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Critical behavior in the presence of a disordered environment
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We report details of experimental studies of the effect of dilute silica networks on critical phe-
nomena for two binary fluid mixtures: lutidine-water (LW) and isobutyric acid-water (IBAW). For
both mixtures, the primary effect of the silica is to induce a time-independent perturbation of the
mixtures’ concentration, making it spatially nonuniform. We interpret this as the static response of
the critical system to the spatial nonuniformities of the silica concentration. We have measured this
response by light scattering and find it is both temperature and concentration dependent, becoming
strongly so in the vicinity of the consolute points of the mixtures. We observed no critical fluctua-
tions for the LW-gel system. For the IBAW-gel system, time-dependent scattering was observed, and
the temporal autocorrelation function of the scattered intensity revealed three regimes. Well away
from the consolute point, the decay was exponential. By taking the effect of the time-independent
response of the mixture to the silica gel into account, we found that the decay rates were comparable
to those of the pure system. Correlation functions measured closer to the consolute point contained
a significant nonexponential component for sufficiently large values of the scattering wave vector.
This component is well fitted by either a stretched exponential or an activated form. From the
amplitude of the normalized autocorrelation function we deduce that the critical fluctuations are
suppressed in amplitude relative to those of the pure system as the consolute point is approached.
Sufficiently near the phase boundary of the pure system, a very slowly decaying mode was also
observed in the autocorrelation function. This mode died away hours after the small temperature
change that induced it. A further temperature change toward the two-phase region induced it again,
while a change in the opposite direction did not. We interpret this behavior as resulting from a
phase separation process. IBAW-gel samples held deep in the two-phase region of the pure system
for months ordered macroscopically, proving that this system has long-range order in the presence
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of such silica networks.

PACS number(s): 64.70.Ja, 64.60.Ht, 61.43.Hv

I. INTRODUCTION

In recent years, there have been both experimental
and theoretical attempts to understand phase separation
in fluid systems confined in porous or disordered media.
Effort has focused on understanding the behavior in the
regime where the fluid systems are single phased and on
the phase-separation process itself. Both are dramati-
cally affected by the presence of a disordering medium.
The one-phase region of most systems appears to be char-
acterized by strong, static, scattering and nonexponen-
tial temporal behavior near the critical points of the pure
systems; the one-phase region will be the main subject of
consideration in this paper. The phase separation pro-
cess is also altered; macroscopic phase separation occurs
on a much slower time scale than observed in the pure
system. Experimental and theoretical results for phase
separation of fluids and fluid mixtures in porous glasses
are discussed, for example, in Ref. [1].
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Work in this field is partly motivated by the goal of un-
derstanding the effects of random fields and/or exchange
interactions on phase transitions of pure systems [2]. Dis-
ordered magnets were the first system of this type to be
investigated following predictions by Imry and Ma [3] of
macroscopic ordering in magnetic systems in the pres-
ence of a site-random field and the discovery by Fish-
man and Aharony [4] that this system could be realized
by applying a uniform external magnetic field to doped
antiferromagnetic samples. In zero field, this system is
a realization of the random-exchange Ising model, and
crosses over to random-field behavior as the external field
is increased. Above a well defined temperature Teq, the
behavior is independent of sample history. Cooling the
sample through this point in the presence of an external
field leads to a frozen-domain state, while cooling in the
absence of a field leads to long-range order below a sec-
ond temperature T, [5,6]. To date, most theoretical work
has incorporated the assumptions that the magnitude of
the random field is small, that it is uniformly distributed
around zero, and that it is spatially uncorrelated. The
random field presents energy barriers of height ¢¥ to the
movement of correlated regions, which implies that relax-
ation of the system will be activated, with characteristic
equilibration times 7 varying exponentially with the bar-
rier height associated with the size £ of the correlated
region, 7(&) ~ exp(¢¥/kgsT).
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Inspired by the work on magnetic systems and by early
experimental work on fluids in agarose gels, Brochard and
de Gennes suggested that the random-field Ising model
might apply to vapor-liquid systems or fluid mixtures
confined to porous media or in contact with a gel net-
work [7,8]. Like some magnetic systems, fluid systems
are members of the spin-1/2 Ising universality class, with
the important difference that the order parameter (den-
sity or concentration) is conserved in this case, while for
magnetic transitions it is not. Further work indicated
that metastability and activated dynamics were also to
be expected for the conserved order-parameter case [9].
In these systems, surface forces at the interface between
the fluid and the solid medium result in preferential at-
traction of fluid by the solid medium leading to density
or concentration perturbations. Thus, solid media can
presumably be modeled as exerting a spatially varying
field on the fluid system. These ideas have led to con-
troversy in the interpretation of experimental results for
fluid systems in the presence of disorder and it is not clear
that all such systems will fit into a random-field picture.
Experimental realizations of fluid systems have incorpo-
rated the use of both porous glasses, where the fluid is
confined to a pore space, and various gels, where the fluid
surrounds a dilute gel network. In both cases, though,
the structure is spatially correlated, resulting in corre-
lated rather than spatially random fields. The medium
actually applies a field of nonzero mean, although this can
be cancelled by adjusting the concentration or density of
the fluid. Furthermore, to reach the regime considered
by random-field models, the correlation length of the sys-
tem should be larger than the length scale of the disorder;
this condition has not been observed in fluid systems and
appears to be preempted by a phase-separation process
[10]. Some experimental studies of binary fluids confined
to porous glasses [11-13] have been successfully discussed
in terms of wetting in a single pore model [14], but more
extensive work is clearly needed to understand these sys-
tems.

Experiments involving flexible or noncovalently
crosslinked gels such as agarose, polyacrylamide, and gel-
lan gum gels revealed strong light scattering and cloud
points near the pure system’s coexistence curve [15,16].
These researchers observed that the region of enhanced
scattering was broader in temperature than seen in the
pure system, and they interpreted this as a broadening
of the transition. Most samples revealed small-amplitude
temporal fluctuations in the scattered intensity. More ex-
tensive measurements of a mixture of isobutyric acid and
water in gellan gum gels [17] revealed critical fluctuations
having both a diffusive component (i.e., with a decay rate
I o g2, where g is the wave vector of the fluctuation) and
a second exponential, but nondiffusive, component. The
amplitude of the nondiffusive term increased as the tem-
perature T approached the critical temperature of the
pure system T,.. The interpretation of these experiments
has remained problematic because such gels are either
flexible or not covalently cross-linked and might partici-
pate in the phase-separation process (the gels can swell or
shrink as conditions change), and because the structure
of these gels has not been well characterized.

Studies of lutidine-water (LW) mixtures in Vycor, a
porous glass with pore diameters of ~ 70 A and a poros-
ity of ~ 30%, have involved both light scattering [11]
and small angle neutron scattering [12,13]. The measure-
ments were done in the absence of a supernatant fluid,
ensuring that the samples were kept at constant com-
position. In contrast to the results discussed above, the
intensity scattered by the samples did not change ap-
preciably until well into what would be the two-phase
region of the pure system. Studies of the temporal be-
havior of the scattering revealed activated dynamics and
metastability, but again only well into what would be
the two-phase region for the pure system. Also, samples
were characterized by the lack of a well defined phase-
separation point. Recently, these results have been dis-
cussed in terms of wetting and domain growth [14].

Studies of phase-separation of “He and N, in aero-
gels (silica networks formed by hypercritically drying gels
created by polymerization of a molecular precursor) re-
vealed a drastically narrowed coexistence curve located
under the pure system’s coexistence curve and character-
ized by an exponent similar to that for the coexistence
curve of pure fluids [18,19]. Dynamic light scattering
measurements on N, samples revealed activated behav-
ior consistent with random-field effects but no crossover
to behavior characteristic of the pure system far from the
critical region. Most of these measurements were made in
a regime where the sample was scattering quite strongly,
which makes interpretation difficult. These experiments
have been discussed in terms of an asymmetrically dis-
tributed random-field model that exhibits behavior dif-
fering significantly from that of the traditional random-
field Ising model [20].

Recent studies have been made of a mixture of carbon
disulfide and nitromethane at what would be the critical
concentration of the pure system [21] in a porous glass
similar to Vycor but with larger pore sizes. Again, this
system showed strong static scattering and only weak
temporal fluctuations. In the presence of an external
reservoir, the dynamics were characterized by a double
exponential, while an isolated system showed nonexpo-
nential behavior.

In summary, although the critical behavior of these
and other diverse systems is well understood in their
pure states, the response of critical systems to the sur-
face fields and/or boundary conditions associated with
pores or the strands of a gel network is complex and has
not been satisfactorily explained. In general, confined
fluids and fluid mixtures fail to exhibit the long-range
spatially correlated fluctuations and the concomitant ex-
treme slowing down of temporal fluctuations associated
with the critical points of the pure systems. Temporal
fluctuations are weak, if they are present at all. Instead,
the main response seems to be strong, time-independent
scattering, which grows in amplitude as the critical re-
gion is approached.

As we will show below, this time-independent scat-
tering is due to time-independent concentration fluctu-
ations in the fluid mixture that are induced by the gel
or porous medium. In fact, it is well known that sur-
faces inevitably attract one of two species preferentially,
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or prefer either the liquid or vapor phase when in con-
tact with a single fluid [22]. For example, in a critical
system near a planar substrate, the composition of the
mixture will be perturbed over a distance from the sub-
strate comparable to the bulk correlation length, and the
amount of adsorbed material will diverge as the critical
point is approached [23]. This phenomenon is known as
critical adsorption. If the surfaces of the gel or porous
medium are modeled in terms of a surface field that acts
on molecules or atoms near the surface, then such a field
would be expected to induce a strongly temperature- and
concentration-dependent, possibly nonlinear, response in
a critical system, provided the surface field couples to
the critical system’s order-parameter (concentration for
a mixture, or density for a single fluid) [8]. If the response
is linear, it should diverge near the critical point because
the order-parameter susceptibility diverges strongly at
the critical point. Presumably, the actual response will
be limited by nonlinearities.

In order to address these issues, we have used light
scattering to study the effect of dilute silica gels on crit-
ical phenomena in two binary mixtures. Silica gels are
good candidates for these studies; they are rigid, do not
appear to swell or shrink significantly, and can be made
to have different “mesh sizes.” They are rigid and static
in the sense that light scattered from a silica gel con-
taining only pure water exhibits no observable tempo-
ral fluctuations in its intensity as measured by dynamic
light scattering. Also, their structure can be very ac-
curately characterized using scattering techniques. The
gels used in these studies were formed by polymerization
of a molecular precursor in water and were never dried.
Light-scattering studies [24] revealed that the gels scat-
ter like fractal objects, with a fractal dimension Dy ~ 2.2
at length scales smaller than a crossover length &, and
like a random collection of fractal objects for length scales
> &. The length scale &, could be varied from < 100 A to
2 2 pum by changing silica concentration and to some ex-
tent gelation conditions. This scattering behavior results
from fluctuations in local silica concentration that are
spatially correlated up to the length scale £, and rapidly
become uncorrelated for distances 2 &,.

