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Small-angle neutron scattering experiments investigating the structure of porous Vycor glass
are reported. The long-wave-length behavior (0.004 A~!=<4=<0.025A""') of the measured
structure factor S(g) is in good agreement with Cahn’s prediction for spinodal decomposition.
The high-g data do not conclusively establish whether the internal surfaces are fractally rough
over the length scales probed. Experiments on Vycor contrasted with protonated and deuterated
cyclohexane reveal local composition gradients within the glass.

Porous media have enjoyed increased popularity as host
structures for the study of a variety of physical phenome-
na such as hydrodynamic flow,'* viscous fingering and
interfacial instability,>® diffusion,”® supercooling of
liquids,® electronic energy transfer,!®"'? superfluidity in
Bose gases,'>!* and critical phenomena in binary fluid
mixtures. !> An issue of particular interest is the cross-
over from translational invariance to self-similarity as the
length scales involved change. The structure of various
porous networks and the associated internal surfaces have
been proposed”!®!! to have fractal geometry, although
little direct structural evidence has been presented. The
commercially available porous Vycor glass (Vycor 7930,
Dow Corning) has been used in some of the above-
mentioned studies. Here we report the results of a quanti-
tative evaluation of the structure of Vycor by means of the
small-angle neutron scattering (SANS) technique.

Vycor is manufactured from a borosilicate glass-
forming melt with a high concentration of BOj3. This
melt is cooled below its demixing temperature forcing it to
spinodally decompose into a SiO»-rich phase and a B;O3-
alkali oxide-rich phase. The latter is acid soluble and can
be leached out with suitable solvents leaving a fully pen-
etrable microporous glass. Because of its large internal
surface area, organic materials are readily absorbed from
the surrounding atmosphere. Prior to using Vycor we sub-
jected it to a cleaning procedure with hydrogen peroxide
followed by drying under a nitrogen atmosphere. The
cleaned glass was colorless and opalescent. Neutron
scattering specimens were sealed between two pieces of
& -in.-thick optical quality quartz disks using Viton O
rings.

SANS experiments were performed at the National
Center for Small Angle Scattering Research (Oak Ridge
National Laboratory) with 4.75-A wavelength neutrons.
Three different detector settings were used allowing data
collection over the following ranges of wave vector
g: 0079A '=4¢g=<02A"" (2.6 m); 0.009A " '<gq
=<0.077A71(6.91 m); 0.003A '=<4¢=<0.028A7! (19
m). The scattered neutrons were counted with a two-
dimensional position-sensitive area detector, and subse-
quently corrected for cell scattering, detector sensitivity,
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sample thickness (typically 2.2 mm), and converted into
absolute units according to procedures described else-
where. !’

Figure 1 shows a plot of the intensity scattered by dry
Vycor as a function of the momentum transfer g. The
good agreement of the data obtained for the three
different detector settings, which have been spliced to-
gether without any adjustment of the intensity scale,
demonstrates the satisfactory performance of the calibra-
tion procedures. The dominant feature is a broad peak
centered around ¢ =0.023 A ~!. This is reminiscent of the
structure factors measured on two-component systems
that underwent spinodal demixing. A simple formulation
of such phenomena has been given by Cahn.!® This model
predicts the wave-vector dependence of the scattered in-
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FIG. 1. Intensity of neutrons scattered by dry Vycor as a
function of momentum transfer g. Three data sets obtained for
various detector settings are spliced together. Statistical error
bars are smaller than the symbol if not indicated. The solid line
is a fit to the Cahn prediction Eq. (1). The dashed and dashed-
dotted lines are fits to Eq. (2) (see text).
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tensity as a function of time after a binary system has
been quenched into the unstable spinodal regime to evolve
as

_ - _ 1(0,0) o _
1(g,7) = T+ expl—27%7(—1+g2)] , ¢))

where § =qA/2x is a dimensionless wave vector involving
the wavelength of composition fluctuations A. 7 is the
time in dimensionless units evolved since the quench.

