.
attempts to reproduce numerically the different thermody- Unfortunately, many important questions concerning the
namic characteristics and to furnish reliable values of the kefine details of patch microstructure and also the specificity of
parameters of the model failed. Besides this, ignoring théhe relaxation processes in a system containing nanosize for-
time evolution of the icelike framework does not allow an mations were discussed [iii] only briefly. The time of rota-
adequate description of the viscoelastic properties of watetional relaxationrr was the only kinetic characteristic stud-
And what is more, the nature of self-diffusion, as the sim-ied in [7] within a special one-particle model, for which the
plest transport process, remains unclear within this approaclapplicability should be more carefully motivated. Also, the
Another approach to the structure and thermodynamic andature of the surprising empirical relatiorD 7=2
kinetic properties of water was developed T-15), initiated X 1076 cn?, D being the diffusion coefficient, holding in a
by H. E. Stanley. According to this approach, the structure ofvide temperature intervdR3] was not quite understood in
water is inhomogeneous: small “icebergs” of nanosizes ar¢7].
imbedded in a highly connected network. These small com- To describe the crossover in the density of stgié®)
pact groups of strongly bonded molecules, forming three opbtained in experiments on depolarized light scattef24
four hydrogen bondsgso called patcheswere supposed in and also to explain the temperature dependence of the cross-
[7-9] to be spatially separated from weakly bonded mol-over frequencyw,., a fractal structure of locally ordered mi-
ecules with no or one H bond. General arguments about theroregions of strongly bonded molecules was hypothesized
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[24,29. But, unfortunately, a clear physical idea about thegreater than the typical time scate-1/Vy, wherel is the
possible nature of the fractal ordering in water has not beefhtermolecular spacing, and; the velocity of the thermal
presented. . o motion. The number of molecules forming a cluster, in

In recent years the properties of water in its supercoolegyiner words. its siz®~=9-10 A) as will be shown below
states have been studied in great detail by light scattering|iows from the demand of its stability. The same estimates
[22,24,26,27, x-ray and neutron scatterin@8—30, com-  paye been obtained in experiments on x-ray scatteiflg
puter simulationg16-21), etc. The results of these experi- 4nq in computer simulation&l8—20. The fact that the re-
ments testify unambigiously to the existence of several difsts obtained in different ways are in perfect agreement with
ferent spatial and time scales in supercooled water structuigach other testifies to the reliability of the cluster size esti-
and dynamics. But no theoretical attempts have been made [gate Further consideration confirms that both the conditions
classify and explain the whole set of available expenmenta{l) and (2) occur in the supercooled region.
data. _ o The number of H bonds per molecule is not the only

The present work addresses an investigation of the naturigynortant characteristic of molecular order in the system. To
of self-diffusion and viscosity in the supercooled states ofaye into account the spatial orientations of the H bonds we

water. In Sec. Il we deal with the microinhomogeneousy, st introduce an additional paramejer which is defined
structure of water and introduce the concept of a quasioryg

dered cluster characterized by a space-time structural hierar-

chy. Interpretation of the results obtained in computer and 1 N

molecular light scattering experiments within this cluster x(N)=—= 2 ,2 (2
model is carried out in Sec. lll. In Secs. IV and V we present Ni=

an analysis of the mechanisms of self-diffusion and shear o .
viscosity where the summation is carried out over a compact group of

N molecules and
Il. CLUSTERS AS THE ELEMENTS OF SUBSTRUCTURE 0;=(n{xny- ("D x A+ (AP x nd). (AP x )

The most important structural element of water in its nor-
mal, supercooled, and crystal states is the H bond. The speci-
ficity of the latter is connected with the noticeable energy ofa(i) ~0) ) ) )
its formation, its sharply directed character, and strong cor1’» - - - Ny’ are the unit vectors along the lines connecting
relations in the coordination of the relative directions of Hthe oxygen atom of theth molecule with its two protons and
bonds formed by one molecule. Linear H bonds have a tetto the two maxima of the effective negative charge density.
rahedral coordination, i.e., the angles between H bonds afeor hexagonal iceg=0, since multipliers of the typeﬁﬁ')
close to those between the lines connecting the center of &ni) and Y xn{) are orthogonal to each othare ne-

tetrahedron with its vert_ices. Because of these properties, hb‘lect thermal fluctuationsFor liquid water the parametar
drogen bonds strongly influence the local structure, and, as @&, serve as a measure of H-bond bendings. It is naturally to

consequence, the thermodynamic and kinetic properties Qfynect thaty has essentially different values for clusters of
water. To reveal the mechanism of this influence the interregifterent types.

