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Low frequency scattering excess in supercooled confined water
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Inelastic neutron scattering data on water confined in Vycor glass are presented for temperatures
ranging from 268 to 220 K and hydration levels of 12% and 8%. The data have been analyzed in
the framework of the mode coupling theory, in the region of theb relaxation. Strong deviations
from the theoretical predictions are found and ascribed to the existence of a low frequency scattering
excess. ©2001 American Institute of Physics.@DOI: 10.1063/1.1367284#
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I. INTRODUCTION

Due to its ubiquitous role on earth, water is the subj
of numerous studies in various fields. In particular, over
last decade the study of the glass-like features of this biz
element has attracted considerable attention. Below the m
ing temperature all liquids exist as such only in a metasta
state, namely the supercooled one.1 Water does not make an
exception in this respect. Nonetheless, while in most liqu
it is possible to reach the glassy state by deeply supercoo
in water homogeneous nucleation prevents this direct ob
vation. This last phenomenon is believed to be triggered
the presence of impurities. Due to this problem, while n
merical simulations can go down deep into the supercoo
metastable region, the range of temperatures tested by
experiments is much more limited. As a consequence
signatures of glassy behavior in real water were, at the
ginning, very weak.2,3 More recent molecular dynamic
~MD! simulations on simple point charge/extended~SPC/E!
water4,5 clearly showed the behavior typical of a glass form
approaching the crossover temperature of the mode coup
theory ~MCT!.6 Low frequency Raman spectra of supe
cooled bulk water have also been interpreted as due to
existence of a MCT relaxing cage.7

As experimental resolution of instruments progress
and physicists experimented new thermodynamic states
water upon confinement in small volumes, a new impulse
the experimental verification of the possibility of vitrificatio
of water was given. Upon confinement water offers, in fa
the invaluable possibility of a much deeper supercool
with respect to the bulk. The dynamical behavior of confin
water is of particular interest not only for its relation with th
bulk, but also because of the relevant role that confined w
plays in many situations of interest for biology and geolog
In particular, it is believed that the protein functionali
could be crucially dependent on the presence of water on
surface.8

a!Author to whom correspondence should be addressed. Electronic
riccim@fis.uniroma3.it
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Nowadays it is quite commonly accepted that wat
when confined, develops upon supercooling a slow dynam
typical of a glass former. In particular, a detailed MD stu
on SPC/E water confined in a pore of Vycor glass show
the appearance of glassy features at higher temperatures
respect to the bulk case and a behaviorà la mode
coupling.9–13 Moreover, high resolution quasielastic neutro
scattering~QENS! and neutron resonance spin–echo~NRSE!
studies of the slow relaxation region,a, have been recently
performed on water confined in Vycor glass14–17 and con-
firmed the MCT behavior of thea relaxation region.16,17

Both experiments and simulations of water close to the s
face of proteins also evidenced features typical of a gl
former.18–21 In particular, in the range of frequency that co
responds to theb relaxation region, evidence from both MD
and QENS has been found of an excess of vibrational in
sity for water close to the surface of proteins.18,19,21 This
excess has been related to a typical feature of a strong g
former, namely the boson peak.

In this paper we performed an inelastic neutron scat
ing ~INS! experiment to test the behavior of the fast rela
ation region,b, for supercooled water confined in Vyco
glass. In the next section we describe the MCT scenario
water and the theoretical predictions for the correlator t
has been measured in our experiment. In the third section
turn to the description of the experiment and to the d
analysis procedure, and in the fourth section we discuss
results. The last section is devoted to the concluding
marks.

II. THE STATE OF THE ART FOR WATER
IN THE FRAMEWORK OF MCT

On supercooling a glass former liquid below its meltin
temperature, one reaches, well above the calorimetric g
transition temperature,Tg , an important crossover tempera
tureTC . On approachingTC from above, the ideal version o
MCT is capable of predicting a precise behavior for the d
sity correlators measured in a neutron scattering experim
In particular, for simple glass formers a transient caging
il:
0 © 2001 American Institute of Physics

