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Relaxational dynamics of supercooled water in porous glass
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We have made a high-resolution quasielastic incoherent neutron scat@EN study of the translational
dynamics of supercooled water contained in micropores of Vycor glass at different hydration levels. QENS
spectra from the confined,® are analyzed in terms of therelaxation dynamics predicted by mode-coupling
theory of supercooled liquids and by a recent computer molecular-dynamics simulation of extended simple
point charge model water. We verify that the stretched exponential relaxation description of the long-time
test-particle dynamics is consistent with the measured QENS spectral line shape. We are thus able to determine
the wave-number dependence of magnitudes of the structural relaxationratedlthe stretch exponeptas
functions of temperature and coverage. A power-law dependence of the average relaxation time on the mag-
nitude of the scattering vect® is observed. In th€ range studied, the exponent starts out with near0,
at room temperature, indicating a continuous diffusion, and gradually becomes less negative as the temperature
is decreased to below the freezing temperature.
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[. INTRODUCTION the dynamics of water molecules on protein and silica sur-
faces suffers only a mild slowing down compared to that of
Single-particle dynamics of bulk water has been extenbulk water. More specifically, Rossky and Lee reported that
sively studied over a wide range of temperatures at ambierthe slowing down is about a factor 2 in the protein case and
pressure. In particular, many investigations using techniqueabout a factor 5 in the silica case. Residence times of water
such as incoherent quasielasfZENS and inelastic neutron in the first hydration layer are typically about 100 [3<l].
scattering(INS) [1-4], coherent inelastic neutrofb] and From the above comparison it seems clear that there is
x-ray scatteringIXS) [6], and computer molecular-dynamics considerable uncertainty in the knowledge of diffusional dy-
(MD) simulations have been performed in a supercooled reramics obtained from NMR experiments and MD simula-
gime[7-10], where the effects due to hydrogen bondings ardions. This is especially true for the translational diffusion
dominant. However, in many relevant situations, water is notonstant. In this paper we would like to explore to what
in its bulk form but attached to some substrates or fillingextent one can learn about tedependent translational dif-
small cavities. Common examples are water in porous mefusion of water in bulk supercooled states and near a hydro-
dia, water in the interior of biological cells or on surfaces of philic surface. On previous occasions, we argued that dy-
proteins and lipid bilayers. We shall call water in the latternamics of interfacial water is similar to that of a bulk
environment an “interfacial water” as opposed to a bulk supercooled water at a lower temperatiir®,16. In essence
water. the intermediate scattering function of the translational mo-
Traditionally, the diffusional dynamics of interfacial wa- tion of water can be put into a scaling form in which the
ter, in particular that of water in the hydration layer of pro- scaling parameter is the structural relaxation time that de-
teins, has been studied by nuclear magnetic relaxation digends on temperature and on the dimensionality of the envi-
persion technique. Halle and co-workdtkl] have shown ronment.
that oxygen-17 and deuteron spin relaxation rate in water is In a previous papdrl7], we have reported the results of a
dominated by quadrupolar coupling to the electric field gra-model analysis of incoherent quasielastic and inelastic neu-
dient of the intramolecular origin. Thus it is a particularly tron scattering of water in Vycor at several temperatures
suitable method for investigating single-particle dynamics ofstarting from room temperature down 35 °C and for the
interfacial water. Their general findings are summarized asases of 100%, 52%, and 25% hydrations. The experiment
follows: (@) perturbation(orientation and rotationof the  was done with a time-of-flight spectrometéviibemol at
single-particle dynamics confined to water molecules in di-Saclay, Frangehaving a medium energy resolution of 28
rect contact with the surfacdb) reorientation correlation ueV [full width at half maximum(FWHM)]. The analysis
time slows down by a factor between 2 and 8 times comwas based on modeling the single-particle dynamics of water
pared to the bulk wate(r) reduced lateral mobility10—100 as a continuous diffusion process in a confined geometry of a
timeg; (d) long residence time in the first hydration shell sphere of radiua. The essence of the theory is to regard the
(10-50 p3, in agreement with an estimate from multidimen- low-frequency incoherent scattering spectrum as composed
sional nuclear Overhauser enhancement spectroscomf a weighted sum of an elastic line and a quasielastic line
(NOESY) [12]. which is Lorentzian in shape. The weighting factor is the
Results of MD simulation$13,14] generally agreed that elastic incoherent structure fact@I|SH which is the square
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of the Fourier transform of the equilibrium spatial distribu- purpose of analyzing a QENS spectrum, a water molecule
tion function of molecules inside the confining volume. Thecan be treated as a rigid molecule. The second issue concern-
Q-dependent EISF's extracted from the analysis were consisag us here is the validity of the decoupling approximation.
tent with a confining radii of 3.5-4.5 A, depending on tem-In a recent extensive computer molecular-dynan{ie®)
perature and hydration level. These confinement radii arsimulation of SPC/E model watérigid molecule at super-
less than one-tenth of the known average pore size in Vycoooled temperatures, Chet al. [9] showed that the decou-
which is 50 A. It is obvious that in the time scale of typical pling approximation is good to a few percent f@rless than
QENS measurement$ens of ps range the molecules do 1 A%, even though the rotational and translational motions
not have sufficient time to explore all the available spaceof a water molecule are strongly coupled at all time. The
inside the porous glass. Even allowing for this fact, the eximost interesting point of observation from the MD simula-
istence of a purely elastic line is not a plausible concept irtion is that for time longer than about 1 ps, the ISF of the H
liquids. One is more at ease with an idea that the translaatom is closely approximated by that of the translational ISF
tional degree of freedom is never completely suppressed ialone. In the frequency domain, the dynamic structure factor
the liquid state. calculated from the ISF of the H atom is equal to that calcu-
In this paper we shall introduce an idea of local structuralated from the translational ISF alone plus a very small con-
relaxation into the description of diffusional dynamics in su-stant background coming from the convolution with the Fou-
percooled and interfacial water. In supercooled or interfaciatier transform of the rotational ISF. This means that for all
water, due to the reduced thermal energy of the moleculgractical purpose, for analysis of a high-resolution QENS
and for water, due to the formation of a stabler, tetrahedrallyspectrum, we need only to have a theoretical expression for
coordinated, hydrogen-bonded neighboring shells arounthe translational ISF. This results in a great deal of simplifi-
each molecule, a molecule can translate a substantial disation for the analysis of a QENS spectrum.
tance only by rearranging positions of a large number of A detailed discussion of the translational ISF for bulk
molecules around it. Thus the diffusion is strongly coupledwater, which is an infinite medium, and its extension to the
to the local structural rearrangements or the structural relaxease of confined water has been given in R&8]. For a
ation. The usual, Markovian, Brownian-like diffusion pro- translationally invariant system, the intermediate scattering
cess is no longer valid in the case of supercooled water. Thiuinction F(Q,t) can be derived from the van Hove self-
is clearly shown in the recent long-time MD simulation of correlation functionGg(r,t) by a three-dimensional Fourier
extended simple point chargéSPC/B supercooled water transform
[7-10.