lation between the H-bond structure and features of the water Now we want to mention that the time evolution of clus-

molecule must be taken into account. o ters can be essentially different from the time evolution of
The simplest and most important characteristic of the Hyne gyrroundings. In particular, let us consider a cluster of the

bond network is the average numper _of H blon{zlsform-ed first type for which(y).=4 andy.=0 (the symbolc indi-

by some moleculey=(4;). At equilibrium ¢ is a function  cates that the averaging is carried out over cluster mol-

+(n)xnfp) - (n)xng)). 3

of temperature and pressure only: ecules. If the size of such a cluster is large enough, its struc-
ture is close to that of hexagonal itg. The main elements
p=p(P,T). (D) of the ice structure, as is well known, are hexagonal rings of

H bonds. The hexagonal rings correspond to the most ener-
On increasing the temperaturg, decreases smoothly from getically preferable and stable H-bond configurafidg]. As
its value ¢,,=2.6 at the melting temperature to the valuea result, the lifetime of such a cluster, a crystal-like cluster
¥,=1.8 at the boiling temperatuif@1]. Upon supercooling (CLC), should be essentially greater in comparison with the
¢ increases, approaching the valyg=4, inherent to ice, time evolution of the H-bond configurations outside it. In
crystal or amorphous. While the possible valueg/pére not  other words, the CLC can be treated as an element of a
very large, the deviationg; — ¢ will be of the same order of substructure, which reveals itself as a formation on the su-
magnitude ag/. They are smaller the greaté(P,T) is. All permolecular level.
the molecules of the system can be partitioned into three The minimal size of a CLC is strongly connected to its
subsets for whichy,>int[ ], ;=int[ ], and ¢;<int] ], stability. To provide stability, the CLC must contain several
where inf- - -] denotes the integer part of a number. Com-rings of H bonds oriented in different planes. One can verify
pact groups of molecules of the first or third type will be that this condition is satisfied for clusters with sizg
called clusters. =2ry, Iy being the diameter of the hexagonal ring in ige

Clusters essentially influence the properties of a liquid ifTherefore, the minimal size of a long-living crystal-like clus-

(1) they have mesoscopic sizes, i.e., each cluster contains nter estimated in such a way is about 10 A. Experiments
less than 20—30 molecule$?) their lifetimes are much [18,19 reveal the existence of qualitative changes in water
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structure exactly on such space scales. In our opinion, thehereT,, is the melting temperature,,=0.902 g/cri, and

results of computer simulationd8,19 can be viewed as (dpice/dT)|r =—4X10 % glen?K [1].

being in favor of the cluster concept of water structure. Itis The numgrica| values op(T) obtained with the help of

also reasonable to expect that the average size of a CLC Wilbymyla (5) for several temperatures ag(273 K)=0.11;

smoothly increase as the temperature is lowered. #(253 K)=0.31; $(243 K)=0.41. The estimatel8] of the
Clusters with binding energy and number of H bondSye|ative number of molecules that belong to crystal-like

smaller than their average values will be called gaslike clusgrame are essentially greater. Sq8] near the melting point
ters (GLCs). The structure of these clusters, in contrast to— gg.

that of CLCs, is determined, to a great extent, by bifurcated The role of the crystal-like structure seems to be espe-

hydrogen bonds which spoil the tetrahedral nature of thecially important at the temperatufe<T,,, whereT,, is de-