Our first studies involved various mixtures of 2,6-
lutidine and water (LW) in silica gels with crossover
lengths of 250, 1200, and 1600 A [25]. These studies
failed to detect any critical dynamics. However, they
showed that the distribution of the intensity of scattered
light with scattering wave vector ¢ resembled in form
that of the gel in pure water, with an amplitude that
appeared to diverge as the phase-separation temperature
was approached. These results were interpreted in terms
of preferentijal attraction of lutidine by the silica gel, lead-
ing to lutidine-rich fluid near the gel strands. Because
the refractive index of lutidine is similar to that of silica,
deviations in local silica concentration from the sample
average were effectively enhanced by the excess lutidine
to the point where scattering from them masked any crit-
ical scattering by the remaining mixture.

Hoping to avoid the very strong time-independent scat-
tering that dominated the behavior of the LW-gel system,
we sought a second fluid mixture for study. The system
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chosen was isobutyric acid and water (IBAW) [10]. In
this case, water was preferentially attracted to the silica,
which led to a decrease in the scattered intensity as com-
pared to that of the gel in pure water. Since water has
the lowest refractive index of the three components, as
it is attracted by the silica it reduces the local refractive
index of the silica-rich regions, bringing them closer in re-
fractive index to that of the sample as a whole, leading to
decreased scattering. This decreased scattering had two
consequences: it meant that the critical region could be
approached without encountering serious multiple scat-
tering, and it allowed observation of critical fluctuations
by dynamic light scattering. We observed three dynamic
regimes. In the one-phase region, well above the two-
phase boundary of the pure system, we observed expo-
nential relaxation of fluctuations, which is characteristic
of the pure system. Closer to the two-phase boundary
of the pure system, the dynamics included a nonexpo-
nential component, first observable at small length scales
(large ¢) and then at longer and longer length scales as
the critical point was approached. We were able to fit
this component with either a stretched exponential or
an activated form. Near the pure system’s coexistence
curve, the dynamics abruptly developed a slow mode (de-
cay time ~10 s) which died away in amplitude over a
period of hours. This behavior was observed following
small changes in temperature toward the two-phase re-
gion, but never upon stepping temperature back toward
the one-phase region. After the slow mode died away,
the system required many hours to return to equilibrium
when returned to the one-phase region. We associate
this third dynamic regime with phase separation of the
mixture inside the gel.

II. EXPERIMENT
A. Sample preparation

The silica gels were grown from solutions of Si(OCHj3),
(tetramethylorthosilicate, or TMOS) in water using a
two-step process [26]. The TMOS was first hydrolyzed
by dissolving it in dilute HCI (pH 2.0) and stirring the
solution for about one hour. An approximately equal
volume of dilute NaOH (of appropriate pH) was then
added to increase the pH of the final solution into the
range 5.0 < pH < 6.4; this step initiated a condensa-
tion reaction. The solutions were then filtered through
0.22 pm filters (Millipore MF-type) into glass scatter-
ing cells. Samples which were to be used with mixtures
of lutidine-water or isobutyric acid—water were gelled in
cells of inner diameters 4.72 mm and 9.91 mm, respec-
tively. The solutions gelled at room temperature. After
the gels were aged for a time roughly equal to ten times
the gelation time, as judged by a sharp decrease in the
fluidity of the samples, they were exposed to mixtures of
either lutidine-water or isobutyric acid—water at various
concentrations spanning the critical concentration. This
was carried out at temperatures in the one-phase region
well away from the critical temperature of the respective
mixture so that the mixtures were homogeneous. The
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supernatant mixture, which had a volume twice that of
the gel, was mixed daily to eliminate concentration gra-
dients and replaced once a week for four weeks. Thus,
before they were studied the gels had been exposed to
four different supernatant mixtures of the same initial
concentration. During the equilibration process, the LW
samples were sealed with viton stoppers and the IBAW
samples were sealed with teflon stoppers. Viton did not
seem to affect the phase separation temperature of pure
LW mixtures, but had a pronounced effect on that of
IBAW mixtures. After equilibration, the supernatant
mixture above the gels was poured off so that the aver-
age concentration of the mixture inside the gel could not
change during the measurements. The LW samples were
left with their viton stoppers, while the IBAW samples
were flame sealed without freezing the samples.

B. Apparatus

The light-scattering apparatus [27] used in these ex-
periments collects light scattered at fixed angles ranging
from 2.7° to 163°. Each angle 0 corresponds to a scatter-
ing wave vector ¢ = (47n/)) sin(8/2), where A = 6328 A
and n is the refractive index of the sample. Measure-
ments of toluene were made to calibrate the scattering
measured by the instrument in absolute units. Sam-
ples were held in a water bath temperature controlled
to +0.3 mK. The total (time-averaged) intensity scat-
tered by the samples was measured as a function of scat-
tering wave vector q. The total intensity scattered is
proportional to the Fourier transform of the spatial cor-
relation function of the dielectric constant fluctuations
and yields information about the structure of the sam-
ple. Fluctuations of the scattered intensity were ana-
lyzed by a correlator (ALV5000) that computed the tem-
poral intensity-intensity autocorrelation function. These
dynamic light-scattering measurements allow determina-
tion of decay rates and diffusion coeflicients.

Each scattering channel associated with the fixed an-
gles of the apparatus images a small slit ~ 0.1 mm wide
into the sample center with a magnification of 0.65, and
accepts only scattered light that originates from within
that image. The incident beam is focused to a diameter
of ~ 0.1 mm coincident with the images of the slits at
the sample center. This arrangement results in speckle
with effective dimensions of order 1 mm at the lenses
used to image the slits, which are located a distance of
170 mm from the sample center. A circular aperture is
positioned very near each lens and serves to define the ac-
ceptance solid angle of each channel. For total intensity
measurements, the apertures accepted light from about
five speckles, but for the dynamic measurements the sizes
of the apertures were reduced so as to accept only a frac-
tion of a single speckle. This increased the amplitude of
the mean-squared intensity fluctuations (I2) relative to
the square of the mean intensity (I)2. The former deter-
mines the amplitude of a measured autocorrelation func-
tion at zero delay time, while the latter sets the baseline
to which it decays at large delay times.
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C. Sample characterization

The silica-gel structure was characterized by measure-
ments of the total scattered intensity [24]. Figure 1 shows
data and fits for gels made at pH 5.7 + 0.1 spanning
the entire concentration range studied in Ref. [24]. The
g-dependent intensity of the scattered light, which is di-
rectly proportional to the scattering cross section per unit
volume (or Rayleigh factor) S(g), is well described by the
equation [28]

5(0)
[1+g2%.2] @7

sin [(D — 1)tan™1(gé)]
(D - 1)‘1§x ’

(1)

where &, is a crossover length and D is the fractal dimen-
sion.

This Rayleigh factor reflects the fact that the gel scat-
ters uniformly on long length scales (¢ < £7!) and like
a mass fractal at small length scales (g > £1). Fit re-
sults for D ranged from 2.1 for the lightest gels studied
up to ~ 2.3 for the most concentrated gels whose fractal
dimensions we were able to estimate by light scattering.
Subsequent neutron-scattering studies [29] on similar gels
grown in DyO have shown that this structure persists
to ¢ values as large as 0.1 A~1. However, the neutron-
scattering studies reveal no dependence of D on the gel
concentration. For all of the gels studied by light scat-
tering, we found a simple relation between S(0), D, ¢,
and &,

S(q) =

5(0) = BT(D) ¢°¢; ()

with B = (1.4+0.1) x 10'® cm~*, and where T'(D) is the
gamma function.
In general, S(q) is proportional to the Fourier trans-
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FIG. 1. Rayleigh factor as a function of scattering wave
vector for hydrogels of different silica weight fractions made
in the pH range 5.7 = 0.1. The solid curves are the results
of fitting Eq. (1) te the data. As may be seen, denser gels
scatter less light and have smaller crossover lengths.
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form of the density-density correlation function of the
scattering medium. The gels studied here are then con-
sistent with a correlation function

g(r) = (66(7)54(0)) ®3)
given by

g(r) = 1.8¢% /& /(r/Ex)*P (4)

where d¢(7) is the local deviation from the average vol-
ume fraction of silica ¢. Thus, the structure of the gels
is consistent with deviations in local silica concentration,
which are correlated up to distances of order &, with
these correlations falling off rapidly for length scales 2 &,.
Note that because the scattering measurements for the
gels were made in absolute units, we obtained a quanti-
tative result for the correlation function g(r), including
its actual numerical amplitude. Rather remarkably, all
the hydrogels studied had correlation functions given by
Eq. (4). The individual gels differed only in @, &, and
perhaps D.

Light-scattering measurements were also made to char-
acterize the critical properties of both of the pure-
mixture systems. It is useful to note here that the
LW system has an inverted coexistence curve, while the
IBAW system has a regular one with the two-phase region
lying below the one-phase region in temperature. Mea-
surements of the angular distribution and the total scat-
tered intensity determined the susceptibility and correla-
tion length of the order-parameter fluctuations as a func-
tion of temperature and concentration. Dynamic light
scattering was used to determine the associated decay
rates and diffusion coefficients. A near-critical LW mix-
ture of 29.1 wt.% lutidine yielded a critical temperature
of 33.40 °C and a correlation length amplitude of 2.1 A.
IBAW mixtures at 29.0, 34.1, 38.8, 44.0, and 49.0 wt.%
IBA were studied in order to quantify the effect of concen-
tration on the critical properties. Measurements of the

L L
0.01 | A 29.0 wt% IBA o
: x 34.1 wt% IBA E
F O 38.8 wt% IBA ]
—_ [ + 44.0 wi% IBA 7
"é I v 49.0 wt% IBA 1
S 0001 | -
s - ]
175] o .
0.0001 .

30.0 35.0 40.0
T (°C)

FIG. 2. Temperature dependence of S(0), which is propor-
tional to the order-parameter susceptibility, for pure IBAW
samples of various concentrations spanning the critical con-
centration. The lines are guides for the eye.

near-critical sample (38.8 wt.%) yielded a critical tem-
perature of 26.67 °C and a correlation length amplitude
of 3.61 A. Figure 2 shows the temperature and concen-
tration dependence of S(0), which is the small g limit of
the scattered intensity and is proportional to the order-
parameter susceptibility. Figure 3 shows the temperature
and concentration dependence of the diffusion coefficient
for the pure IBAW samples. The diffusion coefficient was
obtained by fitting the intensity-intensity autocorrelation
functions to a single exponential. The g-dependent decay
rates were accurately proportional to g%, and the propor-
tionality factor was twice the diffusion coefficient.

