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Experimental Determination of the Structural Relaxation in Liquid Water
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The transition from normal to fast regimes of the longitudinal sound velocity has been studied
by inelastic x-ray scattering in liquid water as a function of momentum transgfet2 nm-!) and
temperature (260—570 K), using pressure (0—2 kbar) to keep the dengity=at g/cn’. As in many
glass-forming liquids also in water this transition is induced by the structurplrélaxation. The
relaxation timer, however, when close to the melting point, is 2 orders of magnitude shorter than in
glass formers. The activation energy, deduced from the Arrhenius behavigr safggests that such
relaxation is associated to the rearrangement of the local structure induced by the hydrogen bond.
[S0031-9007(98)08332-X]

PACS numbers: 63.50.+x, 61.10.Eq, 78.70.Ck

The investigation of large wave vector excitationspresence of a relaxation time that divergeg'at 230 K
in liquid water has shown the existence of a positive[7]. A further quantitative difference is found in the
dispersion in the velocity of sound. This dispersion hasharacteristic time, which in water is in th@cosecond
been inferred in the pioneering computational [1] andrange at the liquid to crystal transition, corresponding to a
experimental [2] studies of the dynamic structure factoryalue much faster than in glass formers.
S(Q,E), and has been recently assessed by inelastic The experimental characterization of theprocess is
x-ray scattering (1XS) [3,4]. Using IXS, the transition of typically obtained by the determination of the dispersion
the longitudinal sound velocity from the adiabatic value,of the sound velocity as a function of and at a
co = 1500 m/s, to a value more than twice larget, =  constantQ transfer value. At the inflection point«") of
3200 m/s, was studied af = 5°C. Here, the transition such an §"-shaped curve the conditioQ;(Q, T)7(T) =
is observed for the acousticlike excitation with wavel, with Q(Q,T) = c,pp(Q,T)Q, is fulfilled. In glass-
vector Q; =2 nm~! and energyi{), =~ 3 meV [4,5]. forming liquids, this condition is met by Brillouin light
This sound velocity dispersion is qualitatively similar scattering (BLS) measurements close to melting, and by
to that observed in glass-formimg liquids. There, theultrasonic (US) methods close 1. Indeed, the typical
transition between the two dynamic regimes is determineérequencies allowed by these two techniques are such that
by the coupling of the propagating density fluctuationsQ),(Q,T)7(T) = 1 is met for values ofr in the 100 ps
with the dynamics of the structural rearrangements of th¢éBLS) and1 us (US) ranges. In the case of water, as a
particles in the liquid. The complex dynamics of such aconsequence of the small valueotlose to melting, the
rearrangement can be described by a relaxation proce8.S cannot access the relevant excitations energy region,
with a characteristic time. The transition takes place although, in the highly supercooled liquid, it was possible
when the conditioff), 7 = 1 is fulfilled. In glass-forming to detect by BLS a deviation @f, towards a higher value,
liquids = has a very steep temperature dependence; iise., towardsc.. [8]. The complete determination of the
typical values are in th@ancsecond range when close S-shaped curve as a function of eithEror Q requires,
to the melting point and dramatically increases near théowever, the use of IXS [4].
calorimetric glass transition temperatuf®@ [6]. This In this Letter, we report on an IXS study of the tem-
relaxation processao( process) has a cooperative natureperature dependence of the transition from normal to
and the density fluctuations are differently influencedfast sound in liquid water in thd = 260-570 K and
in the two opposite frequency limits: the system has a2 = 1-12 nm™! regions. In order to emphasize the ther-
solidlike elastic behavior foreT > 1, and a viscous mal effects and to minimize the modification of the hy-
one for w7 < 1. One could speculate that also in drogen bond dynamics due to large variations of the
liquid water the physical mechanism responsible for theexcluded volume, the density was kept in the rapge:
dispersion of the sound velocity is aa relaxation 0.94-1.07 g/cm’. This was obtained adjusting the pres-
process. Contrary to glass formers, however, in watesure in the 0—2 kbar range. The existence of a relaxation
the existence of a liquid to glass transition, predicted tgrocess is demonstrated by the observation that the tran-
be in the 130-140 K region, has not yet been firmlysition takes place at increasin® values with increasing
established. The situation is even more involved asemperatures. The associated time scale extends into the
extrapolation of experiments made &t> 245 K and  sulpicasecond region with increasing temperature. The
molecular dynamics simulations seem to indicate theanalogy with the glass-formers phenomenology implies
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that the fast relaxation process found here can be identi- 2.5
fied with ana process. The derived values ofare con- 20] Q=2om”
sistent with previous estimations: they roughly follow an
Arrhenius behavior with an activation energy comparable
to the hydrogen bond energy. This suggests that, in wa- 1.01
ter, thea process is associated with the rearrangement of /X
molecular structures kept together by the hydrogen bond. 0.0 b 7_;::':'«‘-1"...v‘v_,.,..A.ff-"il':;«;.
The experiment has been carried out at the very high ’
energy resolution IXS beam line (BL21-ID16) at the
European Synchrotron Radiation Facility. The instrument
consists of a backscattering monochromator and five
independent analyzer systems, held one next to each other-
with a constant angular offset on a 7-m-long analyzer arm.
We utilized the Si(11 11 11) configuration, giving a total
instrumental energy resolution of 1.6 meV full width half
maximum (FWHM) [9], and an offset &f nm~! between
two neighbor analyzers. The momentum transfer=
2ky sin(@,/2), with ky the wave vector of the incident
photons and);, the scattering angle, is selected by rotating
the analyzer arm. Th@ resolution is0.4 nm~! FWHM. e -
Energy scans,_performed by varying the monochromator Yo 5 o 3 ) 1 10 0 10
temperature with respect to that of the analyzer crystals,
took about 150 min, and eadh point was obtained by Energy (meV)
typically averaging five scans. The data were normalized