H-bo_nd_ coordination. _ fined by the equation
It is important to note that the notion of CLCs does not

coincide with that of the nucleus of a new phase. In fact, |AD(ry)|~kgTh, ®
nuclei of hexagonal ice can form only a subset of CLCs with
the mean valué ). close to 4 and the parametgy). near  where Ad(r,) is the volume contribution to the formation
to zero. The accumulation of structural defects in small clusenergy of an icelike nucleus of size=r,,. The valueA®
ters is responsible for the growth of the expectation time okan be estimated by using the formuug)~rﬁpL7-m, where
the critical nuclei at a particular temperature in comparison_ js the heat of melting andy,=(T—Ty)/Ty [note that we
with the case of simple liquids. neglect the surface energy in E8) since it is not connected
It is evident that at different values of temperature andwith structurization effectls Using Eq.(8) we obtain for
pressure the relative role of clusters of the two types is not, 7y, ~kgTy /rﬁLpz(o_m_o_l)_ The correspoinding
the same. Near and above the boiling temperature the domj|ye ofT, is T,~260 K. In this temperature range the spe-
nating role is played GLCs. On the contrary, the clusters Oific volume ¢ occupied by CLCs, becomes essentially dif-
crystal-like type determine the peculiarities of water near thggrent from zero. The lower limiting value af can also be

melting point and in the supercooled region. _ estimated with the help of nucleation theory. In accordance
Let ¢ be the relative volume occupied by CLCs. To esti-yyith (34,35,

mate the magnitude and the temperature dependenge of
the following arguments can be used. The densities of the 47 rlo
system inside and outside crystal-like clusters differ notice- ¢>ex;{ 3k T)’
ably from each other. Therefore, the average densitf a B
system can be approximated by the expression

(€)

wherer, is the averaged size of the nucleus ands the
surface tension. Sinceg,=r,~3 A, we obtain ¢(T)
P(M=(pcLey MM +(pup)l 1= (M1 4 —oxd— (T M(olo)], where o, ~10 ergsfcr. The sur-
face tensionr has the same order of magnitudes [34].
The values ofg(T) calculated in such a way are consistent
with our estimates given above.

The average value of the densifyc c)) inside CLCs can
be put with suitable accuracy equaldp. for hexagonal ice.
On the other hand, the density(ou) outside CLCs is due ) o4 ;5 consider now the dynamical properties of super-

to_moleculesbthat l_aelon% to_(ﬁLﬁZshar;d t? |nterc|u|sth bo?nﬁbooled water. The slowest evolution process in the system is
aries. It can be estimated with the help of extrapolation of the,,\nected with the largest scale formations in it and thus will

water densityp, =p(T,) from a temperaturd, far above o getermined by the rebuilding of CLCs. Therefore, the
the melting pointwhere water exhibits normal behavido 5\ erage lifetimer, is one of the characteristic times of the

supercooled region. Applying linear extrapolation we get  gysiem The destruction of a CLC occurs in several steps due
to some sequences of reconstruction of H-bond microcon-

H(T)= P(T)~ pexdT) 5) figurations. These reconstructions, inside the CLC and out-
Pice(T) = pexd T)’ side it, are due essentially to the same mechanisms that are
responsible for the dielectric properties of water and ice. For
where this reason we introduce a second characteristic timelur-

ing which the microconfigurations of hydrogen bonds remain
ap practically unchanged. For molecules inside and outside
PexdT) =Py +(T_T*)ﬁ : ®  cLCs the timer, can be interpreted as a residence time for
T the molecules. On the time scate the processes are par-
tially irreversible, while on the time scale. they are com-
pletely irreversible. It is natural to expect thatand 7, sat-
isfy the inequality

For T, we use the valu€el, =350 K [the corresponding
valuep, =p(T,)=0.954 g/cm and the temperature expan-
sion coefficient is gp/dT)|r =—8x10"* glen? K [33]].

The temperature dependencem®f, is also described by a > (>) n>1, T<T,, (10
linear extrapolation:
wherery~alvt, abeing the interparticle spacing anel the
Ipice average velocity of the thermal motion. The inequality)
Pice( T =pm*+(T=Tm)—7=| (1) is greater the deeper the supercooling is. The ratibr,
Tm depends in the main on the average size of the clusters. As
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long as this size changes insignificantly, the ratio will be t
almost constant. For deep supercooling andT,, the cor- ‘Dﬁ(t):q)(T—m), (12
relation betweerr, and 7. is violated. M
The timest; and 7, do not represent the full set of char- where
acteristic times for water in its supercooled states. First of all,
we must consider also the timg during which the H bonds m(K) =1y + 7i(K). (13

of molecules remain practically invariable. In the whole su- )
percooled temperature rangg=0.1-0.2 ps. The time 7, has the same nature and the same order of