To determine the concentration of the mixtures inside
the gel-mixture samples, the concentrations of the fluid
components were measured by gas-phase chromatogra-
phy after all the light scattering studies had been com-
pleted. These measurements were carried out on an
HP5880 gas chromatograph. The LW samples were ana-
lyzed on a blood alcohol column (60/80 Carbopack B/5%
Carbowax 20M), and the IBAW samples were analyzed
on an acid washed column (80/120 Carbopack B/6.6%
Carbowax 20M), both obtained from Supelco. To make
these measurements, the samples were crushed and di-
luted in 1-pentanol to make a 1 vol.% sample-solvent
mixture. The 1-pentanol had been dried over molecu-
lar sieves and independently measured to calibrate for
water and methanol content. Measurements of gels con-
taining only water mixed with a known amount of either
isobutyric acid or lutidine showed that neither compo-
nent of the mixture adhered to the silica after dilution by
1-pentanol. The samples were measured and compared
to known mixtures, also diluted to make 1 vol.% sample-
solvent mixtures. In this way, it was possible to measure
the weight fraction of both the isobutyric acid or lutidine
component and the methanol component of the fluid por-
tion of the sample. The methanol is a by-product of the
gelation process and is an impurity that can cause shifts
of the critical temperature (1 vol.% methanol will depress

10 T

A 29.0 wt% IBA
x 34.1 wt% IBA
0O 38.8 wt% IBA
+ 44.0 wtZ%Z IBA
v 49.0 wt% IBA

D (1077 cm? s-!)

PR 1 1 s M ' 1 L L

PR |

30.0 35.0 40.0
T (°C)

FIG. 3. Temperature dependence of the diffusion coeffi-
cient of pure IBAW samples of various concentrations span-
ning the critical concentration. The lines are guides for the
eye.
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T. by ~ 4 °C for the IBAW system and will increase T,
by ~ 2 °C for the LW system). It was determined that
the concentration of methanol in the IBAW-gel samples
was less than 0.01 vol.% and in LW-gel samples was less
than 0.1 vol.%. NaCl is also a by-product of the gelation
process (a 0.01M NaCl concentration will increase T, by
~ 2 °C for the IBAW system and decrease T. by ~ 1 °C
for the LW system). Its concentration in the gel-mixture
samples was not measured, but, unless it failed to parti-
tion equally between the supernatant and the gel, its final
concentration should have been less than < 2.0x10~5 M
for any sample studied.

D. Sample measurement

Studies of the gel-mixture samples involved both to-
tal intensity and dynamic light-scattering measurements.
During total intensity measurements, the samples were
rotated about their axes at 5 Hz to average over many
sample orientations. This is not necessary for most sys-
tems studied by light scattering because samples nor-
mally undergo thermal fluctuations, and time averag-
ing alone is sufficient to obtain a representative average.
Since the gel structure is static, gel samples are not er-
godic, and rotating the sample or some other such device
is necessary to ensure that a representative average of the
sample structure is measured [30]. Since the temporal
autocorrelation function of the scattered light, measured
while the sample was rotating, had a correlation time of
0.02 ms, we estimate that about 10 independent sam-
ples were measured by rotating the sample. During dy-
namic measurements, the samples were clamped in place
to prevent any motion that might cause spurious time
dependence of the scattered intensity.

Measurements were performed as a function of tem-
perature, almost entirely in what would be the one-phase
region of the pure mixtures. Typically, the experiments
started far from the critical region and gradually ap-
proached it. The samples were left an hour between tem-
perature changes to allow for equilibration. Some back-
tracking along the temperature path was made to check
that slow changes in the scattered intensity were not oc-
curring and to ensure that equilibrium had been reached.
To check that the samples had not been irreversibly al-
tered during the experiments, and to ensure that the ini-
tial conditions could be reproduced, the temperature was
changed back to the starting temperature after closest
approach to the critical region had been made. For all
the samples we studied, the static scattering results were
reproduced to within +10%.

III. RESULTS AND DATA ANALYSIS
A. Statics
1. Measurements of the total scattered intensity

Response of the fluid mixtures to the silica gels was
noticeable even well away from the critical region. The
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FIG. 4. Rayleigh factor as a function of scattering wave
vector for various temperatures for a sample with 4 wt.% sil-
ica and which contained 37 wt.% lutidine. The gel had a
crossover length of 300 A. The sample always scattered more
than a similar gel containing only water (solid squares). As
the temperature increased, the absolute scattering increased
with only a slight change in ¢ dependence.

concentrations of the fluid mixtures in the gels were dif-
ferent from those of the baths with which the samples
were equilibrated; in the case of LW gels, the concentra-
tion in the gels was higher in lutidine, and in the case of
IBAW gels, the concentration in the gels was higher in
water. These observations show that lutidine was pref-
erentially attracted by the silica from the LW mixtures,
while water was preferentially attracted from the IBAW
mixtures. This is consistent with a quantitative analysis
of how the scattered intensity changed with temperature,
as described below.

Total scattered intensity measurements were made for
LW gel samples containing mixtures of various concen-
trations in gels containing 1.00, 2.00, and 4.00% silica by
weight, which corresponds to 0.46, 0.92, and 1.86% silica
by volume, respectively. These gels had crossover lengths
of 1600, 1200, and 250 A, respectively.

Although we focused on samples containing 4 wt.% sil-
ica and 21, 26, 31, 34, 37, and 41 wt.% lutidine, similar
behavior was observed for all samples. The dependence of
the scattering cross section S(g) upon the scattering wave
vector g was nearly identical to that of the gel-water sys-
tem for all temperatures and gel-mixture concentrations,
while the overall scattered intensity increased strongly
as the temperature was increased towards the two-phase
boundary of the pure system. Figure 4 shows S(g) as a
function of ¢ at various temperatures for a sample which
contained 4 wt.% silica and 37 wt.% lutidine. At the
temperatures shown in Fig. 4, there was no indication of
hysteresis, and we believe that all of the samples were
still in the one-phase region for the gel-mixture system.

These samples scattered quite strongly, and double
scattering corrections [31] have been made. To mini-
mize double scattering, we focused on samples contain-
ing 4 wt.% silica, since samples containing higher silica
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FIG. 5. Summary of the temperature dependence of S(0)
for 4 wt.% silica gels with various lutidine concentrations. The
gels have crossover lengths of about 300 A. As the tempera-
ture was increased and the phase boundary of the pure system
was approached, the intensity increased for all samples. The
dashed line shows the scattering from a similar gel containing
only water; data for a pure lutidine-water mixture near the
critical concentration at 29.1 wt.% is shown by solid inverted
triangles. The solid curves through the data are included only
as guides for the eye.

concentrations scatter less light. None of the data from
these samples required corrections of more than 10%. Al-
though S(g) was generally quite similar to that of the gel-
water system, slight changes (< 10%) in S(g) were ob-
served in the samples that we believe approached closest
to the critical point, but because of the strong scattering,
interpretation of these changes is probably not justified.

Figure 5 summarizes the temperature dependence of
5(0), the large length scale limit of S(g), for six samples
and compares it to S(0) measured for a pure mixture of
29.1 wt.% lutidine, which is near the critical concentra-
tion, as shown by solid inverted triangles. The dashed
curve shows the scattering by a gel from the same batch
that contained only water. For all of these samples,
S(0) increased monotonically with increasing tempera-
ture. The scattering from samples containing less luti-
dine increased less rapidly than it did for those at higher
concentration. For all samples, the intensity increased
much less precipitously than it did for the pure mixture.
This effect is similar to that described in Ref. [15], where
it was interpreted as a broadening of the transition. As
will be discussed below, this effect can be explained in
terms of preferential attraction of one component of the
mixture by the silica, and the light-scattering data can
be used to quantitatively determine the response of the
fluid mixture to the field imposed by the gel.

Studies of the total scattering intensity from IBAW-gel
samples focused on samples containing 4 wt.% silica and
26, 27, and 28 wt.% IBA. The gels had crossover lengths
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FIG. 6. Rayleigh factor as a function of scattering wave
vector at various temperatures for a 4 wt.% silica gel contain-
ing 27 wt.% IBA. The gel had a crossover length of 300 A.
(a) Far away from the two-phase boundary of the pure system
(40 °C), the structure was similar to that of the gel in pure wa-
ter (solid squares) but had a decreased intensity due to pref-
erential attraction of water. The intensity decreased as the
two-phase boundary of the pure system was approached and
more water was adsorbed, reaching a minimum at 30.5 °C.
(b) Closer to the two-phase boundary of the pure system, the
absolute intensity increased as the two-phase boundary of the
pure system was approached and the structure deviated from
that of the gel in pure water (solid squares).

of about 300 A. The scattering behavior was different
from that of the LW gel samples, but was the same for
all IBAW-gel samples. Far from the two-phase boundary
of the pure system, the ¢ dependence of the scattering
was similar to that of a gel from the same batch contain-
ing only water, but the intensity scattered was less. The
reduced scattering intensity had the advantage that all
of the measurements could be made in the single scat-
tering regime, with no correction for double scattering
necessary. As the temperature was decreased towards
the two-phase boundary of the pure system, the inten-
sity decreased, reaching a minimum at a concentration-
dependent temperature T,,;,. As the temperature was
decreased further towards the two-phase boundary of the
pure system, the scattering intensity increased, and the
structure began to deviate from that of the gel-water
sample. Figure 6 shows S(g) as a function of ¢ at various
temperatures for a sample with 4 wt.% silica and 27 wt.%
IBA. The structure of a gel made in the same batch and
containing only water is shown by the solid squares. Fig-
ure 7 summarizes the temperature dependence of S(0) for
the three samples being considered here. The minimum
is marked by an arrow for each sample; T,,;, increased
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FIG. 7. Summary of the temperature dependence of S(0)
for 4 wt.% silica gels of various isobutyric acid concentrations.
The gels had crossover lengths of about 300 A. As the tem-
perature was decreased and the two-phase boundary of the
pure system was approached, the intensity first decreased,
then reached a minimum, and finally increased. The mini-
mum occurred at lower temperatures for gels of lower IBA
concentration and is marked on the graph for each sample.
Data for a pure isobutyric acid-water mixture near the crit-
ical concentration at 38.8 wt.% are shown by solid inverted
triangles. The solid curves are included only to guide the
eye. The dashed line shows the scattering from a similar gel
containing only water.

with increasing IBA concentration. The dashed line rep-
resents the scattering from the gel-water sample.