II. TRANSLATIONAL MOTION OF WATER FS(Q:t):f eiQ'fGS(r,t)d3r. (1)
IN A CONFINED SPACE

Water is a triatomic, symmetric molecule, consisting of yowever, imposition of a confinement breaks the transla-
two light hydrogen atoms and a heavy oxygen atom. Its centional symmetry and the van Hove self-correlation function
ter of mass is very nearly at the position of the oxygen atomis no longer a function of a scalar variabte The self-
While the incoherent neutron cross section of an oxygeRriorrelation functiorGg(r,t|r,) now depends on both the test
atom is zero, that of individual hydrogen is about 80 barnparticle positionr at timet and its initial positiorr, at time
and dominates the observed scattering cross section. Thus, Asro. In this latter case the intermediate scattering function

far as a QENS experiment of light water is concerned, Weyas to be calculated according to a double integral,
need only consider motions of an individual hydrogen atom.

Motions d a H atom are composed of three components:

vibrational motion of the atom around its equilibrium posi- _ iQ-(r—rg) 3, 43

tion, rotational motion of the atom around thg water cer?ter of FelQU= f © "Cs(r.tro)p(ro)drd’ro.  (2)
mass, and the translational motion of the center of mass. It

has been generally assumed in the literature that, for th&he intermediate scattering function is still a function of a
purpose of calculating the QENS cross section, the intermescalarQ due to a powder average one needs to make for an
diate scattering functiolSF) of the H atom is a product of isotropic sample. In Eq(2), p(ro) is the equilibrium distri-
three factors each representing the time correlation functiohution function of the test particle under the confining poten-
of the component motion. This simplification is called thetial V(r). It is easy to see that E¢2) reduces to Eq(1) in
“decoupling approximation’[2]. First of all, the time scale the case of an infinite medium like a bulk liquid. In this
of observation of typical QENS spectra (£6<100ps) is special casep(ro) is independent of the position and equals
much longer than the vibrational period of the hydrogenan inverse of the sample volum@g(r,t|ro) is now a func-
atom. In this long-time limit, the vibrational ISF is effec- tion of [r—r,| due to the translational symmetry. So the
tively reduced to a Debye-Waller factor. For a high- integration on the initial position can be carried out which
resolution QENS experiment, the magnitude of the scatteringancels the volume factor.

