PHYSICAL REVIEW B 68, 172201 (2003

Neutron scattering studies of low-fraction H0O in silica gel
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Inelastic neutron scattering spectra of silica gel with low concentrations of water, 3 and 10%, were measured
at 5 K. The experimental spectrum for the lower fraction of wéB86) in silica gel shows dramatic changes
compared to the spectra of other known ice phases in the energy transfer region of 2—140 meV. Its intermo-
lecular librational band ranges from 47 to 102 meV shifted to lower energy by about 2Qandy a factor
1.43 compared to icéh (67—-119 meV, and shows a similar librational band with liquid. A significant excess
of low frequency vibration modeg<7 meV) over normal icedh and a very wide acoustic peak—15 me\f
were observed. Experimental data indicate that littl®©OH3%) in silica gel exhibits a strong softening of
hydrogen bonds compared to bulk normal ice and all other known ice phases.
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Water in confined space has attracted considerable intereftan in bulk water, at least in the water layers closer to the
in recent years3 Understanding the modification from bulk interface and below room temperatfiré recent study of
liquid water behavior when water is introduced into pores ofwater confined in Wcor glasévith a average pore size of
porous media or confined in the vicinity of metallic surfaces~40 A) was done in Ref. 6 using neutron diffraction. The
is important to technological problems such as oil recovernauthors reported that, although the limitations of the experi-
from natural reservoirs, mining, corrosion inhibition, enzy- mental technique did not allow them to draw definitive and
matic activity, the functions of membranes, and food conserguantitative conclusions, nevertheless it was apparent from
vation. Water in porous materials such as Wecor glass antheir study that water confined in porous Wecor glass is still
silica gel has actively been under investigation because diydrogen bonded, but the bond network is strongly distorted
their relevance in catalytic and separation processes. even at room temperature. The inelastic neutron scattering

The structural and dynamic properties of bulk water arg(INS) of water in Vcor(with a pore size~50 A) with 52%
now mostly well understood in some ranges of temperaturelydration, measured at temperatures betweed5 and
and pressure®® In the last decade many studies about the25 °C, has shown that the fir&coustical peak in the trans-
structure and dynamic properties of water behavior in contational part of the INS spectra was suppressed compared to
fined geometry have been made using different techniqueshat of bulk water. The low-energy cutoff of the librational
such as x-ray diffraction, neutron diffractiofND).® and  band for the spectrum at 25 °C was at slightly higher energy
nuclear magnetic resonantén the deeply supercooled re- than in bulk water, and on cooling te35 °C the shift was
gime and in a situation where the effects due to the hydrogenoticeably increased. The position of the low-energy cutoff
bonding are dominant. In many common and relevant situaef the librational band at35 °C was close to that for idé.
tions, water is not in its bulk form but is instead attached toTheir results indicate that at rather high hydration50%)
some substrates or filling small cavities such as in poroushe water behaves in many features similar to bulk wéder
media. Structural and dynamical properties of confined watep5 °C) or normal icelh (at —35 °C). Other INS data on water
may be affected by the presence of a surface that can kia pore<® also gave similar results.
either hydrophilic or hydrophobic, by interaction forces at Two samples with different concentrations of wat8%o
the interface, and by the geometrical confinement and/or voland 10% by weightin silica gel were prepared. The silica
ume of confinement, which can limit the extension of thegel (grade 62, 60-200 mesh, 150 A is made by the Aldrich
hydrogen bond network in such a way as to reduce the derGhemical Company of the United States. Its pore volume is
sity fluctuations of water. Strong structure perturbations atl.1 cn?g and its surface area is 315%q The concentra-
the surface are incongruent with the ordinary directionakions of 3% and 10% kD will roughly cover the pore sur-
binding between water molecules in the bulk liquid. The re-face by 0.32 and 1.08 layers, respectively. The silica gel was
sulting surface induced perturbative disruptions, thereforedried by exposure in a vacuum (19torr) at 80 °C for 24 h
modifies water’s normal properties. before adding pure waté®9.6% double-distilled KD). The