P license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



r t
th
r

ee

th
as
er
pe
th
e
p

to

he
te

in

av

so

r
to

he

o
s
in

ve

in
a
c
an
i

r o

ex-
ned

de
to

are

of
ing

e
the
ue
of
the
ens
heir

rst

ter
ent
e of
de-
om
rgy
%
ral
e-
tion
uce
eV.
our

ple
the

i-
ata
has
en-
ec-
oth

the
een
, at

h,

10011J. Chem. Phys., Vol. 114, No. 22, 8 June 2001 Scattering excess in confined water
the particle due to the nearest neighbors is responsible fo
separation in two time scales of the correlator and for
stretching of the slow relaxation law. The time scale sepa
tion appears most evident at wave vectorsQ around the first
peak of the static structure factor. This behavior has b
successfully tested for many glass formers.6 For simple glass
formers the transient caging is induced by the increase of
density. Water does not rank in the category of typical gl
formers, being a network forming molecular liquid. In wat
in fact there is no substantial increase of density upon su
cooling. The caging seems to be most likely induced by
enhanced stiffness of the hydrogen bond network on low
ing the temperature.17 Due to the development of a two-ste
relaxation dynamics when approachingTC from the liquid
side, the space Fourier transform of the density correla
the self-intermediate scattering function, SISF,FS(Q,t) after
a fast decay at short times enters a plateau region,b relax-
ation, corresponding to the rattling of the particle in t
nearest-neighbor’s cage. In this region the SISF is predic
to have a power law behavior

FS~Q,t !2 f Q;~ t !2a. ~1!

After a time interval, which becomes longer on approach
TC , the functionFS(Q,t) decays to zero,a relaxation. The
region of departure from the plateau is also predicted to h
a power law behavior, namely the von Schweidler law

FS~Q,t !2 f Q;~ t !b, ~2!

where f Q is the Q-dependent height of the plateau al
known as the Lamb–Mo¨ssbauer factor. The last part of thea
relaxation region has a stretched exponential decay.6

An INS experiment on an incoherent scatterer measu
the space–time Fourier transform of the density correla
namely the self-dynamic structure factor,SS(Q,v). This
correlator multiplied by the frequency is proportional to t
response functionx(Q,v), which exhibits a minimum be-
tween two regions asymptotically approachingx;v2b and
x;va. The analytic shape of this correlator as a function
the temperature around the susceptibility minimum follow
scaling law when normalized to the values of the function
the minimum between the two peaks

x/xmin5A3~v/vmin!
aeff1B3~v/vmin!

2b. ~3!

Equation~3! is the interpolation formula for anad hocdata
fitting procedure used for theb-relaxation scaling law test. In
fact, if the high-frequency tail of thea peak follows the von
Schweidler lawx19(v);v2b with 0,b<1, then the low-
frequency part of theb peak can be described by an effecti
power law x29(v);vaeff. This interpolation formula obeys
the MCTb-relaxation scaling law if bothb andaeff are tem-
perature independent andaeff5a<amax;0.395.6,22

III. EXPERIMENTAL DETAILS

Vycor brand porous glass n.7930 is a product of Corn
Glass Works, which offers to water a network of cylindric
pores of average diameter of 40 Å and a hydrophilic surfa
The procedure for cleaning the Vycor glass substrate
preparing the hydrated samples must be performed w
great attention as Vycor glass behaves like a sponge fo
Downloaded 16 Jul 2002 to 193.204.162.2. Redistribution subject to AI
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ganic substances that are immediately absorbed.23 It is there-
fore crucial that the samples are kept isolated from the
ternal atmosphere. The samples are first accurately clea
through a full immersion in a solution of hydrogen–peroxi
heated at a temperature of 90 °C for ca. 3 h. In order
remove residues of peroxide from the glasses, they
washed with H2O. Samples are then kept in pure H2O until
used. A full hydration is defined as 0.25 g of water per g
Vycor. Partially hydrated samples are obtained by expos
the fully hydrated ones to a dehydrating powder, P2O5, in a
glove box with flushing of an inert gas while monitoring th
weights. For the dry sample, once the weight stabilizes,
remaining water is eliminated by using a vacuum pump. D
to the low water content there is no risk at this point
breaking the sample because of ice formation inside
pores. At the end of this procedure the nonbridging oxyg
on the Vycor surface are saturated by hydrogens and t
number is ca. 14% of the total atoms in the dry slab.23

We performed two series of INS experiments. The fi
series was taken at the ISIS facility on the MARI24 spectrom-
eter and the second at the ILL facility using the IN525 spec-
trometer. MARI is a direct geometry chopper spectrome
which uses a Fermi chopper to monochromate the incid
neutron beam. Available incident energies are in the rang
10 to 2000 meV and the instrument is equipped with a
tector bank that continuously covers the angular range fr
3 to 135 deg. In our experiment the selected incident ene
wasEi524 meV. The energy resolution is between 1%–2
DE/E, constant for all the detector banks. IN5 is a gene
purpose direct geometry time-of-flight spectrometer, d
signed to study low-energy transfer processes as a func
of momentum transfer. It uses four disk choppers to prod
a monoenergetic neutron beam in the range 0.3 to 25 m
The detector bank covers the range from 2 to 130 deg. In
experiment the selected incident energy wasEi53.3 meV,
corresponding to an energy resolution of 109meV. On both
spectrometers we have used a thin flat aluminum sam
container. The Vycor glass slabs used for the MARI and
IN5 experiments have dimensions of 50.6350.533.1 and 32
33631.8 mm3, respectively. Details on the different exper
mental runs are reported in Table I. For the sake of the d
analysis on each spectrometer a dry Vycor spectrum
been measured. We have, however, verified that in the
ergy and temperature range investigated the dry Vycor sp
trum is not sensitive to temperature changes. Moreover, b
multiple scattering and absorption are negligible, given
thickness of our samples. The calibration of runs has b
obtained by recording the spectrum of a vanadium slab