wave vectorQ is always less than 1 &. Since the equilib- Since the van Hove self-correlation function is a condi-
rium O-H bond is about 1 A, the vibrational amplitude of the tional probability of finding the test particle atat timet,
hydrogen atom around its equilibrium position cannot begiven that the particle was ag at time zero, there are three
larger than 0.1 A. Under this circumstance, the Debyegeneral properties the function has to satisfy. These in turn
Waller factor is nearly unity and thus the vibrational contri- lead to three conditions for the ISF by its definition EB).
bution drops out of consideration. This means that for the (i) Normalization of the probability,
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what distorted, tetrahedrally coordinated, hydrogen-bonded
f Gy(r.tlro)p(ro)dr d3rg=1 (3 cage. The configuration of the cage varies from one water
molecule to another, each characterized by a different vibra-
leading toF4(Q=0,t)=1. tional frequencyw. Thus motions of an ensemble of water
(i) The initial condition, molecules can be described statistically by a distribution
function. This distribution function is also called the proton
Gy(r,t=0]rg)=8(r—ry) (4) density of states and has been measured by a previous inco-
herent inelastic neutron scattering experiment of supercooled
leading toF (Q,t=0)=1. water [17]. In the relevant energy range of 0—40 meV, it
(iii) Approach to a stationary distribution at sufficiently shows two peaks, a prominent low-frequency peak at about 8
long time due to confinement, meV and a weak peak at about 30 meV. The frequency dis-
tribution functionZ(w) is thus simulated by an analytical
1 V(r) function,
Gs(r,t—oc|r0)—p(r)—zex;{—k8—_l_ 5
w? ?
leading toF {(Q,t=%)=|fe' 'p(r)d®r|?, whereZ is a nor- Z(w)=(1-C) —=—=expg — —2)
malization factor define!d in such a vJay that the volume in- WIN2T ] 201
tegral ofp(r) for all space is unity. Th&-dependent factor, w2 w2
A(Q)=F4(Q,t=x), is called the elastic incoherent struc- +C—F=—=expg — 2), (10
ture factor(EISP and is identical to the form factor of the w52, 203

confining volume. We shall discuss the following two ex-

amples, which are relevant to the single-particle dynamics if'here the constar control the relative strength of the two
supercooled water peaks. This function is normalized in such a way that

An analytical expression of the EISF for a test particle

confined in a spherical volume of radiasan be calculated f“’
do Z(w)=1. 11
from Eq. (5) as , 4@ (@) (19
3j.(Qa)]? Under this circumstance, Chemal.[20] has recently shown
AQ)= ~0a ~exp(—3Q%?). (6)  that the ISF is given by

If one further assumes that the test particle is diffusing inside 9 2
the sphere, then the solution of the Smoluchowsky equation, Fu(Q,t)=exp —Q%vg

1-C
(1_ e wit2/2)
w
which describes in general diffusion of a particle in a poten- !

tial field V(r), gives, to a good approximation, a transla- C W22
tional ISF in the form18,19 + ?(1_9 2901 (12)
2
Fs(Q.1)=A(Q)+[1—-A(Q)]e I, (7)  Wwith the corresponding DWF given by
The corresponding self-dynamic structure factor is , ,[1-C C
A(Q)=exp — Qg —7+— (13
W, w3

Ss(Q,0)=A(Q)d(w) +[1-A(Q)]L(w,T),  (8)
) ] Equations(12) and(13) are both Gaussian i and the ISF
wherelL (w,I") denotes a Lorentzian function of argument decays to a plateau value given BYQ) within 1 ps.
and half-width at half maximuntHWHM) T'. The spectral Equations(7) and(12) are the ISF for a particle confined
line shape for this case is the weighted superposition of ag, 4 spherical and parabolic cage. The cage is assumed to be

elastic peak and a quasielastic peak which is a Lorentzianermanent. But in reality, in the liquid state, the cage has a
Equation(8) was the basis for the data analysis presented ifyjte jifetime due to the local structural relaxation. In order

Ref. [17]. o i _ _ ) to take this structural relaxation into account, we shall use an
If the test particle is confined instead in a harmonic po-ige5 borrowed from mode-coupling thediyICT) of super-

. _ l 2 2 . e . .
tential well, V(r)=zmor?, in equilibrium with a thermal  ¢,oleq liquids. MCT is a theory that focuses its attention on
bath at temperaturg, the EISF in this case is usually called o “cage effect” in the liquid state, which can be pictured

a Debye-Waller factofDWF) and is given by Eq(5) as as a transient trapping of molecules by their neighbors as a
result of lowering of the temperatuf@1,22. Microscopic
A(Q)=exp(—3Q%r?)), (9) test-particle density fluctuations of a disordered high-

temperature liquid usually relax rapidly with a time scale of
where(r?) =3 (vj/w?) is the mean-square vibrational ampli- a few picoseconds. The MCT does not attempt to address the
tude of the particle in the potential well ang= VkgT/mis  dynamics in this time regime. However, upon lowering the
the thermal speed of the particle. In a supercooled water, it iemperature below the freezing point, there is a rapid in-
more realistic to assume that each water molecule is corerease in the local order surrounding a particle, leading to a
fined, within certain structural relaxation time, in a some-substantial increase of the local structural relaxation time. In
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the supercooled liquid regime, a trapped particle in a cage Shielding Argon filled
can migrate only through rearrangement of a large number of flight path
particles surrounding it. There is thus a strong coupling be- He detectors bank
tween the test particle motion and the density fluctuations of 1000 detectors)
the fluid. MCT addresses primarily physical processes in this
time regime. According to MCT, the equilibrium structure
factor S(Q) of the liquid completely determines the long-
time cage structural relaxation behavior. It predicts that on
approaching a crossover temperatligfrom above, there is
going to be a further separation between the time scales de- Concrete
scribing the rattling motion of a particle in the cage and the  shielding
eventual structural relaxation time of the cage. Rt the o . .
structural relaxation time becomes infinity and the super- FIG. 1. Schematic diagram of INS multiangle chopper time-of-
cooled liguid shows a phenomenon of structural arrest. It haflight (TOF) spectrometer. It is a general purpose direct geometry
been shown numerically for various model systems, such ako" SPectrometer which uses four synchronized disk choppers
a hard-sphere systefi3] or a mixed Lennard-Jones system spinning at hlgh speed to produce a pulsed monoenergetic neutrop
[24], that the time evolution of the structural relaxation beam. Energies of the scattered neutrons are measured by their