All the experimental studies of the dynamics of watersamples were wrapped in aluminum foil and attached to a
molecules confined in different substrates agree in suggestenter stick. In order to reduce the Debye-Waller factor and
ing a slowing down of the translational single moleculeto maximize the INS intensity, all samples were cooled be-
motion’ compared to the bulk liquid phase. However, thelow 15 K. The instrument used was the Time Focussed Xtal
rotational diffusion of a single water molecule increasesAnalyzer (TFXA, which is now called TOSCAspectrom-
while its translational diffusion decreases, which is the basigters at the ISISRutherford Appleton Laboratory, UKt
of a “fragmented cluster model” that describes adsorbed waTFXA was an inverse geometry time-of-flight spectrometer.
ter as a mixture of isolated monomersy®) and small A “white” energy neutron beam is inelastically scattered by
clusters (HO, ). Most neutron-diffraction studies are indeed sample, analyzed by graphite crystgitaced at 135° to the
interpreted in terms of more extensive hydrogen bondinglirection of the incident neutropgnd beryllium filters, and
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neutrons with a final energy ef4 meV are registered. In the
whole energy range of intere€—-120 meV the instrument
provides very good energy resolution, about 1.58&/E).

The spectrum for dry silica gel and the empty can was also
measured under the same conditions and subtracted from th
spectra of hydrated silica gel to get the spectra representin
the contribution resulting entirely from scattering on water
molecules. The time of flight spectrum was converted to dy-
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namic structure facto8(Q,w) vs energy transfefiw by us-
ing the standard program at ISIS.

Before the comparison of bulk watémeasured at 290)k
to pore ice(3% H,0 at 5 K) is carried out, the temperatures
should be set at the same value by using the following cal
culations (temperature affecting dynamical factor through
both the Debye-Waller factor and the population factor

Sr—200K(Q, )2V T=5K(n(T=5K) +1)
=5K™ e—2W(Q,TZZQOK)<n(T:290 K)+1> ’
1)
wheree 2" is average Debye-Waller factor. It could be ob-
tained by
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whereoq/oy andfq/f are neutron scattering cross section

and atomic fraction of element oxygen/hydrogen, respec- . :
yd yerog P fphous forms of ice have shown the following common be-

tively. From the definition of generalized phonon density o
stated?

1
Gi(@)=3Nm & [&@DPde-w@l @

the Debye-Waller factor in Eq2) could be derived as

hQ? [ G
Wi(Q,T)=4—(r3}f¥[2n+l]dw, (4)
where
1
N= SFakT_7 - 5

Wheni=1 or 2, formula(4) is for hydrogen or oxygen,
respectively. From the geometry of TFXA/TOSCA there ex-
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FIG. 1. INS spectrum comparison of 3%®l in silica gel with
10% H,O in silica gel, icelh, Ida ice,hdaice, and ice VIII in the
energy transfer region of 2—140 meV.

haviors with increasing pressufand density of ice exis-
tence onP-T Phase diagram(i) a shift to higher energy of
the first (acoustical peak of translational banffrom 6.7
meV for lowest density icdh up to 15 meV for highest
density ice VII); and(ii) a shift to lower-energy cutoff of the
librational bandfrom 67 meV for icelh down to 54 meV for
ice VIII) as well as the whole librational band itself. It was
determined from x-ray and ND measurements that for most
ice phases the nearest neighbor water-water distances in-
crease with increasing densttyTherefore, the softening of
the transverse force constant between the nearest-neighbor
water molecules could be due to longer and weaker hydrogen
bonds. Alternatively, the origin of the librational band soft-
ening could be a deformation of the hydrogen bonds, as
shown in ice I1*2

Figure 1 shows the INS spectrum comparison gOHce

ists the relation between energy and momentum transfdf With ice VI, 10% H,O, and 3% HO in silica gel, hda ice

given by
h2Q%=2m{hw+8—\8(4+hw)}. (6)

The spectra of crystalline ice phasgse Ih, ice VI, and
ice VIII) and amorphous icdéigh density amorphoudhda
ice and low density amorphoudda) ice] consist of well

and Ida ice measured at 5 K. The crystal feature pé28s
and 37 meV in translational high-energy region becomes
slightly flattened for silica gel absorbing 10% water, and its
low-energy cutoff of libration is not steep as normal ibe

Its acoustical peak shifts toward a low energy of about 1
meV compared to icéh. It dramatically goes to further for
3% H,0 in silica gel that shows its comparison to 10%CH

developed bands: the lower-energy band, 0-40 meV, assodi silica gel, in which the low-energy cutoff of libration
ated with translational vibrations of water molecules, and thenoves toward a low energy of about 20 m& by a factor
high energy one, in the region of 53—120 meV, due to theiof 1.43 compared to icéh, and merges with a translational
librations. There is a clear gap between these two bands. IN8and. This indicates the softening of the corresponding trans-

studies of about all crystalline phasés:2.2 GPa and amor-
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verse force constants by a factor 2. This is the highest shift
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FIG. 3. (a) Acoustical peak comparison of these spectra shown
in Fig. 1. (b). Four INS spectréadynamical factorwere divided by
neutron transfer energy squate). These spectra were subtracted by
the icelh spectrum.