One more characteristic time,, is connected with the Magnitude as in simple liquids; it tend§ to the relaxation time
relaxation of transverse excitations in the system. The speci for large values of the wave vectdk|=1/r,. The addi-
ficity of these excitations is caused by the microinhomogetional term (k) is connected with the tensor part ).
neous structure of water fok|~ 1/r . and will be considered The longitudinal part of the autocorrelation functib(t)
in more detail below. should have a more complex structure, because the local

density depends both on the volume fraction of CL@s,

and on the scalar parameteysT 2),,. As noted above, both
these have an identical time behavior. Theg(t) is ex-
pected to depend at least on two characteristic times of dif-

The analysis of cluster-formation phenomena in superferent physical nature. In the simplest case,
cooled water and of the corresponding set of characteristic
times enables_ us to mal_<e certain predictions a_bout the qhar- Fi=F,
acter of the time evolution of correlation functions for dif-
ferent physical quantities. The simplest, but also the most
important, is the current-current correlation function
(Ji(t)I_i(0)), where Ji;=(1/N)=N ,V;exp(k-r). The
time evolution of the transverski(t) and longitudinaF g(t)
parts of this autocorrelation function is determined by differ- | T if K=,

1

Ill. TIME EVOLUTION OF THE CURRENT-CURRENT
AUTOCORRELATION FUNCTION

+F
T1 2

t
—) . (14)

72

Of the two relaxation times,7, only the first one is
connected with the oscillation motion of molecules, and must
have a strong spatial dispersion:

ent mechanisms, but both these quantities depend essentially
on the value of the wave vector. More precisely, the micro-
inhomogeneity of the supercooled states in water initiates the
k dependence of the respective relaxation times for wavd he value of the second relaxation time appears to be close

vectors I <|k|<1/a, wherea is the interparticle spacing t0 7¢ for all values offk],
andr. is the cluster size. .
First of all, we must take into account that the transverse oK) =71+ ya(K),  ya<tc. (16)

modes are not directly connected with variations of densityTh Kk d q of | d by th Linfl
the last being dependent mainly on the relative volume of "€ Weakk dependence of is caused by the mutual influ-

CLCs, ¢. Therefore the characteristic time, describing ence of the relaxation process and acoustic wave spreading.
the slowest evolution in the system, will not affect the be- O_n the ba5|_s Of our appro_ach let us discuss the results of a
havior of d(t). In contrast, the reconstruction of H-bond detailed quantitative analysis of the current-current autocor-
microconfigurations in the t’ime interval , ] will influ- relation function for the supercooled states of water, per-

ence both the transverse and the longitudinal modes. Wit rmeq in[18,19 by molecular dynarmc(;le) s!mu!anons. .
. ~ N he different transverse and longitudinal contributions to this
the help of the unit vectons,, ... ,n, [see Eq(10)] we can

X autocorrelation function were approximated by simple expo-
construct the following tensor parameter: nents. It was shown that the transverse part of the autocorre-
lation function can be approximated with sufficient accuracy

N by one exponent witlk-dependent relaxation time. The de-
TO=3 [(nP+nP)o(n$+nP)+(n{+nd) pendence of the latter on wave vector is significant only for
=t |k|=0.1 A%, which is in good agreement with the estima-
(11) tions of the smallest size of the CLC. The comparison of the

expected and observed values of relaxation times also sup-

ports our assumptions.
Here® designates the direct product of vectors. Teng8t For the description of the longitudinal component of the
appears to be the sum of two irreducible parts: scalar angurrent-current autocorrelation function the auttjd con-
tensor ones. The tensor part vanishes in the case of tetrahgidered two exponents with relaxation timggk) and (k)
drally coordinated H bonds. Both parts Bfchange consid-  Which differ in order of magnitude and also in thkidepen-
erably on the time scale on which H bonds undergo sub- dence. The order of magnitude and the position of the spatial
stantial distortions that lead to their rupture and to thedispersion region allow us to identify the smaller time
formation of new microconfigurations. From here it follows With that described by Eq15). The strong temperature de-
that the time evolution of the transverse part of the currentpendence of (k) is an additional argument in favor of such
current autocorrelation function will be determined by thean assumption. The spatial dispersion of the second relax-
expression ation time is weak. On lowering the temperature from the