(called thea relaxation is well approximated by a stretched individual TOF over a fixed distance of 4 m. The sample to detector
exponentiacr dec;y lon Is w pproxi y flight path is filled with argon gas to reduce losses by scattering and

. . . L absorption from air. There are over 1000 He-3 detector tubes which
In view of the above consideration, the realistic test-

. e , are grouped to subtend a range of scattering angles from 11° to
particle ISF could be constructed by multiplying the ISF’s of 1 3p< \yith an angular resolution of about 20 mrad to about 70 mrad.
Eq. (7) or Eq. (12) by a stretched exponential factor. From

the results of the MD simulation of the SPC/E water at su
percooled temperature, one found that the cage raaliuns
supercooled water is about 0.5 A. Thus foQarange be-
tween 0 and 1.0 Al, applicable to high-resolution QENS

Neutron beam

Helium filled

Choppers
PP sample box  Sampie  Beam stop

Langevin(ILL ) in Grenoble(France using the IN5 multide-
tector time-of-flight spectrometer. This is a state-of-the-art
reactor based multichopper time-of-flight instrument using
/ : cold neutrons specially designed to perform quasielastic scat-
spectra, the EISF in Eq6) or the DWF in Eq(13) are Very  (ering measurements. The instrumental conditions were cho-
nearly unity. Thus in Eq(7) the contribution of the second ¢an i such a way as to achieve a good energy resolution at
term on the right-hand sid&®HS) is negligible. We can thus 5,65 |ess than 1 &. Q= (4/)\)sin(d/2) is the magnitude
write with a good approximation the final ISF as of wave-vector transfer in the scattering wherés the av-
erage wavelength of the incident neutrons #id the scat-
t\# tering angle. These conditions were satisfied by a choice of
(14 wavelength of the incident neutrons at 11 A. The energy
resolution(FWHM) at the elastic position was 1@eV and
This equation is appropriate also for the model of a harmonithe Q range covered was from 0.15 to 0.99 Awith ten data
cage. In this case the RHS of E§2) reduces to Eq.13) for  points. A schematic spectrometer layout of the IN5 is given
the time scale of interestt¥1 ps) in a high-resolution in Fig. 1.
QENS experiment. Thus in this latter case we just under- In an incoherent inelastic neutron scattering experiment of
stand the Debye-Waller factor in E(L4) to be that given by a water sample containiniy/2 molecules in the scattering
Eq. (13). It therefore can be concluded that HG4) is a  volume, the measured scattered spectral intergiig pro-
ubiquitous model for analyses of high-resolution QENSportional to the incident neutron flux, times a double dif-
spectra. According to this relaxing cage model, there is nderential scattering cross section given by
purely elastic line for a supercooled bulk water or an inter-
facial water. However, the dynamic structure factor, which is d2o oy k
a time Fourier transform of the streched exponential function ———=N—-—-5,(Q,w);
in Eq. (14), shows a sharp line near=0 with an extended dde 47 ko
slowly decaying side wing. This kind of line shape can also
be fitted with a superposition of an elastic line and a Lorent- 4o
zian quasielastic line. The way to distinguish between these Q=|ko—k|=—rsin
two alternatives is to do absolute intensity measurements A
with a high spectral resolution. One then extracts the EISF or R
the Debye-Waller factor as a function @fand estimates the Whereko and E, are the wave vector and energy of the
confinement radius. This radius should have a value in thenonochromated incident neutroksand E that of the scat-
vicinity of 0.5 A, insensitive to temperature, according to atered neutronsQ the magnitude of the wave-vector transfer,

Fs(Q,t)=A(Q)eXF{—(

T

0
5) . hw=E,—E, (15

MD simulation of SPC/E model supercooled water. ho the energy transfer in the scattering process, and
Si(Q,w) the self-dynamic structure factor having a unit of
IIl. EXPERIMENT seconds. The latter function has a property thabitategral

from minus infinity to infinity is unity. In practice, the scat-

tered energy is measured by time of flight of the scattered
The quasielastic neutron scattering experiments were peneutron ove 4 m of flight path between the sample and

formed at the High Flux Reactor of the Institut Laue- detectors. The time-of-flight spectra thus measured were cor-

A. Neutron scattering
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FIG. 3. New series of high-resolution QENS data measured with
10 weV resolution analyzed by the new model. The figure displays
only the net spectral intensity of the 100% hydrated sampl€ at
=278 K. This sample, in our experience, is close to a bulk water.
The empty circles are the data and the solid lines the model. Ex-
tracted parameters are listed in Table I, second column.

Intensity {relative units)

rected and standardized by dividing by scattering intensity
from a thin vanadium plate and converted to the differential
scattering cross section by using standard routines available
at ILL.