2. Analysis

These results can be used to quantify the mixture’s
response to the silica gel, which presumably occurs be-
cause of the surface field associated with the gel strands.
In practice, the gel exerts both an average field & and a
spatially varying field §h(7) and we assume that the devi-
ations 8h(7) of the field are proportional to the deviations
in local silica volume fraction,

Sh(F) o 544 (7) . (5)

This assumption is strongly supported by the fact that
the scattering from the gel-mixture systems has essen-
tially the same g dependence as that of the gels in pure
water. The concentration difference between the fluid in
a gel and that of a bath with which it is in equilibrium
may be viewed as the mixture’s response to the spatial
average or mean field associated with the gel. The non-
uniformity of the local silica concentration results in local
deviations of the mixture’s concentration from the av-
erage. Since it is long-wavelength inhomogenieties that
are responsible for the scattering of light, we may in-

terpret light-scattering data for the gel-mixture samples
quantitatively to determine the response of the mixture
to this spatially varying field. Since the shortest wave-
length fluctuation probed was ~ 2400 A, this represents
a coarse-grained response.

For mixtures confined within rigid gels, the amplitude
of the scattered electric field corresponding to any partic-
ular scattering wave vector consists, in general, of a time-
independent portion and time-dependent fluctuations. In
the case of the LW-gel samples, where the magnitude of
the scattering was generally large in comparison to what
was observed for the pure system at similar temperatures
and concentrations, no time-dependent portion was ob-
served. The sensitivity of these measurements was such
that fluctuations at 15% of the level displayed by pure
mixtures within 0.5 °C of the critical temperature should
have been detected. Since no time-dependent contribu-
tion to the scattering was observed, it was clear that the
fluid mixture had responded to the gel by establishing
time-independent concentration fluctuations, which en-
hanced the dielectric constant fluctuations due to the gel
itself. In the case of the IBAW-gel samples, both static
and time-dependent contributions were clearly present.
The contribution of the fluctuating component to the to-
tal scattered intensity was deduced from the total inten-
sity and the amplitude to baseline ratio of the intensity-
intensity autocorrelation function, as described below.
Even for the IBAW-gel samples, the scattering was pre-
dominantly static, except near the scattering minimum,
where the time-dependent portion was significant.

We may interpret the scattering for the gel-mixture
systems quantitatively as follows. The scattering
cross section at a particular angle is proportional
to the mean-squared amplitude of the corresponding
spatial Fourier component of the dielectric constant,
S(g,t) o (| de(g,t) |? ), where the angular brackets
denote an ensemble average, which we approximate ex-
perimentally by rotating the samples continuously while
measuring the total scattered intensity. The dielectric
constant depends on the local concentrations of silica
and the two fluid species. Neglecting any volume change
upon mixing, the Clausius-Mossotti relation for multi-
component systems can be used to calculate €(7, ),

—‘:‘; = quss("_") + Kaqsa(Fv t) + K"¢"(F’ t) ’ (6)

where K = (e —1)/(e+2), and ¢(7, t) is the local volume
fraction of the different chemical species in the sample
as indicated by the subscripts s, a, and n, which refer to
silica, the preferentially attracted, and nonpreferentially
attracted species, respectively. In the case of LW gels,
lutidine is the attracted species, while in IBAW gels, it is
water. The local silica concentration is time independent,
but the local concentrations of the two fluids will gener-
ally have both static and time-dependent deviations from
their average values. From the differential of Eq. (6), not-
ing that e(7,t) + 2 ~ €+ 2, that ¢, + ¢o + ¢ = 1, and
Fourier transforming, the dielectric constant fluctuations
can be written as
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(E+2)

be(q,t) = (Ko — Kn)d¢s(d)

+(Ka - Kn)6¢a(q»t)] ’ (7)

where §¢ is the local deviation from the average, and a
bar denotes the sample average. The quantity 6¢.(q,t)
can be decomposed into a static portion §¢2'%*(g), and a
zero-mean fluctuating portion §¢f'“<t(q,t),

8¢a(d,t) = 6051 (Q) + 8411 (q,t) (8)

Although the second term has zero mean, it contributes
to the total scattered intensity through its mean-squared
value. Because of our experimental observations, we as-
sociate the first term with the static response of the mix-
ture to the silica gel, and the second term with the critical

fluctuations of the fluid.
Concentrating on the static term, which is dominant
in most of the measurements, we model the static devi-
J
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ation in the concentration of the preferentially-attracted
species d¢2'%t(q), as being proportional to the deviations
in silica concentration, d¢,(g). That is, excess silica in a
particular region results in a time-average excess of the
preferentially attracted species. This model can be ex-
pressed very simply as

865" () T)6¢s(d) (9)

= a(q,

which defines the static response function «(g,T"). This
model is consistent with the theoretical work of de
Gennes [8] and analysis of scattering from diluted anti-
ferromagnets [6]. Using Egs. (8) and (9), the static por-
tion of the total scattered intensity for the gel-mixture
system S"t“t (¢), can be obtained from the square of the
tlme-mdependent portion of de(g,t). It can be expressed
in terms of the total scattered intensity for the gel-water
system Sg.,(q),

T) (Ko — K»)

Sstat( ) (ggw " 2)4

Water, IBA, silica, and lutidine have refractive indices of
approximately 1.33, 1.39, 1.46, and 1.49, corresponding
to K values of 0.20, 0.24, 0.27, and 0.29, respectively.
The scattering results are consistent with lutidine be-
ing preferentially attracted in LW gels and water being
attracted in IBAW gels; as a increases upon approach-
ing the critical region, the factor multiplying Sg.,(g) in
Eq. (10) increases monotonically for LW gels and first
decreases before increasing for IBAW gels, in agreement
with the data. These observations are consistent with
gas chromatographic analysis of gels that have been well
equilibrated with supernatant mixtures.

Knowing which species is attracted, the data can be
analyzed using Eq. (10), and the function a(q,T) can be
deduced. In the case of LW gels, the static response was
the sole measurable contribution to the total scattered in-
tensity. In the case of IBAW gels, this contribution was
found by subtracting the fluctuating contribution from
the total scattered intensity, where the fluctuating con-
tribution was first extracted from data for the intensity-
intensity autocorrelation function, as described below in
the section on dynamic measurements.

One additional subtlety that should be noted is that
a = 0 does not correspond to the case of no response. In
the absence of preferential attraction, the volume frac-
tion of both fluid species is reduced by the presence of
excess silica simply because the fluids are excluded from
the volume occupied by the silica. Thus, in the case of
no response, the local volume fraction of the attracted
species fluctuates by an amount given by

8¢a(q) = —¢7""* 6¢a(2). (11)

Here ¢™*® is the average volume fraction of the attracted
species in the fluid portion of the sample (as opposed to
the entire volume), and is given by

(Egm + 2)4 (Ks — Kn) + a(g,
K, — K,

Sqw(q) (10)

q‘smimt — _ ¢a _ — ¢a_

“ ¢a + ¢n 1- d)s

Thus the quantity a(g, T) + $™*®* is a more precise mea-

sure of the response caused by preferential attraction of
one species by the silica than is a(q,T), itself.

We find that the ¢ — 0 limit of a(g, T)+@™**t increases

strongly as the temperature approaches the two-phase

(12)
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FIG. 8. Temperature dependence of a(q = 0,T) + $*=*
(see text) for two LW gel samples. The solid line is the result
of fitting a power law with an adjustable critical temperature
and susceptibility exponent to the data shown as solid sym-

bols. Data shown as open symbols were excluded from the
fit.
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FIG. 9. Temperature dependence of a(q = 0,T) + ¢7*=*
(see text) for two IBAW gel samples. The solid line is the
result of fitting a power law with an adjustable critical tem-
perature and susceptibility exponent to the data shown as
solid symbols. Data shown as open symbols were excluded
from the fit.

boundary of the pure system for samples that are not too
far from the critical concentration. Away from the two-
phase boundary of the pure system, this quantity can be
fit to the form a(g = 0,T) + ¢7*t = ao|T —T*|~7". The
parameters T and «* are convenient fitting parameters
and represent an effective critical temperature and sus-
ceptibility exponent, respectively. For smaller |T" — T|,
deviations from the power law fits are systematic; sam-
ples sufficiently rich in the attracted species have a in-
creasing faster than a power law fit to the data far from
T, and those sufficiently poor in that species have «
increasing more slowly. Figures 8 and 9 show typical re-
sults for a(q = 0,T) + ¢™®t for LW gels and IBAW gels,
respectively. All of the mixtures were in 4.0 wt.% silica
gels. Results of the fits are listed in Tables I and IT. The
parameter T} lies within the two-phase region of the pure
system, and the exponent v* is considerably smaller than
the susceptibility exponent of the pure system, where v
= 1.24.

For LW-gel samples, a(q,T) showed little ¢ depen-
dence, while scattering from IBAW-gel samples devel-
oped increasing asymmetry between scattering at small
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and large ¢ as the two-phase boundary of the pure system
was approached. Because the IBAW system is character-
ized by a larger correlation length amplitude, £ will be
larger in these mixtures than in the LW mixtures for com-
parable temperature differences from the critical. Thus,
even though the gel-mesh size is roughly the same, the
fact that these effects are more obvious in the IBAW sys-
tem is not surprising. Figure 10 shows a(g,T) for the
IBAW-gel sample containing 27 wt.% IBA as calculated
from the results shown in Fig. 6. Neutron-scattering
studies [29] show that the asymmetry becomes even more
pronounced at larger q.

The fact that a(g,T) decreases with increasing ¢ near
the critical point can be understood qualitatively as fol-
lows. The linear response of a critical system to a small
field 6h(q), which varies sinusoidally in space, is not in-
dependent of the wave vector of the field; instead, the
response is described rather accurately by the Ornstein-
Zernike result,

6h
o@) = 120X

(13)
where x is the susceptibility and & is the correlation
length of the critical system. Thus, as the critical point is
approached and £ grows to the point where g¢ is no longer
small compared to unity, the response of the concentra-
tion to the higher wave vector components of the field
due to the silica should be less than the response at low
wave vector. This is consistent with the data of Fig. 10;
however, the ¢ dependence indicated in Eq. (13) does not
accurately fit the data. Recent neutron-scattering results
[29] do show good agreement with this ¢ dependence far
from the critical temperature of the pure system, with
slight residuals as the two-phase boundary of the pure
system is approached. The non-Ornstein/Zernike g de-
pendence, together with the failure of a(q = 0, T) + ¢t
to diverge as strongly as x, indicate that the overall re-
sponse of the mixture to the gel is not linear.