to the intensity of the incident beam. The liquid samplef!G: 1. Example of IXS spectra of liquid water at the

g ; L indicatedQ values(®) shown together with the total fits and
(=1 cn?) was contained inside a INCONEL-751 cell, ye individual components, as explained in the text. The spectra

which can be pressurized by a hand pump up to 5 kbagt 7 = 266 (314, 413) K were taken aP = 2 (0.3, 2) kbar
and heated up to 700 K. The x-ray beam passed througtorresponding to a densify = 1.02 (1.00, 0.98) g/cn?.

two 1-mm-thick diamond single crystal windows with a

2.3-mm-diameter aperture. The distance between the two

windows, i.e., the sample length along the x-ray beam was(Q, E£) and the DHO for the two side peaks, whose en-
10 mm: this allowed us to cover the’-925° scattering ergy position i) (Q). The fit to the data are also shown
angle range with a sample length comparable to the x-ray Fig. 1, together with the two individual contributions.
photoabsorption length. The pressure stability was betteFhe energy dispersion of the inelastic signal wihis in
than=5 bars at 2 kbar. The transverse dimensions of thegreement with the dispersion previously reported for lig-

1.51

Intensity ( count/

focused x-ray beam afe15 X 0.3 mn?. uid water at7 = 278 and 300 K [3,4]. This can be seen
The IXS spectra were measured at differé@t 7, P)  in Fig. 2, where we report th@ dependence of the fitting
points. TheQ dependence was studied in thel2 nm™! parameteK)(Q) at the selected temperatures of 278, 373

region at the temperatures of 278, 373, and 493 K. Thand 493 K. In this figure, the values 61(Q,T) have
T dependence was studied at tiie values of 2, 4, been scaled by the ratig(278 K)/co(T), wherec is the
and 7 nm~! in the 260-570 K region. The pressure, adiabatic sound velocity [10], and the full line represents
selected according to the equation of state (EOS) [10}the adiabatic sound dispersiéQ) = ¢((278 K)Q. For
was varied to keep the density, = 1.00 g/cm’. The completeness, we also show the dispersion relations ob-
points at7T < 270 K (T > 410 K) were taken atP =  tained from representative molecular dynamics simula-
2 kbar, corresponding tp =~ 1.02-1.07 g/cm® (p = tions [5,12], where the dispersion of the sound velocity
1.00-0.96 g/cm®). These measurements were performedwas reported. It is evident from the figure that the transi-
therefore, at constant density and not along the coexistendi®n of the apparent sound veloci€y(Q)/Q from the adi-
curve. abaticcq value to the high frequency limit.. (the “fast”

