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Small-angle neutron scattering study of adsorbed water in porous Vycor glass:
Supercooling phase transition and interfacial structure
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Small-angle neutron scattering by porous Vycor glass at scattering vectors above 0.025 A de-
cays as Q ". However, both intensity and power-law exponent differ markedly between a dry sam-

ple, which has a fractally rough surface with dimensionality D —2. 5, and a water-saturated sample
with identical scattering contrast, implying that the pore surfaces undergo gross geometrical
changes on drying. The temperature variation of intensity at constant Q confirms the existence of a
diffuse supercooling transition centered at about 260 K.

There are many novel aspects of the behavior of Auids
confined in small pores, e.g. , in Vycor glass and other
porous silicas, such as anomalous molecular diffusion'
and electronic energy transfer, superAuidity, and su-
percooling. ' Recently there has been some discussion
as to whether the anomalous scaling of diffusion and elec-
tronic energy-transfer processes in Vycor can be ex-
plained on the basis of fractal concepts. "' While
small-angle neutron scattering (SANS) and small-angle
x-ray scattering (SAXS) studies of porous Vycor glass by
Schaefer et al. " and SANS measurements by Wiltzius
et al. ' show no evidence for either volume or surface-
fractal structures, recent measurements by Sinha et al. '

and Schmidt et al. ' suggest that the pore surfaces may
be fractal with dimensionality D —2.4 under dry condi-
tions.

In the studies of Schaefer et al. " a broad peak cen- '

tered at a scattering vector of Q-0.03 A ' was ob-
served. This feature was attributed to the remnant of a
spinodal decomposition process' which involves the
phase separation of SiOz and B203 on a scale of the order
of 200 A. Subsequent acid leaching of the Bz03-rich
phase creates the interconnected microporous structure
evident in electron micrographs. At higher Q the scat-
tered intensity was found to decay as Q, the signature
expected for a microscopically smooth surface. '' These
workers mention no attempt to control or monitor the
moisture content of their sample. Wiltzius et al. '

presented SANS data for Vycor-containing mixtures of
protonated (C6H, z) and deuterated (C„D,2) cyclohexane.
In these studies a simple power-law behavior at Q values
above that of the spinodal decomposition peak was not
generally obtained, although one nominally dry sample
(under nitrogen) gave a gradient of approximately —4.
The question of whether or not the pore surfaces of
Vycor are fractal, therefore, appears to remain an un-
resolved issue.

Here we report SANS measurements on Vycor saturat-
ed with various mixtures of HzO and D2O. As in the
study of Wiltzius et al. ' variation of the isotopic compo-
sition of the Quid enables the scattering contrast between
the two phases to be varied, a technique which has been
particularly exploited in studies of colloidal systems. ' '

A sample of powdered Vycor glass (Corning 7930) was
cleaned according to the manufacturer's prescription,
then carefully outgassed for 24 h under vacuum at 180 C
and divided into seven specimens, each of which was
equilibrated at 95% relative humidity (RH) in airtight
containers over saturated solutions of sodium sulphite in
H20-DzO mixtures with hydrogen atomic fractions LH
ranging from 0.5 to 0.9. The adsorption isotherm for wa-
ter on Vycor indicates that the pore space is filled under
these conditions. The choice of 95% RH and not 100%
RH is motivated by minimizing scattering background
arising from excess interparticle water. The samples were
sealed in aluminum capsules fitted with a vacuum con-
nection and Baratron absolute pressure transducer, and
pumped down to a pressure equal to 95% of the saturat-
ed vapor pressure of water at 290 K (about 1.84 kN m ~).

One sample was later dried under high vacuum (rotary
diffusion pump) at a temperature of 100 C. SANS data
were recorded at 290 K on the D17 spectrometer at the
Institut Laue Langevin, Cxrenoble at an incident wave-

0
length of 12 A and scattering vector range Q
=0.015—0. 12 A '. After each run, the scattered inten-
sities recorded by the two-dimensional rnultidetector
were normalized to the same total incident neutron Aux,
corrected for instrument and sample capsule back-
grounds, and radially averaged.