3. Dual-region model

A qualitative reason for the differences between sam-
ples apparent in Fig. 8 lies in the effect critical adsorption
of one component has on the concentration of the remain-
ing, nonadsorbed fluid, together with the fact that the be-
havior of a critical fluid mixture depends quite strongly

TABLE I. Results of fitting a(q = 0,7) for LW gels of various concentrations to the equa-

tion a(g = 0,T) + ¢/ = ao(T> - T) ™" .

wt.% lutidine ot ap Tr(°C) v
21 0.24 12.43+0.5 38.61+0.2 0.65+0.01
26 0.29 9.66+0.06 36.51+0.2 0.68+0.02
31 0.31 4.36+0.2 34.02+0.09 0.514+0.02
34 0.34 3.3940.02 33.4540.02 0.426+0.003
37 0.37 2.3740.06 34.1+0.1 0.37+0.01
41 0.41 1.93+0.04 35.940.1 0.3274+0.007
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TABLE II. Results of fitting a(q = O,T) for IBAW gels of various concentrations to the

equation a(g = 0,T) + ¢ = ao(T — T2)™ " .

wt.% IBA prmist o T*(°C) N
26 0.73 1.90+0.04 25.5+0.1 0.2740.01
27 0.71 2.7140.09 27.040.1 0.3340.02
28 0.69 3.0940.30 27.240.4 0.3540.04

on both concentration and temperature near the conso-
lute point. To discuss this effect, we arbitrarily divide
the fluid into two regions, one containing “adsorbed”
fluid and the other containing “free” fluid. Although
we cannot deduce the volumes occupied by the adsorbed
fluid or the remaining free fluid, we can use the data for
a(g = 0,T) to estimate [32] the average volume fraction
of the preferentially attracted species in the free, nonad-
sorbed fluid, which we denote as ¢{"°¢. We model the
adsorbed fluid as occupying a fraction of the sample vol-
ume ¢%?(7), which depends on position in the sample,
and which is proportional to the volume of the sample
locally occupied by silica,

¢*(7) = B ¢s()

The volume fraction of preferentially attracted species in
the adsorbed fluid is denoted ¢2¢, and conservation of the
preferentially attracted species leads to an expression for
the local concentration of this species

Pa(7) = ¢5 "4 + 9L [L = ¢°4(7) — 64(7)]

(14)

= ¢3% Bs(7) + ¢L7°[1 — (1 + B) ¢4 (7)] (15)
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FIG. 10. The response function a(q,T') as determined from
the data shown in Fig. 6 using Eq. (10). The ¢ dependence
of a becomes more pronounced as the two-phase boundary of
the pure system is approached. The temperatures at which

the measurements were made are shown next to each data
set.

Neglecting any variation in ¢2? or ¢f7*® with position,
the fluctuations in the preferentially attracted species are
given by

—ad _
8¢ = ¢2B5ps — dL7°°(1 + B)5¢s (16)
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FIG. 11. Effect of adsorption on the concentration of the
free fluid as calculated using Eq. (18). The gels are all 4 wt.%
silica and have crossover lengths of about 300 A. The con-
centration of the free fluid is shifted quite dramatically as
the critical point is approached. The solid curves are mea-
surements of the coexistence curve for the pure systems. (a)
Weight fraction of lutidine in the free fluid vs temperature for
LW-gel samples of various lutidine concentrations. (b) Weight
fraction of IBA in the free fluid vs temperature for IBAW-gel
samples of various isobutyric acid concentrations. The sym-
bols with arrows far away from the coexistence curve in parts
(a) and (b) indicate the average concentration of lutidine and
isobutyric acid, respectively, averaged over the mixture ¢™*=t,
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Recalling the definition of o as expressed in Eq. (9), we
find

a =" — (1+p)glree . (17)

Solving for 3, using Eq. (15), and averaging over the sam-
ple, we finally obtain a very simple result for the average
concentration of the preferentially attracted species in
the free fluid,

B = Gu—ady . (18)

In order to estimate the concentration of the free fluid, we
use a(q =0,T), which quantifies the response of the flu-
ids to long-wavelength, but small-amplitude, deviations
in silica concentration. This result is independent of the
volume occupied by the adsorbed layer or its concentra-
tion.

Obviously, this model is oversimplified; the fluid vol-
ume has been divided into two regions of uniform but
distinct concentration when, in reality, the composition
must vary smoothly in space. Nevertheless, it serves to
demonstrate what must be an important effect; critical
adsorption changes the concentration of the remaining
free fluid, and the effect becomes quite temperature de-
pendent in the critical region. This is shown by the
results for ¢f7°° obtained as a function of temperature
for both LW-gel and IBAW-gel samples of various over-
all concentrations, as shown in Figs. 11(a) and 11(b).
The arrows show the average concentration of the fluid
portion of each sample as measured by gas-phase chro-
matography. Had no adsorption occurred, each sample
would have followed a vertical path to the coexistence
curve. The figures show a strong shift toward a lower con-
centration of the adsorbed component as the two-phase
boundary of the pure system is approached. The solid
curves show measured coexistence curves [36,37], shifted
vertically to agree with the critical temperatures that we
measured for pure samples.

The effect of adsorption on the concentration of the free
fluid provides a qualitative explanation of the behavior
of the data for a(q = 0,T) shown in Fig. 8. We would
expect that samples whose concentration was shifting to-
wards the critical concentration as T — T, would show
a(g = 0,T) diverging faster near the two-phase boundary
of the pure system than well away from it, since the sus-
ceptibility of a critical system diverges only at the critical
point (critical concentration and temperature). Samples
whose concentration was shifting away from the critical
point should show a(¢ = 0,T) increasing more slowly
near the two-phase boundary of the pure system than
further away from it. Considering the behavior of the
a(g = 0,T) data of each sample in regard to the path
we have estimated its free fluid to follow in the phase
diagram, we find that these two effects are consistent.

B. Dynamics

1. Analysis of correlation functions

A pure mixture near the consolute point is character-
ized by a mass diffusion coefficient which goes strongly

to zero at the critical point. This behavior may be stud-
ied very accurately using the technique of dynamic light
scattering [33]. This technique allows one to measure
the temporal autocorrelation function for the thermally
induced concentration fluctuations, since the scattered
field is proportional to the concentration fluctuation of
the same wave vector ¢. The normalized autocorrelation
function for the scattered field amplitude g(l)('r) is de-
fined as

(E(g,7)E™(q,0))
(1E(9)?)

_ (36(a,7)59" (4,0))
156(@)P)

For a pure mixture, the fluctuations relax exponentially
in time to quite high accuracy. The relaxation rate
I'(q) defines the wave-vector-dependent diffusion coeffi-
cient D(q),

g (7)

(19)

gV () = e T@7 = ¢~Dla)a'r (20)

In the ¢ = 0 limit, D(q) is equal to the diffusion coef-
ficient, which would be measured macroscopically. It is
directly related to the correlation length of the sponta-
neous fluctuations £, which diverges at the critical point.
The relationship between D(g = 0) and ¢ is accurately
given by [34,35]

_ ksT

D(‘I:O)—W )

(21)

where 7 is the viscosity of the mixture, which diverges,
but only very weakly.

Dynamic light-scattering studies of various LW-gel
samples did not reveal any temporal fluctuations. The
sensitivity of these measurements was such that fluctu-
ations at 15% of the level displayed by pure mixtures
within 0.5 °C of T, should have been detected. On
the other hand, dynamic measurements of the IBAW-
gel samples did show temporal fluctuations, although the
amplitude of the dynamic signal relative to the baseline
was lower than it was for pure samples. In fact, rotat-
ing the sample to different orientations resulted in dif-
ferent amplitudes and apparently different decay rates.
By direct visual observation of the samples, it was clear
that a significant fraction of the scattering consisted of a
static, time-independent speckle field. At the same time,
measurement of the intensity-intensity correlation func-
tion showed that a fraction of the scattered light was
time dependent. Generally, the ratio of signal amplitude
to baseline was largest when the static scattering was
at a minimum and decreased as the static scattering in-
creased, but this was not always the case. This situation
is an excellent example of light scattering from a noner-
godic system [38]. The system is nonergodic in the sense
that for any given position and orientation of the sample
relative to the incident beam and collection optics, the
scattered field corresponds to only a single realization of
the time-independent speckle field. Time averaging will
allow measurement of the average properties (amplitude
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and correlation function) of the time-dependent speckle
field, but not those of the time-independent speckle field.

Under these conditions light scattering can be used to
deduce both the intensity of the fluctuating component of
the scattered light, as well as its temporal autocorrelation
function, but considerable care must be taken in the data
analysis.

This situation is most profitably analyzed in terms of
the amplitude of the scattered electric field rather than
the intensity. Thus we write the scattered field amplitude
E(¢)

B(t) = B, + By (t) (22)

in terms of a static component E, and a fluctuating com-
ponent E¢. The fluctuating component at any given spa-
tial location in the far field is taken to be a zero-mean
complex Gaussian random process, since it results from
the fields scattered by many independent sources. The
static field is a single sample of such a process. Both field
components exhibit the same spatial correlation (they are
speckle fields) because they both originate from the same
illuminated volume which is of finite dimension.

A digital autocorrelator measures the quantity
(n(t)n(t + T))/(n(t))2 for various delay times 7. Here,
n(t) is the number of photomultiplier tube output pulses
detected during a period of time centered on time ¢.
This autocorrelation function is an excellent measure of
the intensity-intensity autocorrelation function G(?)(7),
where

GOy =(I@®) It+7)) . (23)

An experiment carried out with the sample fixed in ori-
entation and position results in a measurement of G(?)(7)
for one particular representation of the static speckle
field, regardless of how long the experiment is run. We
denote such a correlation function, measured at a sin-
gle spatial point in the far field as G;z)(T), referring to
the particular representation by the subscript j. Defin-
ing Iy = (Ef(t) E}(t)) (where angular brackets denote
time averaging) and I,; = E,; E};, it is straightforward
to obtain

2
GP(r) =12+ {zlsjlfg(fl)(T)—'_ 1 o) } - @

where g}l)(*r) = (Ef(t) E;(t + 7))/Is is the normalized
field-field correlation function for the fluctuating compo-
nent of the scattered field amplitude, and I; = I,; + Iy.

Physically, the term linear in gscl) is the result of the
time-dependent field mixing with the time-independent
field while the {g;l)}z term is the result of it mixing with

itself. Note that g(l)(T) is independent of the realization
of the static speckle field present during the measure-
ment. Furthermore, it is precisely g;l)('r) which contains
information regarding the critical order-parameter fluc-
tuations, and which is normally deduced directly from
measurements of G(?) (1) for ergodic systems. Conse-
quently, it should not be necessary to invoke an involved
analysis in order to deduce g}l)(r) from even a single
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measurement of G§.2)(T). Instead, one may fit the data
for any particular G;Z)(T), using Eq. (24), provided that

a functional form is available for g&l)('r). In doing this,
the parameter Iy must be adjusted in addition to any

parameters involved in g}l)(T), but I,; is constrained by
knowing I; = I,; + Iz, which can easily be measured al-
most exactly for any given representation by noting the
average count rate. A further advantage of this method
of analysis is that one obtains the physically interesting
quantity Iy, which is the mean-squared amplitude of the
fluctuating field component.