. (15
7 if O<|k|<llry,.

o (R4 ) + (RP+ ) () + 7)1
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TABLE I|. The characteristic times. and 7, as well as their S(t)=(Ar2 =2
. : . =(Ar7,(t —(Ar7,(t ,
ratio 7./ 7, at different temperatures, according[f]. (D=(Ar3(1) e —(Arit))ne

T(K) 284 258 238 224 213 209 206 whereArlz(t)zrlz(t)—rlz(O) is the change in the relgtive
7 (pS) 14 37 12 24 86 147 500  distance between two molecules that were nearest neighbors

att=0 and(- - - and(- - - denote the averaging over
7 (P9 85 216 745 243 1220 2980 7500 the subsets<of F>|IgBand I\EB m>c';llgcules. This functio% a?lows us
I 61 58 6.1 101 142 207 153 togive a precise description of the memory effects as well as
T to characterize the processes of microconfiguration rebuild-
ing. The valueS(t) reaches its maximum at a momenthat
is 4-5 times smaller thaty,. So again we meet with the
melting point down to the spinoddmore specifically, the manifestation of at least two different time scales describing
characteristic temperature that in the majority of work is in-the molecular processes in water.

terpreted as a point on the spinogat, changes by several Important information on relaxational processes in water
orders of magnitude. These properties of the tipsuggest can be obtained by using light and neutron scattering, etc.
identifying it with the mean lifetime of a CLC. The frequency dispersion of the longitudinal sound velocity

The experimental data reported[it6] can be used for an and absorption coefficient in supercooled water have been
independent accurate determination of the residence tjime carefully investigated in experiments on polarized Brillouin
of a molecule. In fact, in the cited work in addition to the light scatterind27]. It was shown that the dispersion curves
current-current autocorrelation function, the time depenfor hypersonic velocity and absorption coefficient can be ap-
dences of the mean-square displacement of the moleculggoximated with good accuracy by one-Lorenzian functions.
<AF2(t)) and the non-Gaussian parametet(t) Calculations of the structural relaxational timg have been

=5(5F4(t))/3(<5F2>2)—1 were carefully studied. Since in made for the cases of two limiting assumptiofiy:the shear

the time interval (Oz) the motion of a molecule is quaside- relaxation timer, is considerably smaller than, (7s<7,);

termined and at>(>) . it has a simple diffusional nature, .(2)th an(: 7, aré equde};f(-szrv). fTh? valfuis;frvdobtained I
it is natural to expect that the functiam,(t) will reach its In these two cases difier by a factor of 1.5 and areé smafler

maximum value at=7,. In other words, at~ 7, , the fea- than those obtained in computer experimdi®] (by about

tures of irreversibility become noticeable. The formula three time% Here '.t IS V\_/orth not_lng, that direct comparison
of the results obtained in experiments and computer simula-

tions is not always correct because of the strong dependence
t of MD simulation results on the chosen potential. But what is
) o THSUS TG, 17 more important is that the temperature dependeneg talls
off from the Arrhenius one approximately at the same tem-
perature at which the ratig./ 7; begins to grow rapidly. This

which follows for reasons of dimensionality, fits the experi- ¢t finds a simple explanation within our representation: the
mental datd16] with good accuracy. It is necessary to note, 5jue of the activation energy, as well as the ratid 7,

az(t)=a2(

7

that a(t) reaches its maximum value exactlytatr . remains almost constant until the cluster average size
The values ofr, and also the values of, the last being changes significantlysee Table)l
identified by us with the relaxation tims, of the longitudi- A more detailed analysis of the time dependences of the

nal component of the current-current autocorrelation funCyean-square displacements of molecules obtaingbifor

tion, taken fron{16], are given in Table I. It is worth noting  gjtferent temperatures allows us to point out the invariants
that the ratior./7 remains nearly constant within a large