An example of the evolution observed in the IXS spec-sound), takes place at@ value which is strongly tem-
tra as a function of temperature is reported in Fig. 1 forperature dependent: in the dispersiorTat 278 K, the
0 = 2 and4 nm™! and three selected temperatures. Thedeviation from ¢, is already observable at1 nm™!,
spectra were fitted by the convolution of the experimenwhile, at T = 373 K and T = 493 K, this deviation is
tally determined resolution function with a phenomeno-observed at) values larger than 3 anslnm™!, respec-
logical model function made by the sum of a Lorentziantively. This behavior indicates that the mechanism under-
and of a damped harmonic oscillator (DHO) [11]. Thelying the observed transition has a dynamical origin and is
Lorentzian accounts for the quasielastic contribution tdikely to be due to a relaxation process. The temperature
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parameteriQ)(Q,T) as a function of Q at the indicated

T

L54 o temsk 7
| o 131K
O T=493K
1141 AR SRR SO SRS - S
&
s S =
0.0 Lot Tt
0 2 4 6 8 10 12
Q (oum")

FIG. 3. Q dependence of the reduced apparent modMys
at the indicated temperatures. The, values have been

temperatures. Two dispersion relations, obtained by moleculagetermined by the conditiod, = 0.5. This has been found

dynamics simulation, respectively, & = 300 K [12] and

by the linear fits to the data, shown (dashed lines) together with

T = 4°C [5]. The excitation values have been scaled by thetheir +1¢ prediction bands (dot-dashed lines). The full lines

factor ¢¢(278 K)/co(T), with ¢o(T) values as obtained from

represent the real part of Eq. (2) with the obtained values of

the EOS [10]. This has been done to emphasize in the samendw = c,,,(Q)0Q.

plot the departure of the dispersion relation from thél)Q
law, shown by the solid line, which is valid in th@ — 0
limit. This departure takes place at increasigvalues with
increasing temperatures.

dependence of its characteristic relaxation timeis then
the cause of the strong temperature dependence af the
value, Q;, at which the transition is observed.

An estimate of bothQ, and = can be obtained by
defining the apparent longitudinal elastic moduls:=
pcgpp(Q,T). In the simple Debye approximation for
the relaxation process, the frequency dependencl of
leading to the dispersion from its low frequency value
My = pc} to its high frequency onéf.. = pc2, is given
by [13]

M - M:x:
M =M, + —2——= (1)
1+ iwT
Introducing the reduced apparent modulus
M — M
M, = —0, (2)
Moo - M()

the values ofr can be determined by the condition
Re(M,) = 0.5. The calculation ofM,.(Q,T) from the
spectroscopic parameters requires the knowledgeof
and c.. For ¢o(T), we used the values from the EOS
[10] and we assumed them to h@ independent; this
hypothesis is justified by the small variation of the static
structure factor in the considergdrange [1,14]. We also
assumed & andQ independent value af. = 3200 m/s
(derived from the IXS measurements7at= 278 K [4]).

In deriving M,(Q,T), one must also consider that the
capp(Q,T) could depend on the utilized model for the
S(Q, w). Within these approximations, we obtained from
the data reported in Fig. 2, thé, values shown in Fig. 3.

ered temperature. The values fe(T’) are then derived
as7(T) = Q(Q,,T)" !, whereQ(Q,, T) is obtained inter-
polating theQ)(Q, T) reported in Fig. 2. The lines super-
imposed to the data correspond to the representation of
Eq. (2) using the derived values of Similarly, from the
sets of measurements performedat= 2, 4, and7 nm™!

as a function of temperature, we obtained 9¢Q, T)
values which lead to thé/,.(Q,T) values reported in
Fig. 4. Here, from the conditiods,(Q,T) = 0.5, one
obtains the temperaturg,, where the selected momen-
tum transfer become8;. Thereforer(T) = Q(Q,T,) !,
whereQ(Q, T,) is obtained interpolating th& (0, T).

The values ofr(T, Q) derived from Figs. 3 and 4
are reported in an Arrhenius plot in Fig. 5. This quan-
tity changes from 1.3 ps at 280 K to 0.2 ps at 490 K.
In spite of the fact that the present measurements were
performed at constant density, the derivedralues are

350 400 450 500 550 600
T (K)

250 300

FIG. 4. T dependence of the reduced apparent modulust

This allows us to determine the momentum transfetnhe indicated) values. TheT, values have been determined as

value Q; from the conditionM, = 0.5 at the consid-

the Q, values in Fig. 3.
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