Concentrating on the long-wave-length behavior, first
we show in Fig. 1 a three-parameter fit of Eq. (1) to the
data for ¢ =< 0.028 A 7! Besides an amplitude, which is
uninteresting in this context, the solid line in Fig. 1 corre-
sponds to A=192 A and 7=5.7. Note that Eq. (1) has a
maximum at § =1/v/2, yielding gmax=0.023 A ~!. Since
neither the diffusion coefficient of the glass melt nor the
real time evolved after quenching are known, 7 cannot be
further evaluated. We note, however, that 7 is small
enough to justify the use of the linear theory result [Eq.
(1)] which is only valid for early-stage spinodal decompo-
sition. The fact that our data are in good agreement with
the Cahn model shows that the leaching process does not
alter the long-wave-length structure established by the
decomposition process.

For high g the scattering derives mostly from the inter-
nal interfaces. In the case of surfaces characterized by a
fractal dimension d; the following asymptotic ¢ depen-
dence has been derived: '’

1(g)=aq™ % . 2)

This correctly gives the classical Porod exponent?® of —4
for sharp boundaries with d;=2. Recently, Schaefer,
Bunker, and Wilcoxon?! have proposed that d; =2 for
porous Vycor glass, based on small-angle neutron and x-
ray scattering data. Three-parameter fits to our SANS
results, allowing for a small background b caused by in-
coherently scattered neutrons, show that the amplitude a
and the exponent in Eq. (2) are highly correlated. The
data for g > 0.05 A7l yield a=1.53x10"4% d;=2.21,
and b =0.07 (dashed-dotted line in Fig. 1). However, an
almost equally good fit (dashed line in Fig. 1) is obtained
for a=8.32x10 "% and b =0.129 with d; fixed at 2. Un-
fortunately, it is impossible to independently discriminate
between these two background levels, and we must con-
clude that on the basis of the data in Fig. 1 alone it is im-
possible to decide whether the internal surfaces are rough
or not.

In order to study the internal structure in more detail
we changed the scattering contrast by imbibing Vycor
with protonated (CgH;;) and deuterated (Cg¢D;2) cy-
clohexane. In general, the intensity scattered by an object
composed of two different uniform substances, filling frac-
tions ¢; and ¢, of the total volume, is related to the struc-
ture factor S(g) of the object by

(@) =(p;—p2)2S(g) , 3)

where p; and p; are the uniform scattering-length densi-
ties of substances 1 and 2, respectively. It can be seen in
Fig. 2 that a 50/50 mixture by volume of CgH;, and
CgDj2 nearly completely contrast matches Vycor, reduc-
ing the intensity scattered at ¢ =0.023 A ~! by a factor of
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FIG. 2. Intensity of neutrons scattered by Vycor imbibed
with a 50/50 mixture by volume of C¢H2 and C¢D5».

about 200. A significant feature of Fig. 2 is that the resid-
ual weak scattering peak, resulting from incomplete con-
trast matching has shifted to approximately 0.035 A ~!,
Similarly we determined the ratio of neutrons scattered by
dry Vycor, and Vycor imbibed with C¢H; or C4D;, (Fig.
3) to be 0.85 and 1.13, respectively, in the long-wave-
length region ¢ <0.035 A~!. We emphasize that these
ratios are g independent only for low g, i.e., long-wave-
length fluctuations. From the known scattering-length
densities pcu,=—2.77%x10°cm ™2 and pc,p,,=6.69
x10'%cm =2 we can thus calculate pyycor=3.35%0.13
%x10'%cm 72 This value is in close agreement with that
calculated for amorphous silica psjo,=3.5%10 0em—2

A direct comparison of the intensity scattered by Vycor
contrasted in three different ways in the high-¢g regime is
also shown in Fig. 3. We observe the absence of simple
power-law behavior in the data around ¢ =0.05 A ™! for
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FIG. 3. Intensity of neutrons scattered by Vycor contrasted
with air, protonated and deuterated cyclohexane.
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all three data sets. In addition, we surprisingly observe a
crossover in the data. There are two possible explanations
for this behavior. Either there are local gradients in the
scattering density within the fluid or local gradients within
the glass. The former might be expected for binary fluid
mixtures with dissimilar wetting properties. This explana-
tion seems unlikely, however, for a mixture of the chemi-
cally very similar C¢H;; and C¢D;,, and is inconceivable
for the one fluid (C¢H;; or C¢D;;) samples. We are thus
led to conclude that the high-g data reveal composition
gradients within the glass.