gir:)onugh temperature interval, including the supercooled re- (AFZ(TH(T))>:I1:O.3 A2
The results of computer simulatiof1] can also be con-
sidered as confirmation of the proposed picture. The thermal
motion of one water molecule and also the time behavior of -
the interparticle spacing between two molecules that were (Ar?(r(T))=13=8 A?
nearest neighbors dat=0 have been studied if21]. The
following characteristic possibilities were investigated: two
molecules belong at=0 to groups of(1) hydrogen-bonded
(HB) molecules and?2) not-H-bonded(NB) ones. It was
shown that the mobility of the NB molecules at the early The above relations can be considered as independent
stages of motion is much greater in comparison with that of . " S as indep
the HB molecules. But for the time=t,, a complete loss of principles for determination of the characteristic times,
the memory effects is observed. The valuetgfis close to 7, andr.. Thus, the value/0.3 A2=0.5 A has the mean-
the lifetime of the CLCs:t,,~20 ps atT=245K [21], ingofthe mean-square ampl'ltl'Jd_e of translational oscnlatlons
(245 K)=30-40 pgsee Table)l To reflect more strongly of water molecules in the vicinity of the temporary quasi-
the difference in the relative thermal motion in the pairs ofequilibrium positions. Another value i§0.8 A2=0.9 A; it
HB and NB molecules, it is expedient to consider the differ-is close to the well-known value of the maximum deforma-
ence in the mean-square interparticle spacings for HB antlon of a linear H bondusually, one speaks about H-bond
NB molecules, formation if the O-O distance is in the interval 2.6-3.4 A.

(Ar?(7(T)))=1,=0.8 A2,

in the whole temperature interval of the supercooled states.
Note that in the same temperature interval the values of the
relaxation timer., self-diffusion coefficient, and viscosity
change by more than three orders of magnit(sge Table)l
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TABLE Il. The values of the displacemenf(a2> of the water molecule calculated with the help of the
formula (18) at different temperatures. The self-diffusion coefficiBnand 7. are taken fronj16] (see also

Table ).

T (K) 284 258 238 224 213 209 206
D (10 %cné/s) 1.3:0.1 5210 % 1.4x10! 4.4x10? 1.1x10? 5x10°° 1.8x10°°
W@a?) A 2.58 2.59 2.51 2.53 2.83 3.01 2.85

Larger deformations lead to the rupture of H bonds. Andwherer), is the radius of the particle. Rewriting E(L8) in

finally, V8 A2=2.75 A is nothing but the mean distance the form of Eq.(19), we get the following estimate for the
between the molecules. effective (hydrodynamig¢ radiusr, of a molecule:

Taking these results as a basis, we pass to a detailed

analysis of the self-diffusion process and viscosity in super- ro= keT7c (20)
* .
cooled water. m(a?)y
IV. SELF-DIFFUSION PROCESS It is not difficult to check that the numerical value of is
IN SUPERCOOLED WATER almost independent of temperature and is closk A for the

temperatures accessible in experiments 25 °C) [1,36].
Cluster formation by molecules in supercooled water im-gych a magnitude of, reflects the inadequacy of the as-
poses essential constraints on their thermal motion. Due tgmptions used in deriving Einstein’s formula. Indeed, the
the H-bond network, a molecule that belongs to the CLCS=gkker-Planck equation for the one-particle distribution
can perform mainly vibrational motion. Rebuilding of the fynction is not applicable for systems with strong H bonds.
H-bond network, taking place at=7, is accompanied by \oreover, due to strong binary correlations, there is a con-

small displacements of some molecules inside the clustesjderable difference between the real and the mean forces
which are strongly connected with each other. Therefore, thgpplied to the molecule. The formula

elementary diffusion act will be connected with the destruc-

tion of the cluster as a whole. This corresponds to the radical Vi=pu(—V,U), (21)
rebuilding of the H-bond configuration inside the cluster.