B. Samples

» (r:eV) ' ' Vycor brand porous glass no. 7930 is a product of Corn-
ing Glass Works. Vycor glass is made by heating a homoge-
neous mixture of boron oxide glass and silica glass above the

FIG. 2. Comparison of two different methods of analyses of themer[Ing point and then quenching this mixture to a tempera-

same QENS data set. The spectrum was taken from a 50% hydratgére below the spinodal line where the mixiure phase sepa-

sample al0=1.13 A1 and T=268 K, measured with an energy rates into two mufcually interpene';rating _regi_ons. At a certain
resolution of 28ueV (HWHM). (a) Analysis using the old model. sta_ge of preparat!on, the_ poron-rlch regllon IS I_eacheq O!Jt by
The dotted-dashed line is the resolution-broadened elastic peak; tﬁé:'d' leaving _beh'nd a silica skeleton _W'th a given d'Str!bu'
thin solid line is the resolution-broadened quasielastic peak; thﬁ\On of pore sizes. The average pore size in Vycor 7930 is 50
dash line is the background; the solid line going through empty’: @S stated by the manufacturer. _
circles (experimental dafais a weighted sum of the elastic and ~ We adopted the following procedure for the preparation
quasielastic lines(b) Analysis using the new model. The empty Of the Vycor samples. The rectangular plates of Vycor were
circles are the data; the solid line is the model. In the bottom ofmmersed in 30% hydrogen peroxide and heated to 90 °C for
each figure, the difference of the measured and the theoretical sped-few hours to remove any organic impurities absorbed by
trum is displayed. Notice the new model fits the extended wing ofthe glass. The Vycor was then washed several times in dis-
the spectrum slightly better. tilled water in order to remove the hydrogen peroxide and
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g

stored in distilled water. When a hydrated Vycor sample is 100 . - .
heated at 90 °C in vacuum until dry, it becomes translucen 80 Q=022A"
and clear, defining what we called a “dry Vycor sample.” At 60 - 8
full hydration, a Vycor glass absorbs water up to 25% of its 40 .
dry weight. A partially hydrated sample is then obtained by 20+ .
absorption of water in the vapor phase until the desired leve 0 - .

of hydration is reached. The samples we used in this experi 100

ment were hydrated by 4@ to a level of 25%i.e., 0.0625 80 a

g/g) and to 100%i.e., 0.25 g/¢. Based on the information 60

that the dry density of Vycor is 1.45 g/ml, the porosity 28%, 40
and the internal cylindrical pores of cross-sectional diamete
50 A, the 100% hydrated sample has three to four layers o
water on its internal surface. A monolayer coverage would
correspond to about 25% hydration. In order to avoid mul-
tiple scattering, the thickness of the disk-shaped Vycor plate
is thinned down in such a way that neutron transmission witt
water inside is 90%.

The 100% hydrated sample consists of seven 0.55-mm
thick 8-mm-diam disks. These disks were folded inside ar
aluminum foil and placed inside an aluminum container. The
dry Vycor sample was measured first at room temperature
Then the disks were unpacked and hydrated to 100% b
exposure to water vapor, put back in the container, and mes
sured at various temperatures. The 25% hydrated samp 4
consists of rectangular plates of thickness 1.9 mm, and .
surface area of 3236 mnf was used.
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Analyses were made using two models, which we callec 02 01 0 01 02 02 01 0 01 02
the new and the old models. A complete analysis using the @ (meV) @ (meV)

old model has already been reported in R&] for a set of FIG. 4. New series of high-resolution QENS data measured with

data taken at a medium energy resolution of@/ FWHM. 19 4ev resolution analyzed by the new model. The figure displays

Part of it was reproduced here just for the sake of comparionly the net spectral intensity of the 100% hydrated sampl€ at

son. =263 K. This sample, in our experience, is practically a bulk water.
The dynamic structure factor of water from the hydratedthe empty circles are the data and the solid lines the model. Ex-

sample in the new model is written as, in accordance withracted parameters are listed in Table |, fourth column.

Eq. (14),

IV. ANALYSES

Then the measured, standardizdsy the monitor counts
spectral intensity of the hydrated sample is fitted to an ex-

T . (16) pression

S (Q,w) = ﬂf dt coswt ex;{ —(1

' T 0 T
M __ qwater

The Fourier transform is carried out numerically with suffi- 'Hydrated Q) = Ssnenl Q. ) ® R{wvan™ wres.shi

cient accuracy especially arouns=0. A comment should +1 ,’gﬂry(Q,wa—wDryyshiﬂ). 7

be made here about the determination of the elastic peak o o

position, w=0. Due to slightly different orientations of the Thus in this model, there are five fitting parametera(Q),

vanadium, dry Vycor, and hydrated Vycor samples with re-7: B, ®res shito _and‘*’Dry,shift-

spect to the incident neutron beam, the scattered flight paths The dynamic structure factor of water from the hydrated

can be slightly different for each sample. This has an effecB@mple in the old model is, according to Ef),

of making the time of flight of the elastic peak position of

each sample slightly different. Since we shall subtract the water B 1-A(Q) TI'(Q)
scattering intensity of the dry Vycor from the signal of the Ss.0d( Q@) =A(Q) 8(w) + 0’+T2(Q)"
hydrated sample, and we also shall use the normalized signal (18

from the vanadium as the energy resolution function of th
instrument, the relative positions of each elastic peak mus
be synchronized. We therefore take the elastic position of the M water
hydrated sample a®=0 and adjust the elastic peak posi- IHydrated Q: @) = S5,0d(Q, @) ® R(@yan— @Res shif
tions of the vanadium and the dry Vycor lyreg i @and M _ _

woyshifts TESpectively, so that the three peak positions all 1oy Qs @ory ~ @oryshin) +ogar (19
coincide at the energy transfer scale=0. Let us denote the where lpga denotes the contribution coming from “back-
normalized vanadium spectral intensiff(w — wres shif) - ground” due to motions faster than 1 ps.

he measured spectral intensity is fitted to an equation
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TABLE I. Vycor 0.25 g/g(100% (R=10ueV).