A schematic one-dimensional model that qualitatively
explains the crossover behavior in Fig. 3 is depicted in Fig.
4. The top half shows the (hypothetical) dominant
Fourier component of the scattering-length density of the
spinodally decomposed glass; the strict periodicity is an
obvious oversimplification and has been chosen for reasons
of simplicity. The etching solvent will attack the regions
poor in SiO,, which are the valleys if we assume, for the
sake of the argument, that p is proportional to the concen-
tration of SiO,. After the solvent and solute have been re-
moved, the now porous glass can be filled with appropriate
fluids, as depicted in the bottom half of Fig. 4. Note that
at early stages of spinodal decomposition one expects a
structure with significant spatial nonuniformity rather
than fully phase-separated domains with steep composi-
tion profiles as occurs in later, coarsened stages. The bot-
tom half of Fig. 4 readily reveals two qualitative features
observed in Fig. 3. First, the dominant Fourier com-
ponent (A=272 A) has a smaller amplitude when con-
trasted with C¢D;, than with C¢H,,, leading to a smaller
scattered intensity in the former case at that particular
wave vector (see Fig. 3 at ¢ =0.025A~!). Secondly,
higher-frequency components are in phase for the deu-
terated case, leading to a higher amplitude for those com-
position fluctuations and, thus, a larger scattered intensity
in the high-g regime. For similar reasons, perfect contrast
matching should be impossible. Furthermore, owing to
the ¢ dependence of the effective contrast (Fig. 3) the
measured main peak location will depend somewhat on
the scattering-length density of the imbibed fluid, particu-
larly when near the optimal contrast matching condition.
These observations are consistent with the results shown
in Figs. 1 and 2.

Since the scattered intensity is known in absolute units
and d; =2 we apply Porod’s law in the high-g regime to
determine the surface-to-volume ratio S/V of the scatter-
ing sample

q* ’
where prquia is the scattering-length density of either
CsH1, or C¢Djs. S/V determined for CsHi; and C¢D;
contrast yield 121 m?/cm? and 185 m?/cm?, respectively.
The discrepancy between these two values further corro-
borates the concept of spatial nonuniformity of the glass
density, leading to the failure of Eq. (4), which is valid
only for the two-phase model with domains of constant p.
Further support for this view is provided by the results of
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FIG. 4. One-dimensional schematic model for early-stage
spinodal decomposition. The top half represent the spatial
scattering density fluctuations before coarsening could occur.
Etching attacks, e.g., regions of low-density p, which subse-
quently can be filled with appropriate fluids producing density
profiles as indicated by the C¢Hi2 and CgD; lines.

Brunauer-Emmett-Teller (BET) adsorption isotherm
measurements, which yield S/¥ =157 m?/cm?3, which is
very close to the mean of the above values.

We conclude that the structure of Vycor has the long-
wave-length characteristics of a spinodally decomposed
binary system at its early stages. The high-g data of our
SANS experiments do not allow us to make definitive
statements about the roughness of the internal surfaces.
Experiments in which the scattering contrast has been
varied reveal local composition gradients within the glass
which complicate determination of the fractal dimen-
sionality of the surfaces. These features also create pit-
falls for S/V determination by Porod analysis and must
be taken into account in the analysis of scattering data of
more complicated systems, e.g., binary fluid mixtures im-
bibed in Vycor.

Note added. N. F. Berk very recently proposed?? a
model describing the scattering properties of micro-
dispersed and microporous systems. A significant predic-
tion of this model is higher-order harmonics in the scatter-
ing intensity, in qualitative agreement with the large-gq
data we have presented.
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