TABLE I. Details of the experimental runs: percentual hydration level,
temperature, and instrument used.

Run number h T (K) Instrument

1 8% 248 MARI
2 12% 248 MARI
3 12% 268 MARI
4 8% 220 IN5
5 8% 248 IN5
6 8% 268 IN5
P license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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ambient temperature on both MARI and IN5.
The raw data for water,I H2O(Q,v), plotted in Fig. 1,

have been obtained by subtracting the signal of the dry
cor, I dry(Q,v), from the total scattered intensity

I exp~Q,v!5c1I H2O~Q,v!1c2I dry~Q,v!, ~4!

wherec1 and c2 , reported in Table II, represent the mol
fraction of water and Vycor glass, respectively, as evalua
from the composition and weight of the individual samples23

Conversion of the experimental intensity to the se
dynamical structure factor,SS(Q,v), has been obtained
through the vanadium calibration runs. ConstantQ data for
SS(Q,v) have been interpolated atQ values of 1.7, 1.9, and
2.1 Å21. These values have been selected in the vicinity
the first peak of the oxygen–oxygen static structure fac
where MCT features are most evident.

IV. DATA ANALYSIS AND RESULTS

Figure 1 shows, as an example, the experimental in
sity for three selected data set atQ51.9 Å21. All the data
show, after the short frequency decay, a feature centere
about 5 meV, best resolved at the lowest temperature.
feature is closely reminiscent of that observed in the dyna
cal structure factor of hydration water confined around a p
tein macromolecule18,19and interpreted in terms of an exce
of vibrational modes, associated with the amorphous cha
ter of hydration water26 in analogy with what is found in
amorphous ice.27 However, it has to be mentioned that th
neutron and Raman spectra of bulk water also show a c
tribution at about the same frequency: this is best visible,
centered at about 7.5 meV, when the spectra are multip
by v2.28,29 This well-known translational band is sometim
referred to as theO–O–Obending mode.30

FIG. 1. Log–log plot of the raw data from the IN5 runs 4,5,6 interpolated
Q51.9 Å21. Hydration level is 8% and temperatures from bottom to top
T5220, 248, and 268 K.

TABLE II. Hydration dependence of the coefficients defined in Eq.~4!.

h c1 c2

8% 0.2 0.8
12% 0.27 0.73
Downloaded 16 Jul 2002 to 193.204.162.2. Redistribution subject to AI
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In order to test our data against the MCT predictions,
have estimated the response functionx(Q,v) at the three
selectedQ values for each sample run and performed a po
nomial fit around its minimum. In Fig. 2 we have reporte
the experimental data for run number 4, together with its
as an example. The values ofxmin and vmin obtained from
the polynomial fit have been used to rescale all the exp
mental data at the minimum of the response function. R
caled data atQ51.9 Å21 are shown in Fig. 3. The bottom
panel shows the data at the highest hydration, taken
MARI, and the top one all the data at the lowest hydratio
independently on the spectrometer used. In particular, ru
and 5 have been performed at the same hydration and
perature on different spectrometers and using Vycor slab
different thickness; nevertheless, scaled data compare
well to each other above the minimum of the response fu
tion. The low-frequency region of the data taken on MAR
corresponding to thea relaxation, is completely obscured b
the instrumental resolution. The resolution of IN5 in the ch
sen setup is better, although still too low to study thea
relaxation dynamics. We notice that the region where
response function follows the universal behavior reported
Eq. ~3! becomes shorter as the temperature decreases, a
ready found in the case of supercooled glycerol.31