5(Q,o) [Arb.units]

tional bands for both 3% water in silica gel and pure water
0 50 100 (the same low-energy cutoff and similar band shape

Figure Zb) shows the INS spectrum comparison of silica
gel containing 3% KO with 10% HO and icelh. The peaks

FIG. 2. (a) INS spectrum comparison of 3%,8 in silica gel [N translational optiq(~20-40 meV region imply ices as
with bulk water[measured at 290 K and set at 5 K by using for- Crystal (two peaks for icdh at 28 and 37 meV, no peak for
mulas (1)—(5); see the text (b). INS spectrum comparison of 3% amorphous ices, see Fig). These peaks do not completely
H,O in silica gel with 10% HO in silica gel and icdh. disappear but become much flatter for a silica gel containing

10% water. In particular, these peaks are merged into the
compared to all other ice phases. This could be understodébration band in the spectrum of silica gel with 3% water,
by assuming that the water molecules in monomer layerand they could hardly be distinguished. However, its acous-
have a lot of broken and deformed hydrogen bonds, comtical peak is much wider than other ice samples, which is
pared to bulk ices. This is in agreement with the structuraprobably due to high frequency vibration modes joining in.
results on water in Wcor gladsAt higher concentrations of Figure 3a) is the acoustical peak comparison of the spec-
water in silica gel its excess above 3% behaves as normal idea shown in Fig. 1. Figure 1 shows that this peak is pushed
Ih. to 8.5 meV for hda ice and to 15 meV for ice VIII from 7

INS spectra of 3%k0 (measured at 5 Kin silica geland  meV for icelh. It has been demonstrated that this peak shift
pure watemeasured at 290 Kare shown in Fig. @). Their  is due to strengthened intermolecular interactions in high-
dynamical properties should be compared in this figure spressure phase icé&$.Figure 3b) shows four INS spectra
the measurements should be set at the same temperatudévided by the neutron transfer energy square in the region
Temperature affects the dynamical fac®(Q,w) through from 2 to 7 meV. The INS spectra of crystal ices in the
both population factor and the Debye-Waller factor. Usingacoustical region could be fitted by a Debye expression
formulas (1)—(5) the INS spectrum of watefat 5 K) was  G(w)=Aw?, whereA is a constant that depends on elastic
obtained, and is also shown in this figure for comparisoncoefficients of ices® Therefore, in this figure there should be
The INS spectrum of water has a small translational bandho peaks in this region for crystalline ices and the height of
(ranging from 0 to 25 meV, low intensityand a gentle slope the spectra inversely proportions to elastic coefficiéhe
in librational low-energy cutoff that merges with the transla-interactions between cellsThe spectrum of silica gel con-
tion. This implies that water has much fewer translation vi-taining 3% water clearly shows two peaf&6 and 4 meV,
bration modes and no definite three-body bending force corwhile a peak located at 4.8 meV can been seen in the local-
stant, as expected because it has no transverse forcensity approximation ice spectrum, and no peak appears in
constants. This figure shows a strong similarity in the libra-silica gel with 10% water spectrum. These peg&kdth an

Energy Transfer (meV)
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excess of low-frequency vibration modes over the normal icghat of liquid). Second, a significant excess of low frequency
Ih spectrum relate to transverse acoustic vibrations due tovibration modes over normal ick was observed which is
broken hydrogen bonds in these loose stacking amorphouglated to transverse acoustic vibrations due to broken or
ices or on surfaces/interfacks Figure 3c) shows these distorted hydrogen bonds. Third, a very wide acoustic peak

amorphous ice spectra subtracted by thelitepectrum. In was observed because of high frequency vibration mode
lower water concentrations the peak is located at 4.5 meV. Agropping.

water concentration increases to 10% the peak shifts to 5.8

meV and its intensity significantly decreases. The peak from We acknowledge the RAIISIS, UK) for providing the

Ida ice lies between them at 5 meV. This peak moving toneutron research facilities, and would also like to thank Dr.

high energy means that more hydrogen bonds are (@lils-  A.l. Kolesnikov for his guidance and support through the
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