To demonstrate the effect of changing the sample ori-
entation, and thus the static scattering contribution,
Fig. 12 shows the decaying portion of the normalized
intensity-intensity correlation function ¢(®(r) for the
27 wt.% IBA sample measured at 40 °C (far from T.)
with ¢ = 1.9 x 10% cm ™! and with the sample held in sev-
eral different orientations. Each measurement resulted
from a different realization of the static speckle field.
Each measured correlation function has been scaled by its
own baseline, and only the decaying portions are shown.
Not only are the scaled amplitudes of the three data sets
quite different, but the relative amplitudes of the g?) and

[gf‘l)]2 terms differ as well. For these three data sets, the

amplitude to baseline ratios were 0.083, 0.049, and 0.026,
while the ratios of I5 to I,; were 0.064, 0.036, and 0.0182,
respectively. When the individual correlation functions
were fitted using Eq. (24), with a single exponential form
for g;(1)(), the fits were all excellent, as shown by the
solid lines in the figure, but the results for the parameter
I showed deviations of order +5%. The results for the
decay rate, however, were much better defined, showing
deviations of only +1%.

We speculate that the variations in Iy occurred because
the effective center of curvature of the static speckle field,
for any particular orientation of the sample, can lie any-
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FIG. 12. Time correlation functions measured for the
sample containing 27 wt.% IBA at 40 °C and at

q = 1.90 x 10° cm™!. The different amplitudes resulted from
taking data at different sample orientations. The solid curves
are fits to Eq. (24) using a single exponential form for g; V(7).
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where within the volume from which scattered light is
collected, while the time-dependent pattern has, on av-
erage, a center of curvature lying at the center of the
collection volume. That is to say, different static speckle
pattern realizations result in different degrees of wave-
front mismatch between the static and fluctuating field
components averaged over the finite collection aperture,
even after time averaging over a large number of realiza-
tions of the fluctuating speckle field. The parameter I
is directly sensitive to the mixing efficiency of the static
and fluctuating fields, whereas the decay rate is indepen-
dent of it. This effect was very serious when data were
taken using larger apertures (ranging from 1.0 to 2.2 mm)
which resulted in amplitude to baseline ratios of ~ 0.15
for the pure system. It was to reduce these unwanted de-
viations in the results obtained for Iy that we reduced the
aperture diameters to 0.34 mm, so as to approach point
detection and perfect mixing efficiency more closely.

This observation raises the issue of how to properly
analyze dynamic light scattering data obtained for the
gel-mixture system using finite diameter collection aper-
tures. We reasoned that the static speckle field is the re-
sult of sampling a zero-mean complex Gaussian random
process with exactly the same spatial coherence proper-
ties as the fluctuating field. Had it not been static, but in-
stead allowed to evolve in time, dynamic light-scattering
data taken with a finite aperture diameter would contain
three decaying terms and would be given by

G (r) = (I, + I)? + ﬁ{lsz [951)(7)]2
+21, I [ggl)(‘r)] [g(fl)(T)}

+1 [g}”m]z} - (25)

Here, I, = (E,(t)E;"(t)), is the time average for the
previously static field, which we now imagine to be fluc-
tuating slowly, and ggl)('r) is the normalized field-field
correlation function for that process. The geometrical
factor 3 is related to the number of coherence areas de-
tected. Note that the factor 8 < 1.0 is identical for all
three decaying terms. This is a well known result for
scattering from a mixture of two species that have dif-
ferent correlation functions, g, (7), and g7 (7). For
samples where the slow fluctuations are actually static,
such a measurement can be approximated by averaging
correlation functions corresponding to various represen-
tations of the static speckle field. This was done by mak-
ing measurements of G§2)(T), as defined in Eq. (24), for
a number of different orientations of the sample. We de-
note this average correlation function by szf,)g (7). It is
given by

GEy(m) = (s + I5)*)avg

+ﬂ{2 (L)avg Iy 95 (7)]

+17 [g§‘><r)]2} : (26)

and in normalized form by

g(Z)wa(T) =1 * ﬂ{ <(§3<1':>;:)92‘>[£vg I:g}l)(‘l’):l

I;* YN
T s ) } e

where ( )40 denotes the average over the set of measure-
ments. Note that this correlation function has a base-
line given by ((I, + I¢)?)avg, and not by (I, + If)2, .
A baseline value of (I, + If)2,, is obtained only when
both fields fluctuate, and the correlation function is mea-
sured for values of the delay time 7 large enough for both
ggl)(T) and g;l)(‘r) to have decayed completely to zero
[see Eq. (25)].

In practice, we found that we could determine both
I; and gf‘l)('r) quite well by measuring Gfiz)(T) for ten
different orientations of the sample and averaging them
to obtain an experimental result for G,(ﬁ,)g(‘r). In doing
this we measured each individual G§-2)(T) for essentially
the same time. Since the correlator we used provides

results for the normalized correlation function gJ(z)(T),
we calculated Gﬁ-z)(‘r) for each measurement by multi-

plying the measured g](~2) (7) by Ijz. We used the total
number of photocounts received by the correlator during
the jth measurement as our measure of I;. Figure 13
shows a normalized average correlation function g,(lf,)g(T)
obtained in this way for the 27 wt.% IBAW-gel sample
at a temperature of 40 °C and a scattering wave vector
of ¢ = 1.9 x 10° cm~!. The averaged correlation func-
tion is fit to Eq. (27), with g?)(r) = e I, and the fit
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FIG. 13. Normalized average autocorrelation function

measured using ten different orientations for the sample con-
taining 27 wt.% IBA at 40 °C and at ¢ = 1.90 x 10° cm™".
The solid curve is a fit to Eq. (27) using a single exponential
form for gf(l)(T). The lower graph shows the deviation of the
fit from the data, expressed as a percentage of the data.
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is shown by the solid line. The parameter 3 depends on
the optical geometry and was determined independently
for each scattering angle from measurements of the am-
plitude of the temporal autocorrelation function of pure
mixtures, for which the scattered field amplitude con-
tains no static term. We also found that accurate data
could be obtained by rotating the gel while measuring
the correlation function, provided the rotation rate was
sufficiently slow compared to all relaxation rates in the
system; however, we did not use this method. The val-
ues for Iy were used to obtain the fluctuating portion of
the scattered intensity that was subtracted from the total
scattered intensity when determining (g, T).

2. Time-dependence of fluctuations

These measurements revealed three dynamic regimes
for the IBAW-gel system. Far from the two-phase
boundary of the pure system, the concentration fluctua-
tions exhibited exponential relaxation [open symbols in
Fig. 11(b)]. The dynamics crossed over to a nonexponen-
tial form [symbols with a dot at the center in Fig. 11(b)]
as the two-phase boundary of the pure system was ap-
proached. Figure 14 shows averaged correlation func-
tions for the 27 wt.% sample at various temperatures
with ¢ = 1.9 x 10° cm~! and corresponding fits, obtained
as described below. The data are least accurately expo-
nential at larger values of the scattering wave vector g,
but remain exponential and diffusive (decay rate oc ¢2)
at sufficiently small g. When the temperature was de-
creased to within ~ 0.5 °C of the pure system’s coexis-
tence curve, the dynamics abruptly developed an extra,
very slow, component. Correlation functions (not aver-
aged) measured in this regime are shown in Fig. 15. The
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FIG. 14. Normalized average autocorrelation functions for
the sample containing 27 wt.% IBA at ¢ = 1.90 x 10° cm™*
at temperatures of 28.5, 27.5, and 27.2 °C approaching the
two-phase boundary of the pure system together with fits to
Eqgs. (27) and (29) with A, = 0.12, 0.46, and 0.85, respec-
tively. Each correlation function is the result of averaging of
ten measurements.

B. J. FRISKEN, FABIO FERRI, AND DAVID S. CANNELL 31

o 1.90x10% cm™! T ]

ge(r) - 1

x 1.04x10° cm™!

L a 0.425x10% cm!

1000 10¢ 108 10

0.01 0.1 1 10 100
7 (ms)

FIG. 15. Time correlation functions measured in the sam-
ple containing 27 wt.% IBA at 27.05 °C at several scattering
wave vectors showing slow dynamics as well as the faster non-
exponential dynamics of Eq. (29).

decay rate associated with this slow mode appeared to
be roughly g independent.
The data in the first two dynamic regimes are consis-

tent with either of two forms for g‘(fl)(r),

9 (1) = Arexp [-T17] + Azexp[—(Tor)®] ,  (28)
or
gl(,l)('r) = Ajexp [-T'17] + A2
3
1 t
X exp | — 11(—7;/10_)~_ (29)
In (FZ /to)
T T T T T T T
0.1 E
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FIG. 16. Average correlation functions measured using
ten orientations of the sample containing 27 wt.% IBA at
g = 1.04 x 10° cm™" at 27.2 °C together with the fit to
Egs. (27) and (29). The lower graph shows the deviation of
the fit from the data, expressed as a percentage of the data.
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FIG. 17. Relative contributions of the two terms in the
field-field correlation function g;l), used to fit the data shown
in Fig. 16. The solid curve shows the total correlation func-
tion, the dashed curve shows the single exponential contri-
bution, and the dotted curve shows the contribution of the
activated term.

In both cases, the fits were made with the constraint [39]
that A; + A, = 1. The first form includes a stretched
exponential [40] that is purely empirical, and the second
term of Eq. (29) is predicted by activated dynamic scal-
ing theory [9] and has been used to fit Monte Carlo sim-
ulations of random-field systems [41] and light-scattering
data of binary fluids in Vycor [11]. Both forms fit well,
and results for the parameters A;, I'1, and I's were con-
sistent for the two fits, but the second typically gave a
smaller x?; the results of this fit will be reported here.
Note, however, that the assumptions made in dynamic
scaling arguments may not apply here. In particular, the
assumption that the correlation length has grown to con-
tain many random-field sites may not be relevant. For

the temperature range in which the second term of gg,l) (7)
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FIG. 18. Behavior of the amplitude of the nonexponential
term in the field-field correlation function [Eq. (29)] at high
q (2.65x10° cm™') as the two-phase boundary of the pure
system is approached for IBAW-gel samples containing 26,
27, and 28 wt.% IBA.
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FIG. 19. Dependence of the amplitude of the nonexponen-
tial term in the field-field correlation function [Eq. (29)] on
q for temperatures above those corresponding to the onset of
slow dynamics for IBAW-gel samples containing 26, 27, and
28 wt.% IBA at temperatures of 27.7, 27.2, and 27.3 °C, re-
spectively.

is significant, the correlation length [as calculated from
Eq. (21)] is smaller than the crossover length of the gel.
Figure 16 shows an example of averaged data for the
intensity-intensity correlation function and the fit (solid
curve) using Egs. (27) and (29) for the 27 wt.% sample
at 27.2 °C and ¢ = 1.04 x 10° cm™!. Figure 17 shows the
relative contributions to the field-field correlation func-
tion g;l) for the fit shown in Fig. 16; the dashed curve is
the single exponential, the dotted curve shows the con-
tribution from the activated term, and the solid curve
shows the sum.