We have performed a fit to Eq.~3! for all the curves
shown in Fig. 3. We have fixed the value of theb exponent
to 0.4. This value was estimated from simulations13 and has,
however, little influence in our fit. In fact, thea relaxation
region is completely, or almost completely buried in the e
perimental resolution, depending on the spectrometer. As
example, two fits to Eq.~3! are shown in Fig. 4. These tw
runs correspond to the same hydration level and tempera
of the sample and are taken on the two different spectro
eters. In spite of the slight difference in the frequency w
dows accessible by the two spectrometers, we do find
same value of the exponentaeff within the error bar. This
confirms the reliability of the fits performed on theb region
on both spectrometers. The values ofaeff are reported in Fig.
5 for three selectedQ values close to the peak of th

tFIG. 2. The logarithm of thex ~in arbitrary units! vs the logarithm of the
frequency~in Hz!. The experimental data are reported with the error ba
while the continuous line represents a polynomial fit around the minim
performed to evaluate, for each run,xmin andvmin . The experimental data
reported here as an example correspond to run number 4~see Table I!,
namelyT5220 K, hydration level of 8%, andQ51.9 Å21.
P license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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10013J. Chem. Phys., Vol. 114, No. 22, 8 June 2001 Scattering excess in confined water
oxygen–oxygen structure factor. As we note,aeff.1 for all
the Q investigated, while MCT indicates for this exponent
topmost value of 0.395. As already stated in the Introducti
the existence of an MCTa relaxation region has been clear

FIG. 3. Log–log plot ofx/xmin vs v/vmin at Q51.9 Å21. The experimental
uncertainty is within the symbol size except for the very high freque
region around the maximum~see Fig. 2!. The different resolution of the two
spectrometers clearly emerges from the low-frequency behavior. The
numbers correspond to temperatures and hydration levels listed in Tab

FIG. 4. Log–log plot ofx/xmin vs v/vmin ~symbols! for run numbers 1 and
5 at Q51.9 Å21, together with their fit~continuous lines!, performed ac-
cording to Eq.~3!. Data for run 1 have been arbitrarily shifted upward f
the sake of clarity. These two runs correspond to the same hydration
temperature and the data are closely superimposed, as can be seen in
Data collected on MARI~run 1! show a lower resolution but a higher sta
tistical accuracy.
Downloaded 16 Jul 2002 to 193.204.162.2. Redistribution subject to AI
,

shown for water in Vycor both with experiments an
simulations.9–17 Therefore, given the present state-of-the-
on the subject, our finding appears to be compatible with
existence of a low-frequency scattering excess~LFSE! analo-
gous to that observed already in strong glass formers.22,31,32

We notice thataeff shows a slightQ dependence, best eviden
at the lowest temperatures. Moreover, the value ofaeff in-
creases with decreasing temperature, as expected for
LFSE.

V. CONCLUDING REMARKS

We presented the results of an INS experiment on wa
confined in Vycor glass at low temperatures and hydrat
levels. The data have been analyzed in the framework
MCT. As far as thea relaxation region is concerned, th
MCT behavior has already been successfully tested b
experimentally14–17 and with MD simulations9–13 on the
same system. We performed ab-relaxation scaling law tes
on our data. The data show a marked deviation from M
predictions about the exponentaeff which is to be ascribed to
the presence of an LFSE. The nature of this LFSE is s
under debate in the literature. It is a feature that starts
pearing in liquids forming strong glasses upon deeply sup
cooling and then becomes most evident in the amorph
solid. It can possibly be related to the tail of the BP featu
appearing at higher frequency. Another possible source
the LFSE could be attributed to localized vibrational m
tions, induced by molecular mechanisms or disorder effe
It is worth noting that for high density amorphous ice th
LFSE has been recently detected and found to be du
localized oscillations of short chains and isolated wa
molecules.33 An overshoot in thea-relaxation region of the
SISF, which could possibly be related to the LFSE, has a
been observed in the MD simulation of water in a Vyc
pore9–13 and of water close to the surface of proteins.18,19,21

y

un
I.

nd
g. 3.

FIG. 5. Values of the exponentaeff of Eq. ~3! extracted from the fit to the
experimental data at threeQ values around the first peak of oxygen–oxyge
static structure factor, namelyQ51.7, 1.9, and 2.1 Å21 from top to bottom.
Circles correspond to IN5 runs, diamonds correspond to run 1, and squ
correspond to runs 2 and 3.
P license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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In our case, due to the strong hydrophilicity of the inne
surfaces of the pores of Vycor glass, water at low hydratio
level is already in a sluggish state at relatively high
temperatures.9–13 Therefore, not surprisingly deviations from
MCT in theb region appear not very far from ambient in the
low hydrated samples. It is important to stress that an e
hancement of vibrational contributions for water upon supe
cooling favors the hypothesis recently appearing in th
literature34 of a fragile-to-strong transition of confined water
upon supercooling.
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