T=293K T=278K T=268K T=263K T=258K
Q Intensity T Intensity T Intensity T Intensity T Intensity T
(Afl) (Rel. unity  (p9 B (Rel.unity (p9 B (Rel.unity (p9 B (Rel.unity (p9 B (Rel. unity (p9) B
0.99 1.56 251 0.34 1.25 8.96 0.44 1.33 15.76 0.49 1.38 19.19 0.46 1.26 29.37 0.56
0.89 1.58 532 041 1.45 12.00 0.52 1.47 19.32 0.54 1.54 2352 0.54 1.40 36.16 0.63
0.82 1.61 559 041 1.42 13.21 0.54 1.45 24.04 0.59 1.48 2749 0.57 1.39 42.92 0.62
0.73 1.64 8.30 0.48 1.50 18.87 0.54 1.44 29.70 0.60 1.49 40.28 0.61 1.43 57.48 0.64
0.64 1.38 14.22 0.60 1.36 28.04 0.65 1.37 42.62 0.65 1.47 46.45 0.66 1.34 70.66 0.77
0.56 151 20.02 0.55 1.43 38.32 0.58 1.43 57.07 0.70 1.42 77.86 0.64 1.43 103.87 0.71
0.46 121 31.84 0.61 1.22 61.35 0.66 1.34 86.50 0.70 1.38 121.13 0.61 1.27 138.55 0.79
0.37 1.37 58.70 0.65 1.32 87.48 0.80 1.33 148.37 0.69 1.37 165.51 0.86 1.31 184.13 0.88
0.31 1.38 90.09 0.62 1.38 173.34 0.63 1.48 247.86 0.63 1.41 359.35 0.61 1.48 660.49 0.51
0.22 1.30 245.76 0.85 1.30 310.11 1.12 1.44 495.75 1.02 1.48 409.19 1.37 1.55 22927.10 0.38
There are six fitting parameters in this modelg, , Iqg, should have a value close to unity. Therefore the computed

I'(Q), ®gesshiv @oryshit: and Igg. I this new experi- quasielastic peak in the top figure ought to have a negligible
ment, the spectrum is completely defined in the energy transarea compared to that of the elastic peak. This clearly is not
fer range —200<AE<200ueV. The fittings procedures the case, as can be seen in the top figure. On the other hand,
were applied to spectra taken at 10 scattering angles i@the the bottom figure shows that the new model fits the entire
range indicated before. line shape of the quasielastic peak very well. This point will
In order to see the difference between the new model anlie reinforced when we analyze the high-resolution data with
the old model, we analyze an intensity spectrum, from ahe new model next.
previous QENS experiment, &=1.13 A1, taken with an We systematically analyze the new set of data taken with
energy resolution of 28eV, covering an energy transfer 10 ueV resolution with the new model. Figures 3 and 4 show
range of —200<AE<200ueV. The results are shown in results of the analysis for a 100% hydrated sample@5 g
Fig. 2. The ordinate gives the spectral intensity of the netvater/g Vycoj at T=278 and 263 K. The ordinate is the net
scattering from water of hydration in Vycor in a relative unit, spectral intensity of scattering from hydration water in VVycor
and the coordinate is the energy transfer in units of meVand the coordinate is the energy transfer in units of meV.
The top figure gives the result of the analysis using the oldrhe empty circles are the experimental data and the solid
model and the bottom figure gives the result using the nevines are the new model. One see that the agreement is very
model. In the bottom of each figure, we display the deviationgood. Table | lists all the parameters extracted from the
of the measured spectrum with that of the calculated onel00% hydrated sample at four temperatures. The intensity
One sees that away from the elastic position, where the sulfactor is essentially the Debye-Waller factor in a relative
traction of the dry Vycor signal is not perfect, on the wing of unit. As we have noted before, the Debye-Waller factor is
the QENS peak, the new model fits the spectrum slightlynear unity for the indicate® values.
better. We also reanalyze the 50% hydrated sample, measured
On casual inspection, the two models seem to do equallyith 28 ueV resolution(a previous experimentand the
well in fitting the quasielastic peak. But a careful examina-25% hydrated sample, measured with 4@V resolution
tion reveals a significant deviation of the old model from the(new series of experimentsising the new model. The ex-
data on the positive energy transfer side of the wing. Furthertracted parameters are listed in Tables 1l and lll. It should
more, according to the recent MD simulation of SPC/E su-be commented here that, within tRerange covered by these
percooled water, the Debye-Waller factor at tijsvalue  experimental measurements and considering the error bars of

TABLE II. Vycor 0.125 g/g(50%) (R=28 ueV).