The typical displacement of the molecule can be identifiedvhereV is the drift velocity of the particle in the potential
with the interparticle spacing,=n~*2 wherenis the num- field U (u is the mobility, playing the key role in deriving

ber of particles per unit volume. Eq. (19), should be corrected by the factgr
The contribution of nonclustered molecules can be ig-
nored. This is because the motion of nonclustered molecules Vi:Ma(_ﬁiu), (22)

that are inside crystal-like clustefsluster defecfsand those
forming intercluster boundaries is restricted by clusters. As avhich is analogous with the Kirkwood factor in the theory of
result, the self-diffusion coefficient of water in the super-dielectric permeability of watdi37]. In accordance with this,

cooled state can be approximated by the formula one can propose the following modification for
(a%) KeTQ
Ds= 67, (18 = (23

where (a®) is expected to be approximately equal 8  The experimental data on the self-diffusion coefficigts]
=n~?% The numerical values of(a?) calculated on the and shear viscositj1,36] at low temperatures can be cor-
basis of data oD and 7, taken from[16] are collected in  rectly reproduced by the formul&3) with ry,=1.45 A and

The almost constant values Qé(a2> in the temperature The mechanism of self-diffusion described above is char-
range investigated, in which the parameteysandDg vary  acteristic for supercooled water. Nevertheless, it makes sense
by a factor of 16, is a very convincing argument in favor of to estimate the value and the temperature dependence of the
the proposed representation. From this point of view, theso called collective part of the diffusion coefficient. This
origin of formula (18) becomes quite clear. It is interesting contribution is caused by collective long-living hydrody-
that the numerical value of the combinatiaf6D.r again  namic modes and was considered for the first time by Fisher

appears to be approximately equal to the interparticle spagag]. In accordance with38,39 the velocityV of a molecule

ing (2.8 A). can be represented as the sum
Usually, D is expected to be in inverse proportion to the

shear viscosity and the size of a particle, which follows from V(t)=V,(t)+V(t), (24)
dimensionality arguments. In particular, such a dependence
is inherent in Einstein’s formula where the first term describes the motion of the molecule
with respect to its nearest surroundings and the second the
kgT (19 collective drift of the molecular group in the field of thermal

CBmyry’ hydrodynamic fluctuations. Sindé, and \7C describe inde-
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TABLE Ill. The effecti\{e radiug ¢ for a Lagrange particle in - \yhere i is the unit vector along th& axis. The relative
water, calculated according to E28), and the parameter (1 yg|ocity of two nearest molecular layers in accordance with

—0). Eg. (30) is given by

T (K) 284 273 263 248 Ald=\ai (31)
1-0 (%) 6.7 4.8 2.2 0.4 '

rer (A) 16.5 22 315 74 wherea=n"*3, In the mean-field approximation this differ-

ence in the velocity arises as a result of the action of an

. e . aver forcd
pendent types of molecular motion, the self-diffusion coeﬁl-a erage forcd,

cient should be represented in the form of the sum AG= uf, (32)
D=D+Dc, (29 which is connected with the shear viscosity by the relation
where f=\7a?i. (33
Dc=%f;<\7c(t)\7c(0>>dt- (26) ;ifogosggzrgiih:smolecule,u, can be written with satis-

Following the Lagrange approach to the theory of thermal M=t e, (34)

hydrodynamic fluctuations the authors[88] showed that )
where the symbol$ and c denote the types of relaxation

kgT processes. The oscillations of a molecule near a quasiequi-
S 27 librium position do not lead to the displacement of the mol-
eff ecule, so they do not contribute to its mobility.
where It is necessary to note that the representation of the vis-

cosity as a sum of different contributiopgq. (34)] is pos-
v sible only in the case when the time and space scales of the
Meff= Jm o (28 corresponding molecular processes are well separated. Since
! the motion of a molecule at=r; is irreversible, we can

has the meaning of the hydrodynamic radius of a liquid par&stimateu by the formula
ticle (v is the kinematic shear viscosity aig is the trans- D
verse sound velocily Since the intensity of hydrodynamic pe=m,
fluctuations decreases on lowering the temperature, the ratio kgT
D./D will diminish too. From this point of view the value
where
D, -
=1-— 29 Ar?(t
7 D (29 D= M (35)
67,
can be considered as a dynamical measure of the cooper

ivity in water. Numerical values of (o) and ro are {ﬂnfortunately, we cannot use a similar formula for, since

shown in Table IIl. From Table 11l it follows that the role of (h€ thermal motion a7, has essentially collective charac-