Figure 1 shows the effect of varying the H-to-D isoto-
pic ratio, the data being recorded at a temperature of 290
K. The data are qualitatively similar to those obtained in
other studies, "' ' the broad peak corresponding to the
remnant of the spinodal process being centered at
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FIG. 1. SANS data for porous-Vycor —H&O-D20 system
equilibrated at 95% relative humidity and 290 K for varying
percentages of H20. A, 90%,' B, 80%; C, 73%; D, 60%; F,
57%; F, 53%; G, 50%%uo.
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0Q-0.025 A ', corresponding to a periodicity of about
250 A. At higher scattering vectors, i.e., shorter observa-
tion distances, the scattering intensity decreases smoothly
with increasing Q. At constant Q the scattered intensity
decreases with decreasing XH down to the minimum
value at which measurements were made (XH =0.5).

For scattering from. N interacting pores of identical
geometrical shape and of volume V, the intensity of
small-angle scattering is given by

I(Q)= A (ps —p ) NV P(Q)S(Q),

where 3 is an instrumental constant, p and p are the
scattering amplitude per unit volume of the glass and ad-
sorbed water, respectively, P(Q) is the form factor for a
single inhomogeneity, and S(Q) is an interparticle struc-
ture factor representing interference scattering effects.
For a polydisperse distribution of inhomogeneity sizes,
Eq. (I) would include an integral over this size distribu-
tion, but nevertheless I(Q) will depend independently on
the contrast and on geometrical factors. Assuming mac-
roscopic densities, the values of p„for pure liquid H20
and D20 are —0.57X10' and 6.36X10', respectively.
For a matrix density of 2.2 gem, corresponding to
fused silica, one may calculate for pure SiO2 a value of
p =3.46X10' cm, close to the value of 3.35X10'
cm obtained by Wiltzius et al. ' by contrast matching
of Vycor with mixtures of cyclohexane and deuterocy-
clohexane. This scattering length density corresponds to
an H~O-D20 mixture with XH =0.43, so that optirnurn
contrast matching was not quite achieved in our measure-
ments. However, from these values of p one may infer
that the glass has a good phase separation, consistent
with the manufacturer's quoted B203 content' of 3%.

Figure 2 illustrates the temperature dependence of
scattering for a sample equilibrated at 95% RH and
XH =0.57 as its temperature was increased by stages
from 230 to 279 K. The lines correspond to constant
values of Q between 0.04 and 0.08 A '. The main
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FIG. 2. Variation of SANS intensity with temperature for
0

constant scattering vectors g between 0.04 A ' (uppermost
0

curve) and 0.08 A ' (lower curve).

change of intensity apparent between 250 and 265 K is
attributed to the observation of a diffuse melting transi-
tion accompanied by a change of the relative density of
glass and pore fluid.

The two curves in Fig. 3 illustrate the parabolic depen-
dence on XH of the factor (p —

p ) from Eq. (I) for sili-
ca containing either liquid water or ice, calculated assum-
ing mass densities of 1.000 and 1.105 for liquid H20 and
D20 and a density decrease on freezing of S%%uo in both
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FICx. 3. Scattered intensity I(Q) vs atomic hydrogen fraction
XH for Vycor —liquid-water (curve A) and Vycor-ice (curve B),
assuming bulk densities for water and ice (1.0 and 0.92 g/cm
respectively).
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FIG. 4. Double-logarithmic plot of I{Q) vs Q for {a) dry
Vycor, (b) Vycor equilibrated at an atomic hydrogen fraction
XH =0.9 and at 9S% relative humidity.

cases. The density of silica is assumed to be as quoted
above. Differential freezing effects due to the differences
of freezing point of H20 and D20 are neglected. Since
XH=0. 57 is on the hydrogen-rich side of the contrast
match point for both Vycor-ice and Vycor-liquid-water
systems, where pg & p in both cases, it follows from Eq.
(1) that a decrease in p, corresponding to a decrease in
bulk density, will increase the SANS intensity at constant
Q, and vice versa. The SANS data, therefore, indicate a
contraction on melting, as for bulk water. Comparison of
the two curves at XH =0.57 gives a predicted relative in-
crease of scattering intensity from high to low tempera-
tures of about 45%. At the lower Q values in Fig. 2 the
increase of intensity between 279 and 230 K is about
50—60%, which may reflect either a somewhat larger
density change between solid and liquid phases than in
the bulk state, or alternatively a significant compression
of the silica matrix as freezing occurs.