T=298K T=278K T=268K T=258K T=238K

Q Intensity T Intensity T Intensity T Intensity T Intensit T
-1 . t . . ty

(A ) (Rel. unity  (ps B (Rel.unity (p9 B (Rel.unity (p9 B (Rel.unity (p9 B (Rel. unity (p9) B
1.26 1945.60 1.17 0.34 1596.60 493 041 1503.43 9.80 0.45 1386.80 22.25 0.52 1386.80 6188.33 0.30
1.21 2031.67 1.17 0.33 1670.62 5.28 0.40 1519.31 11.46 0.46 1405.61 25.66 0.54  1405.61 4741.80 0.31
1.13 1936.56 1.67 0.35 1640.21 6.64 0.41 1487.19 14.19 0.49 1391.84 28.45 0.54 1391.84 21268.10 0.24
0.99 1796.67 274 0.36 152599 10.21 0.44 1422.39 19.73 0.50 1343.90 38.91 0.57 1343.90 30806.70 0.24

0.84 1567.90 536 041 1409.61 1589 047 132346 29.29 0.54 1289.20 53.83 0.58 1289.20 178334.0 0.19
0.74 1325.50 8.73 0.44 122164 2260 052 1193.67 39.60 0.56 1175.05 7132 059 1175.05 2261390.0 0.14
0.64 1192.39 12.76 0.45 111991 32.75 050 109443 5455 0.54 1099.18 105.24 055 1099.18

0.56 1239.89 20.66 0.46 1200.64 56.64 0.49 1198.52 95.49 0.50 1230.68 276.35 0.39 1230.68
0.47 426.41 14.83 0.23
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TABLE IIl. Viycor 0.0625 g/g(25%) (R=10ueV).

T=293K T=278K T=263K T=253K
Q Intensity T Intensity T Intensity T Intensity T
A  (Rel. unit (P9 B (Rel. unitg (p9 B (Rel. unit9 (p9 B (Rel. unity (P9 B
0.99 0.52 45.30 0.18 0.45 478.79 0.29 0.41 779.54 0.47 0.39 48 073.30 0.28
0.89 0.80 23.74 0.55 0.73 56.86 0.69 0.87 191.01 0.49 0.90 461.01 0.54
0.82 1.43 34.92 0.41 1.54 85.74 0.36 1.46 200.98 0.38 1.42 433.77 0.44
0.73 1.58 55.55 0.47 1.58 111.06 0.53 1.59 243.69 0.57 1.57 359.66 0.70
0.64 1.71 97.49 0.48 1.84 175.87 0.50 1.79 350.25 0.54 1.77 452.16 0.72
0.56 2.02 102.92 0.36 2.24 179.93 0.30 2.00 788.12 0.47 2.07 1427.53 0.39
0.46 1.82 141.36 0.46 1.75 293.57 0.57 1.64 521.09 0.71 1.83 643.68 0.77
0.37 2.10 382.30 0.56 2.15 460.82 0.67 2.16 560.32 1.09 2.18 789.57 0.97
0.31 2.31 3621.07 0.24 2.24 10 815.50 0.27
0.22 3.31 6051.63 0.27 3.30 17 810.70 0.25

various components which go into computation of the rela-evolves into a broad wing, and the extent of it stretcheg as
tive net spectral intensity, th® variation of the Debye- gets smaller. Therefore, one does not have a single parameter
Waller factor cannot be detected with certainty. The columnwhich characterizes the linewidth. Instead one needs to dis-
in the tables denoted “Intensity” should be essentially con-cussQ dependences of the structural relaxation rateabd
stant, and any variation shown there should only reflect théhe stretch exponemg separately.
level of error in the measurement of the net intensity of scat- Figure 5 shows a plot of the structural relaxation rate as a
tering from hydration water. function of Q in a linear scale for the 100% hydrated sample
Nevertheless, experimentally significant trends of the twaat five temperatures; three of the lower ones are supercooled.
parametersr and B, as a function of) can be extracted from It is obvious that the structural relaxation rate has a power-
this analysis. When one adopts the old model, the quasielataw dependence o®. We thus replot the same data in a
tic peak is Lorentzian and it has been a usual practice to pldbg-log scale in Fig. 6. One readily sees that the data follow
the linewidthI'(Q) as a function ofQ2. The reason is that it  straight lines with positive slopes within this admittedly nar-
will result in a straight line with a slop®, which is the row range ofQ (one decade The values of the exponent
self-diffusion constant of water, in a sufficiently sm&l  are given in the inset for each temperature. One observes that
range where the hydrodynamic limit is reached. In the newvithe values ofy are larger than but not far from 2. The trend
model, the quasielastic peak has a line shape which is af the values of the exponent does not seem to agree with
Fourier transform of a stretched exponential function. Thethat of an earlier MD simulation of SPC/E watfér,8], which
spectral shape of this function naar=0 is Gaussian with an covered a much wide® range. In principle, for sufficiently
effective width which is 1# times some ratio of functions  small values ofQ, vy should reduce to 2 so that a correct
of B. This effective width is narrower the smallgris com-  hydrodynamic behavior is recovered.
pared to unity. At larget, the shape of the spectral function
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FIG. 6. Evidence of a power-law dependence of the structural
FIG. 5. Q dependence of the structural relaxation rate in units ofrelaxation rate o9, measured with 1@eV resolution, in the 100%
peV measured with 1QueV resolution, in the 100% hydrated hydrated sample. This graph shows a log-log plot of s Q.
sample, at various temperatures. It is readily seen that the structur@ithin a Q range of 0.1—-1 A%, the exponent, which is the slope
relaxation rate increases rapidly @increases. The effect is stron- of the solid lines joining the data points, seems to be a constant. The
ger at higher temperature§.=293K (O); T=278K (¢); T corresponding data from MD simulation show that the exponent
=268K (A); T=263K (0); T=258K (V). is Q-dependent, approaching 2 @sgoes below 0.1 AL
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FIG. 7. Q dependence of the stretch expongnfor the 100%
hydrated sample, measured with 48V resolution, at two tempera-
tures. It shows thaB is lower the larger th& values are. FoQ
<0.1A1, B approaches unity, as it should be.