the collective diffusion in supercooled water remains small€" and. Is not fu.IIy |rrevers!blg. The displacements O.f mol-
iv&cules involved in the rebuilding of local H-bond configura-

tions on the time scalg are not responsible immediately for

values ofD./D for simple liquids near their melting points if-diffusi At th . h ide th
are not less than 20%. Thus, cluster formation in water Ieadghe self-diffusion process. At the same time, they provide the
effective transport of momentum. The existence of lan

to a considerable suppression of the fluctuations of hydrodye 9 T
hamic microflows. mechanism is the characteristic difference between water and

simple liquids. To obtain the effective mobility of a molecule

in thel process we apply the relation
V. SHEAR VISCOSITY OF WATER

The relaxation processes associated with the shear viscos- (Ar2(m))=(mm)*f?), (36)
ity are mainly of the same origin as self-diffusion, so the o )
relation betweery and D is described by the formulerg) ~ Where(f?) is the mean-square force acting on a molecule.
with satisfactory accuracy. At the same time, it is very im- The magnitudéf?) is determined by the static parameters of

portant to clarify the role of each relaxation process. For thisyater, mainly by the density. Since the Va|(mf2(7|)> is

purpose we will use a method equivalent to the mean-fielgndependent of temperature, we obtain from E3%)
approximation.

Let the velocity field of the system be given by the for- 71 (Trm)
mula MI(T):MI(Tm)W- (37)

u=\zi, (30 Combining Eqgs(34), (35), and(37) we arrive at
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1 interactions between clusters, etc. The applicability region of
n= — ) the picture developed for molecular motion essentially coin-
a[(Ar=(re))6mkeT7e+ i) (T) i (Ti)/ 7i(T)] cides with the metastable region of the supercooled states of

(38)  water. Above the melting point the relative volurgeoccu-

. . - . pied by crystal-like clusters becomes small. Thus, clusters in
Thus, the shear viscosity coefficient in H§8) depends on - viice do not restrict the spatial displacements of nonclus-

two Characferistic times of the system, the third spatial iNygrey molecules. To describe the transport properties in
variant[(Ar®(7.))], and the mobilityx of the molecule at  weakly clustered water another approach has to be devel-
the melting point. Since the valugy,(Ty) remains un-  gped.

known, the temperature dependence of shear viscosity is not Many important problems in the physics of supercooled
completely described. Taking into account that in a widewater still remain unsolved. First of all, it is necessary to
temperature intervat.=67, we obtain the following rela-  construct adequate kinetic equations for the description of

tionship: the time evolution of crystal-like clusters. Furthermore, the
growth of the number of long-lived crystal-like clusters on
zzconst. (39) lowering the temperature leads to the possibility of formatiqn

7 of a percolation cluster. As a consequence, on approaching

. . . ) the spinodal, water can pass into a glasslike state. Such a
This relation is conﬂrmedo by theoexperlmental data pn  qsibility hads already been discussed in the literdtlGg
[1,36] in the interval (+25°C,—25°C). We are not aware The proper mathematical models, able to describe the short
of experimental data for lower temperatures. The value of th‘?ange correlations in the states of molecussmation of
adjustable  parameter u(Tp) is: w(Tw)=1.5%10°  (sters and long range correlations between the clusters,
cm/s dyn. will be of great benefit in constructing the equation of state

for supercooled water and for water at low temperatures.
VI. CONCLUSION We are confident that the representation developed in this

The main attention in this paper was devoted to the natur82P€r will al.IOW us to prlain the behaviar O.f density, thef'
of the simplest transport processes—self-diffusion andnal expansion coeff|C|ent,.a.nd heat. capacity, the negative
viscosity—in supercooled water. The study was carried ou?Ign of the thermoconductwﬂy coefficient, 'ghe anomaly of
on the basis of a cluster representation. After a definition o he_”“_a!' behavior of the Landau-P_Iaczek_ ratio, and_other pe-
the cluster, its properties were formulated and the mechaQu“"]‘.“t.Ies of water. These questions will be considered in
nisms of self-diffusion and viscosity proposed. The values ofjeta" in further papers.
kinetic coefficients obtained agree well with the experimen- ACKNOWLEDGMENTS
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