Well above the phase boundary of the pure mixture,
the correlation function was exponential with A; ~ 1.
Closer to the phase boundary, the amplitude A, of the
activated term increased. Figure 18 shows the tem-
perature dependence of A, at the largest ¢ measured
(2.65x10° cm™!) for the three different samples. The
fits could not determine A, < 0.1. We attribute the
sample-to-sample variation of the temperature at which
the dynamics first became noticeably nonexponential to
the fact that the gel for the 27 wt.% sample came from a
different batch than did those for the other two samples,
and it had a slightly smaller crossover length. Figure 19
shows the ¢ dependence of A, at temperatures ~ 0.1 °C
above where the slow dynamics regime begins for each of
the three samples; the amplitude is larger at large ¢ with
possibly a slight maximum vs ¢. The fact that the decay
of the correlation function becomes exponential in the
g = 0 limit means that a long-wavelength disturbance of
the concentration away from its average value result in
a concentration flux which is linear in the concentration
disturbance (Fick’s law). The nonmonotonic behavior of
A, as a function of ¢ for the 27 wt.% sample is surprising;
we have no explanation for it.

Results obtained for I'; /g2 for several temperatures for
the 27 wt.% sample are shown in Fig. 20. We observed
that I'; o g2 for all of the temperatures and samples
studied. This is the hallmark of a diffusive process, with
a diffusion coefficient D = I'; /¢?. It is clear from the fig-
ure that D decreases as the critical region is approached.
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FIG. 20. T'1/q¢® as a function of q at temperatures of 40
(A), 30.5 (O), 28.5 (x), and 27.2 °C (o) for 4.0 wt.% silica
gel containing 27 wt.% IBA. I'; /¢ is essentially independent
of g as it is for the pure mixture, when g€ < 1.

We have analyzed our data so as to extract D for each
sample at each temperature studied. Figure 21(a) shows
the ratio of the diffusion coefficient measured in the gel-
mixture system to that of pure mixtures at the same
temperature and having a concentration equal to the av-
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FIG. 21. (a) Ratio of the diffusion coefficient averaged over
q for IBAW gel samples containing 4.0 wt.% silica to that of
the pure system, at the same temperature and at the average
concentration of the mixture in the gel. (b) Ratio of the dif-
fusion coefficient averaged over ¢ for IBAW-gel samples con-
taining 4.0 wt.% silica to that of the pure system, at the same
temperature and at the concentration estimated for the free
fluid. The error bars show the effect of a + 1 wt.% error in
the estimation of the concentration of IBA in the gel for the
measurements most sensitive to this effect.

erage concentration of the mizture in the gel. Values for
the pure mixtures were obtained from the data shown
in Fig. 3. The diffusion coefficients measured in the gel-
mixture system are consistently smaller than those of the
pure mixture at the same temperature and average con-
centration.

There are at least two possible explanations for this
observation. It is qualitatively consistent with screening
of hydrodynamic flow by the gel strands, which would
result in enhanced drag and a smaller diffusion coeffi-
cient. Alternatively, the diffusion coefficients vary in a
way reasonably consistent with what would be expected
considering the behavior of the concentration of the free
fluid shown in Fig. 11(b). For example, at the tempera-
tures closest to the coexistence curve of the pure system,
the diffusion coefficients are 1.42x10~7, 0.593x10~7, and
0.810x10~7 cm? /s for the samples containing 26, 27, and
28 wt.% IBA, respectively. The sample that appears to
approach closest to the critical point in Fig. 11(b) also
has the smallest diffusion coefficient. Figure 21(b) shows
the ratio of the diffusion coefficient of each sample to that
of the pure mixture at the same temperature and at the
concentration of the free fluid obtained using Eq. (18).
Values for the pure mixture were obtained by interpola-
tion of our data for pure mixtures. Throughout most of
the first two dynamic regimes, the diffusion coefficients
are nearly equal to those of the pure mixture, deviat-
ing significantly only at the lowest temperatures. Close
to the coexistence curve of the pure system, the diffu-
sion coefficient of the gel-mixture system is consistently
a little larger than that of the pure system at the con-
centration of the free fluid, although this could be due
to slight differences in impurity concentration which can
alter the phase-separation temperature.

Figure 22 shows the ratio of I'; to I'; as a function
of g for the IBAW gel sample containing 27 wt.% IBA
for three temperatures, 28.5, 27.5, and 27.2 °C. The two
decay rates, I'; and I'z, are quite comparable in both
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FIG. 22. Ratio of the two decay rates, I'z, and I'; as a func-
tion of g, for the sample containing 27 wt.% IBA at several

temperatures showing that the two decay rates are compara-
ble.
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magnitude and q dependence over most of the ¢ and T
range studied. The ¢ dependence of the second decay
rate I'; was also consistent with diffusive behavior.

3. Intensity of fluctuations

The intensity of the fluctuating component of the scat-
tered light I was obtained as a result of fitting the
intensity-intensity correlation functions to Eq. (27). Fig-
ure 23 shows results for the 27 wt.% IBAW gel sample
as a function of ¢ at different temperatures. The results
have been corrected for the incident intensity and the
gain of the detector. Unfortunately, Iy does not develop
enough ¢ dependence in this temperature range to al-
low accurate extraction of the correlation length of the
gel-mixture system from this data. The results for Iy
can be compared to the intensity scattered by the pure
system at the same temperature and at either the av-
erage concentration of the sample or at the concentra-
tion of the free fluid. Figure 24(a) shows the g-averaged
ratio Iy /Ipure(tﬁﬁi’”t) as a function of temperature for
the three samples. This comparison implies that the gel
greatly enhances the critical fluctuations of the mixture,
which would certainly be an unexpected result. On the
other hand, the results are much more reasonable if the
intensity is compared to what would be seen in a mix-
ture at the concentration of the free fluid. Figure 24(b)
shows the g-averaged ratio If/Ipurc(¢L7¢); now we see
that the amplitude of the time-dependent fluctuations is
reduced relative to that of the pure system, i.e., the time-
dependent critical fluctuations are suppressed by the gel
network. The critical fluctuations are suppressed even
at 40 °C, and the suppression becomes stronger as the
critical point is approached.
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FIG. 23. The intensity scattered by time-dependent fluc-
tuations in the gel-mixture system (27 wt.% IBA) as a func-
tion of the scattering wave vector g at various temperatures.
The intensity scattered by the fluctuations increases as the
two-phase region is approached and is ¢ independent to within
the accuracy of these measurements.
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FIG. 24. Temperature dependence of the g-averaged inten-
sity of the time-dependent fluctuations in gel-mixture samples
containing various concentrations of isobutyric acid. In (a),
the intensity is compared to that of the pure system at the
same temperature and at the average concentration of the
mixture in the gel. In (b), the intensity is compared to that
of the pure system at the same temperature and at the con-
centration of the free luid. When not shown, error bars are
smaller than the data points.

4. Discussion

The activated form of the dynamics used in Eq. (29)
is qualitatively consistent with predictions of Huse [9].
He considered the dynamical properties of the one-phase
region of a random-field Ising system with a conserved
order parameter. He considered length scales larger than
the typical pore size and assumed £ large enough that
the system was in the strong random-field regime where
relaxation of concentration fluctuations of size £ is op-
posed by free energy barriers scaling like ¢¥ which are
large compared to kT'. He predicted that, in this regime,
the dynamics would be activated with a characteristic
relaxation time that would diverge exponentially with &
as Int ~ &Y rather than as a power of the correlation
length. This behavior should be seen only at shorter
length scales, unlike the case of a random field in a non-
conserved system where it is seen at all length scales.
Over long enough length scales, relaxation would con-
tinue to be diffusive because of the conservation con-
straint placed on the order parameter. The crossover be-
tween the two behaviors should occur at some crossover
momentum g, which would vanish exponentially with &.
For ¢, < ¢ < €71, the correlation function should be the
sum of a single exponential and an activated term. In
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fact, the functional form of the activated term of Eq. (29)
is somewhat empirical. A decay of the form exp(—zP)
with z = In (t/to) was predicted, and p = 3 was used by
Ogielski and Huse [41] to fit Monte Carlo simulations of
the three dimensional dilute Ising antiferromagnet in a
field. We have observed that p =3, 4, or 5 works equally
well in fitting our data. Also, the results for ¢y, are not
very satisfying; a universal, microscopic result for differ-
ent ¢ and T was not found. In fact, o varied suspiciously
with measurements at different ¢, frequently being just
slightly smaller than the smallest 7 included in the fit.

However, our observations differ from these predictions
on several points. First, the time scale associated with
the activated term seems to be comparable to the dif-
fusive time scale, and there is no evidence for a rapid
divergence in the activated time scale. Second, we ob-
serve diffusive behavior of this time scale; Huse indicates
that the activated time scale should be independent of q.

In this case, it may be appropriate to attribute the
modified correlation function to the variety of environ-
ments which must be present inside the gel. As fluid is
adsorbed, the concentration must vary spatially within
the sample. It follows that the local “diffusion coeffi-
cient” will also vary spatially. A distribution of relax-
ation rates is often attributed to correlation functions
having the form of Eq. (28).

Our observations of the nature of the temporal cor-
relation function show both similarities to and differ-
ences from those seen in measurements of other work-
ers. We find that the correlation function has an ex-
ponential form far from the coexistence curve, as would
be seen in the pure system. Exponential dynamics far
from the coexistence curve was also reported by Xia and
Maher [17] (IBAW mixtures in flexible gels) and Dierker
and Wiltzius [11] (LW mixtures in Vycor, pore size ~
70 A) This behavior was not reported by Wong et al.
[19] (N2 in aerogel) and Aliev, Goldburg, and Wu [21]
(carbon disulfide-nitromethane mixtures in porous glass,
pore size ~ 1000 A). The lack of this behavior in the
latter two works is puzzling, as one would expect the
system to approach the behavior of the pure system in
the limit where the correlation length is much smaller
than the length scale associated with the disorder. In
the vapor-liquid systems, it may not be possible to mea-
sure the correlation function with standard correlators
far enough from 7T, to reach this limit, since the time
scales are about two orders of magnitude smaller than in
fluid mixtures.

As the coexistence curve is approached, we find that
the inclusion of a nonexponential correlation function
with second correlation time I'; is necessary to fit the
data. We find that the diffusion coefficient associated
with the exponential portion of the correlation function
is comparable to that of the pure system at the concen-
tration of the free fluid except possibly close to the co-
existence curve, where it may be a little larger. We find
that the second decay rate, I'z, is roughly comparable to
T"; over most of the ¢ range and temperature range ac-
cessible. Samples of lutidine-water mixtures in vycor [11]
were found to have an exponential correlation function in
the one-phase region of the pure system with a decay rate
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(x D) about six times smaller than that of the pure sys-
tem. At T ~ T,, the decay rate for the vycor-mixture sys-
tem saturated. In these samples, the data only became
nonexponential deep into what would be the two-phase
region of the pure mixture where the intensity-intensity
correlation function was consistent with the sum of two
terms, one an exponential form and one a nonexponen-
tial, activated form as shown in Eq. (29). The time scale
associated with this second term was also much slower
than that associated with the exponential term. More
recently, this activated decay and associated time scale
have been associated with wetting and domain growth
[14].