The temperature range of the phase transition is in
good agreement with previous evidence for a diffuse melt-
ing transition at about 262 K based on measurements of
macroscopic volume changes. Adsorbed water in vari-
ous porous silicas such as Spherisorb (pore diameter 90
A) and Gasil (pore diameter 20 A) have been found to ex-
hibit a similar degree of supercooling from wide-angle
neutron-diffraction measurements. ' In principle, corn-
parison of macroscopic volume changes with the changes
in small-angle scattering intensities enables the change in
density of both the glass matrix and the pore-filling solu-
tion to be evaluated.

The most striking aspect of the present study is shown
in Fig. 4. This illustrates double logarithmic plots of in-
tensity versus Q for two samples, one equilibrated at
XH =0.9 and 95% RH, and the dry sample. There is a
dramatic reduction in peak intensity, by a factor of about
7, on going from the dry to the wet sample. This is re-

markable since at XH =0.9 the value of p is quite close
to zero, so that from Eq. (1) both the shapes and intensi-
ties in dry and wet samples would be expected to be iden-
tical. Since the contrasts are identical, the implication of
the large differences between the two curves is that there
are gross geometrical differences between dry and water-
saturated samples.

Above the spinodal peak, both log-log plots exhibit a
linear region, characteristic of power-law scattering.
Three-parameter least-squares fits of the high-Q data
were made using the equation

I (Q) = AQ "+B, (2)

where B represents a Q-independent incoherent scatter-
ing background, which for both samples is quite small.
The values of the exponent n differ significantly both
from one another and from ideal Porod behavior
I ( Q) —Q . For the dry sample n =3.5+0. 1 charac-
teristic of a surface-fractal behavior' ' with dimen-
sionality D =6—3.5-2.5, a result consistent with recent
independent studies on dry Vycor. ' ' Similar surface-
fractal behavior has been observed in a wide range of
porous materials by small-angle scattering or gas adsorp-
tion studies. ' For the fully saturated sample having
p =0 n =4 3+0 1. Gradients in the range 4 2 —4 5
were also observed at nunierous other values of XH and
relative humidity.

Such negative deviations from strict Porod (I —Q )

behavior have previously been observed in SAXS data for
polymer solutions, and are interpreted in terms of a
diffuse boundary between the two phases across which
the scattering amplitude density p(r) varies gradually
with no abrupt interfacial discontinuity. ' Although
these models do not predict pure power-law scattering, to
first order the effect often appears as a steepening of the
negative gradient. In Vycor glass such a diffuse boundary
could arise from (1) a spatial variation of composition
within the glass, (2) a modification of water structure and
density near pore surfaces, or (3) the presence of a mixed
phase, e.g. , a hydrated gel, at pore surfaces. The first of
these explanations was invoked by Wiltzius et aI. ' to ex-
plain some features of their data. However, neither of
the first two explanations would account for the large
difference in intensity between the dry and 90%%uo HzO
samples, whereas the removal of water from a surface gel
phase on drying, producing a rough pitted or cracked
pore surface, would account for the both the differences
in scattered intensities and power-law gradients between
the wet and dry samples.

None of our SANS data give any indication of
volume-fractal behavior, ' implying that anomalous
scaling of molecular dynamics or electronic energy-
transfer kinetics requires a different, nonfractal interpre-
tation (see, e.g. , Yang et al. ).

In conclusion, our SANS data show the Vycor-water
system to be neither a volume or a surface fractal, but to
exhibit a diffuse liquid-solid boundary. Fractal surface
roughness was observed only in an extremely dry sample.
The latter finding apparently contradicts previous
data " however, we have employed rather more
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stringent drying conditions, likely to have removed the
about 3% chemisorbed water remaining at 0% RH. ' It
is clear that in porous Vycor there is a significant chemi-
cal interaction between the absorbed water and the pore
surfaces, possibly formation of a gel-like state which
significantly modifies the surface morphology of the
pores. As the temperature is varied, we observe directly

a supercooling phase transition, confirming earlier mac-
roscopic measurements.
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