The Q dependence of the stretch exponghnis given in
Fig. 7 for the same sample at two temperatures. It is seen th
values of 8 are significantly below unity for larg®, but
approach unity foQ less than 0.1 AL. One can infer from
these results that even at the highest temperature measur
the gycirodynamic limit is probably reached f@ronly below
0.1A

Since bothr and 8 control the quasielastic line shape and
haveQ dependences, it is convenient to try to combine th
two to obtain a single parameter which characterizes th
structural relaxation. In the case of an exponential relaxatio
as a result of a continuous diffusion, one has

F«(Q,H)=exp(—DQ?%). (20)
1000 ¥'=-1.95+0.04 7
> 100
Q
& 10 !
1 A L i 1 1 111
0.1 0.2 o 04 060810
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10+ .
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For this case, one can characterize the relaxation by its first
cumulant(initial slope), which isDQ?, or by its area, which

is 1/DQ?. The two are equivalent. In the case of a stretched
exponential relaxation, the first cumulant diverges f@r
<1, but the area under the curve[5,26]

a5

One may call this quantity the average relaxation timé is

of interest to investigate this quantity as a functionQ@f
Figure 8 is a log-log plot of the average relaxation timas

a function of Q. One sees that the average relaxation time
has, within this Q range, a power-law dependence,
%Q*V', with an exponenty’ approximately equal to 2 at
room temperature, similar to the simple diffusion case. One
may then define an average diffusion constant by the relation

T= 1/5Q2 and use it to estimate the average diffusion coef-

ficient D. From Fig. 8, we read that for the 100% hydrated
sample at 293 K,y'=-1.95 and 7=944ps at Q
at0.1 A~1. Substituting these two numbers into the above

relation, we getD=1.1x10 °cn?/sec, compared to the
measured self-diffusion constant for bulk water at this tem-
Srature, which i =2.0x 10~5 cmP/sec. We thus arrive at

a ratio D/D=1.8, agreeing with the estimate of Lee and
Rossky[14] based on a MD simulation of water on a silica
surface. We may also say that as far as the single-particle

ynamics is concerned, water in Vycor at 293 K behaves as
ﬁ-\at in a bulk water at 273 K20° below. As the temperature
goes below the freezing point, the exponghtbecomes less
than 2, indicating a deviation from simple diffusion. A
weaker Q dependence of the-relaxation time in super-
cooled water was also observed in the earlier MD of SPC/E
model water[7,8].

1

B

t\8 T
T

,EF

(21)
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FIG. 8. Average relaxation time [defined in Eq(21)] for the 100% hydrated sample plotted agai@sn log-log scales. It can be seen

that the slope is approximately2 at room temperature.
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V. CONCLUSION The main deficiency of the old model is twofold: the exis-

We have shown by analvses of an existing medium resot_ence of an elastic peak is incompatible with the notion that
lution QENS data ang a ser){es of new hi h-rgsolution QENén the liquid state water molecules must have finite mobility,
9 ?nd the EISF extracted from experiment is devoid of physi-

data that it is possible to treat the low-frequency spectracal meaning in the sense that it gives rise to a confinement

intensity of th_e mcohere_nt heutron scattering from Intenca(:'alradius which is unrealistic. Due to the fact that Qeange
water as a single quasielastic peak arising from a nonexpo-

nential relaxation. It is not necessary to invoke a weighted’ f the measurements was restricted to below 1.,/ feature
L . ATy X 9N hherent in the kinematics of neutron scattering, in order to
sum of an elastic and a quasielastic peak in order to fit th

) . %chieve a high spectral resolution, tedependence of the
complete low-frequency spectral I'ne.' W'th the help of re'Debye-WaIIer factor could not be determined with reliabil-
sults from a recent long-time MD simulation of a SPC/E . inf : h his limi
bulk supercooled water, we are able to single out the tran ity. In future experiments we hope to overcome this limita-
lational motion of the cénter of mass of a water molecule ag - by using different neutron spectrometers with a higher

. : . ; ; .“Incident neutron energy so that a complete test of the new
the main contributor to the incoherent quasielastic sc:atterlng1eor could be madi27]
peak measured with a high spectral resolufi®h The origin y '
of the nonexponential form of the ISF is the reflection of the
diffusion process of the water molecule that is coup_led ACKNOWLEDGMENTS
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