Xia and Maher [17] (IBAW mixtures in gellan gum
gels) observed correlation functions that fit a single ex-
ponential far from the coexistence curve, and a double
exponential as the coexistence curve was approached.
The time scale associated with the second exponential
was much slower than the first. The second, slower de-
cay could be due to the fact that the samples were im-
mersed in a reservoir, which should lead to slow changes
in the concentration as the mean response of the mixture
to the gel changes with temperature. In fact, experi-
ments by Aliev, Goldburg, and Wu [21] (carbon disulfide-
nitromethane in porous glasses) done in the presence of
an external reservoir also exhibit double exponential de-
cay, which the authors attribute to the presence of the
reservoir. Experiments done by these authors in the ab-
sence of a reservoir exhibit nonexponential decay of the
form G(1) ~ (1+23)7 !, where z = In(7/t;)/In(1/(Tt,)).
They found that the time scale associated with the non-
exponential dynamics was much faster, i.e., the diffusion
coefficient is larger, than would be seen in the pure sys-
tem. Wong et al. [19] measured correlation functions near
the vapor-liquid transition of N5 in aerogel which showed
power law decay G(1) ~ AT~% in the one-phase region
of the sample.

An important consideration in comparing these exper-
iments may be the difference in the geometries; for ex-
ample, vycor is a closed pore glass, while the structure
of a gel is much more open. Certainly the fact that the
vycor pore diameter is only 70 A must play a large role
in the saturation of I' near the coexistence curve of the
pure fluid. Also, the particular form of nonexponential
dynamics observed appears to be sensitive to the struc-
ture of the porous material. A second important feature
is the presence or absence of a reservoir of fluid; exper-
iments preformed in the presence of a reservoir reveal a
second exponential decay while experiments performed
without a reservoir are characterized by nonexponential
dynamics.

C. Phase separation

For all of the data in Fig. 11, the scattered intensity
relaxed monotonically towards equilibrium following any
temperature change and equilibrated on a time scale sim-
ilar to that of the temperature controller (~10 min). As
long as the samples were not exposed to temperatures
closer to the phase boundary of the pure systems, the be-
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FIG. 25. Change in the scattered intensity (at ¢ =

1.89x10* cm™?!) following two temperature steps. At around
600 s, the intensity equilibrated promptly following a tem-
perature increase from 33.4 to 33.5 °C. At around 3600 s,
a large overshoot in the intensity was observed following a
temperature increase from 33.5 to 33.6 °C.

havior of the sample was independent of sample history.
For temperatures closer to the phase boundary of the
pure system than those shown in Fig. 11 and within the
two-phase region of the pure system, the scattered inten-
sity was characterized by overshoots and hysteresis and,
for the IBAW-gel samples, a change in the dynamical be-
havior. For example, Fig. 25 shows the change in inten-
sity observed on heating the LW-gel sample containing
4 wt.% silica and 34 wt.% lutidine. About 600 s into the
measurement the temperature was increased from 33.4 to
33.5 °C; the intensity increased monotonically and equi-
librated quickly following this change. At around 3600 s,
the temperature was increased from 33.5 to 33.6 °C. The
intensity quickly increased by over two orders of magni-
tude, and then decayed slowly (over the course of about 1
h) to a value about twice as large as that measured before
the temperature change. The intensity would typically
continue to drift slowly for about 24 h after such a tem-
perature change. Similar overshoots were observed in all
LW- and IBAW-gel samples whose average concentration
was on the side of the coexistence curve rich in the pref-
erentially attracted species. Overshoots were observed
only as the system was taken further into the two-phase
region of the pure system, never on leaving it. These slow
intensity changes meant that samples quenched into the
two-phase region of the pure system and then returned
to the one-phase region would exhibit behavior that de-
pended on the sample’s history while they were returning
to equilibrium at a given temperature. In the IBAW-
gel samples, a change in the dynamic behavior was ob-
served when overshoots and hysteresis were present. The
change in dynamic behavior involved the addition of an
extra, slow component with a decay time of about 10 s to
the correlation function, while the faster component de-
scribed by Eq. (29) remained; this behavior is illustrated
in Fig. 15. This figure also shows that the characteristic

relaxation time of the slow component appears to be ¢
independent. This component died away in amplitude
over a time scale of the order of 10 h. If a sample was
left in a region where the extra slow component of the
dynamics was present for a period of the order of a day
and then returned to the one-phase region, the sample
took days to return to its previous state, as judged by
measurement of S(q).

We associate this behavior with phase-separation of
the mixture inside the gel. The overshoots would then
correspond to the nucleation and coarsening of small
droplets of the minority phase and the hysteresis is con-
sistent with phase-separation on length scales of O(mm).
Samples with average concentrations on the side of the
coexistence curve rich in the nonattracted species would
be expected to show heterogeneous nucleation of the
phase rich in the preferentially attracted species and over-
shoots associated with droplet formation and coarsening
would not be expected in this case. Phase separation
on length scales comparable to the sample size also oc-
curred. We have observed a deeply quenched sample that
became clear in ~6 months, and which had a well defined
meniscus between the top and bottom portions of the
sample. This shows that these samples macroscopically
order, even in the presence of the gel network.

For the IBAW-gel samples, this change in behavior oc-
curred at temperatures about 0.5 °C above the coex-
istence curve observed for the pure mixture, while the
diffusion coefficients were still finite and comparable to
what would be seen in a pure system a similar distance
from the critical temperature and concentration. This
early phase separation could be the result of impurities
that can shift the critical temperature. Studies to de-
termine whether this early phase-separation could be an
impurity effect are underway, but estimates of the magni-
tude of the problem are not consistent with the increased
phase-separation temperature. As a result of the gelation
process, the gels contain some impurities, namely, about
8.5 wt.% methanol and about 0.006M NaCl. Assuming
that the impurities diffuse out of the gel as the mixture
diffuses in and are diluted as the mixture is refreshed, we
estimate that the net effect of these impurities would be a
depression of T, by 0.13 °C. Not only is this change in T,
smaller than that observed, it is also of the wrong sign.
Gas chromatography results show the concentration of
methanol in the samples to be less than 0.01%, which
would lead to a T, depression of only 0.04 °C. However,
unreacted TMOS might also be present.

However, even if some impurity does indeed cause an
upward shift in the phase-separation temperature, the
anomalous behavior of the diffusion coefficient and as-
sociated location of the critical point remain a mystery.
If the critical temperatures of our gel-mixture samples
are shifted upward by impurities, the ratio of the diffu-
sion coeflicient of the gel-mixture system to that of the
pure mixture would be even larger than that which is ap-
parent in Fig. 21(b); the diffusion coefficient of the gel-
mixture system would then be appreciably larger than
that of the pure system near the coexistence curve. We
believe that the concentrations of the free fluid in the gel-
mixture samples studied have come within 1 wt.% of the
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critical concentration of the pure system near the criti-
cal temperature. Our analysis of a and estimates of the
free-fluid concentration indicate that some of the samples
appear to phase separate with ¢£"¢¢ on the IBA-rich side
of the coexistence curve, and others appear to phase sep-
arate with it on the W-rich side of the coexistence curve.
However, there is no indication that the diffusion coefhi-
cient goes to zero as it does at a consolute critical point.
Apparently, the system phase separates before this can
happen.

At the temperatures for which phase-separation oc-
curs, the correlation length, as estimated from the diffu-
sion coefficients using Eq. (21), is of the order of half the
crossover length of the gel. (Unfortunately, we were not
able to extract the correlation length of the gel-mixture
system directly from measurements of the fluctuation
part of the scattered intensity.) Presumably, the concen-
tration in the gel changes significantly over length scales
of the order of the crossover length of the gel in order to
satisfy the requirement that the overall concentration of
the mixture within the sample be fixed. Such gradients
in concentration become increasingly important relative
to other terms in the free energy as the critical point is
approached, and presumably could have a strong effect
on determining when the system will separate into two
phases of different concentrations.

IV. SUMMARY AND CONCLUSIONS

We have used light-scattering measurements to study
the effect of dilute silica gel on the critical behavior of
two binary mixtures: lutidine-water and isobutyric acid—
water. We have made systematic studies of mixtures of
various concentrations spanning the critical region, im-
bibed in gels of a variety of crossover lengths. We have
focused on equilibrium behavior in what would be the
one-phase region of the pure system.

Measurements of the total scattered intensity reveal
that the preferential attraction of one species of the
mixture leads to time-independent concentration fluctu-
ations of the fluid mixture. This is the static response of
the system to the field imposed by the gel and plays a
dominant role in the behavior of the gel-mixture samples
in the one-phase region. We have measured the temper-
ature and g dependence of this response and have found
that the response increases strongly as the two-phase
boundary of the pure system is approached. Analysis
of our scattering results in terms of a simple model in-

volving two regions, one consisting of silica and adsorbed
fluid, and the other consisting of the remaining mixture,
allowed us to estimate the concentration of the remaining
mixture. These estimates revealed a strong shift in the
concentration of the nonadsorbed fluid toward the side
of the phase diagram poor in the preferentially attracted
species as the two-phase boundary of the pure system was
approached, and indicated that considerable care would
be required to ensure that the free fluid reach the criti-
cal temperature at the critical concentration. Since the
adsorbed fluid (as we have defined it) exhibits no criti-
cal fluctuations, this might be a necessary condition for
reaching the critical region of the gel-mixture system.

Scattering from LW-gel samples revealed no time-
dependence; however, measurements of the time de-
pendence of the scattered light in IBAW-gels revealed
three dynamic regimes. Far from the coexistence curve,
where the correlation length was much smaller than the
crossover length of the gel, the relaxation of concen-
tration fluctuations was exponential, as would be ob-
served in the pure system. Closer to the coexistence
curve, the relaxation became nonexponential, and a cor-
relation function involving either a stretched exponential
or an activated form could be fit to the data. In both
of these regimes, the decay was diffusive and the diffu-
sion coefficient could be measured. The diffusion coeffi-
cient was found to be generally smaller than that of the
pure system at the same temperature and average con-
centration as the mixture in the gel, but comparable to
that of a mixture at the concentration estimated for the
non-adsorbed fluid. At temperatures where the correla-
tion length became comparable to the crossover length
of the gel, an extra slow component suddenly appeared
in the correlation function. The onset of slow dynam-
ics was accompanied by overshoots and hysteresis in the
static intensity. We associate this regime with the onset
of phase-separation in the gel-mixture system. Indeed,
samples left in the two-phase region for months eventu-
ally cleared, revealing that long-range order can occur in
these systems.
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