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Polymer difFusion in porous media of fumed silica studied by forced Rayleigh scattering
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The diffusion of dye-labeled linear polystyrenes within porous media composed of fumed silica parti-
cles has been studied by using forced-Rayleigh-scattering (FRS) spectroscopy. Significant differences

have been observed between results obtained by using silica R972 (made by the Degussa Corp. ), which is

known to adsorb labeled polystyrene chains, and silica R972-M, in which the surface hydroxyl concen-
tration has been reduced to minimize surface adsorption. In the porous medium R972-M, the FRS sig-

nal was "normal, " and the decay rate 1/~ was proportional to the square of the scattering wave vector,
an observation indicating diffusion by Brownian motion. In contrast, in the porous medium R972, the

FRS signal was "abnormal" and there was an obvious curvature in the plot of 1/v vs q . We studied the

effect of porosity on the hindrance to diffusion in both types of porous fumed silica; the hindrance is

characterized by the ratio of the diffusion coefficient inside the pores to that in the free solution, D/Do.
For polymer diffusion inside R972-M, the hindrance can for the most part be attributed to geometric ob-

struction and hydrodynamic interaction with the silica surface; the experimental data are compared with

predictions of the theories of Neale and Nader [Am. Inst. Chem. Eng. J. 19, 112 (1973)] and of Prager
[Physica 29, 129 (1963)]. In the porous R972, adsorption dominated the polymer diffusion behavior, and

the measured value of D/Do, which was also a weak function of the labeling ratio, fell within the range
0.2—0.4, an observation indicating very strong hindrance. The changing diffusion rate during gelation

was also monitored, and a difference in the times required for stabilization of the diffusion coefficient was

found in the two silica systems. This difference is related to the mechanisms that govern diffusion behav-

ior in each system.

PACS number(s): 47.55.Mh, 66.10.Cb, 51.20.+d, 78.35.+c

I. INTRODUCTION

The transport process in liquid-filled pores of porous
materials is now a field of growing interest because of its
relevance to many important processes, such as chroma-
tography, catalysis, enhanced oil recovery, and mem-
brane separation. A variety of porous materials, includ-
ing track-etched membranes [1—6] controlled pore
glasses [7-10]and sintered glasses [11],have been used as
model systems for the study of hindered transport in
small confining spaces. The central goal of these studies
has been to relate phenomenological measurements of
hindered transport to the characteristic parameters of the
materials, such as pore dimension, porosity, and diffusant
size. In this contribution, we describe measurements of
diffusion of polystyrene molecules in porous media com-
posed of fumed silica.

Fumed silica, also called pyrogenic silica, is produced
from the hydrolysis of silicon tetrachloride in the pres-
ence of a hydrogen-oxygen flame [12]. These silica
powders have extremely high surface areas and are wide-
ly used as binders, thixotropic agents, thickeners, and an-
ticaking agents. The growth and structure of fumed sili-
ca was studied by Schaefer et al. [13], who used small-
angle x-ray scattering (SAXS) and neutron-scattering
(SANS) techniques. These authors found the fumed silica
powders to have a fractal nature and proposed a model
based on ballistic polymerization, sintering, and
diffusiori-limited aggregation to explain their observa-

tions.
When mixed with certain polymer solutions, the silica

particles can be in either of two forms: in suspension or
in a gel. In practice the transition between these forms
brought about by either concentration or time is gradual.
A suspension of silica greater than a certain concentra-
tion will gradually transform to gel form in a time period
of several hours or several days. Although a precise
definition of "gel" is historically difficult, a minimal
definition characterizes a gel as a material exhibiting a
three-dimensional microscopic network that exists over
macroscopic distances and that holds or entraps the
liquid component. Several other silica gel systems have
recently been extensively used as experimental model sys-
tems for the study of the fractal nature of materials.
Small-angle scattering techniques such as SAXS and
SANS have been used in a number of studies concerning
the fractal aspects of silica gels and their relation to gela-
tion conditions [14—19] The silica gels that have been
studied can be approximately categorized into two
groups: those arising from aggregations of colloidal silica
particles such as Ludox (made by DuPont) [14—17] and
those originating in a sol-gel process [14,18,19].

The analytical technique employed in the present study
is forced-Rayleigh-scattering (FRS) spectroscopy, which
is also called holographic relaxation spectroscopy and has
been widely used for the measurement of mass diffusion
[20—24]. The principle of the technique is to follow the
transient intensity diffracted from a sample containing
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photosensitive probes that have been exposed to an opti-
cal grating created by a laser pulse. The decay of this
diffracted intensity is due to the diffusive motion of the
probes, which erases the refractive index gradient in the
sample. Consequently, the diffusion coefficient of the po-
lymer chains can be determined from the decay rate of
the diffracted intensity. In the only application of the
FRS technique used to measure diffusion inside Vycor
porous glass, Dozier, Drake, and Klafter [24] measured
transport of a dye molecule (azobenzene}. There have
been, to our knowledge, no published results concerning
transport in silica gel, possibly because the abundant hy-
droxyl groups at the silica surfaces strongly adsorb
diffusants. This problem can be addressed by chemically
treating the silica surface, that is, replacing the surface
hydroxyl groups by alkyl groups. Fumed silica was
chosen in this study because it offers the advantage of sta-
bility in powder form, a property that facilitates the
chemical treatment. The gel consisting of fumed silica
can be regarded as similar to that obtained from colloidal
silica aggregation. Nevertheless, there are clear
differences; in fumed silica gels the basic units are
ramified or fractal clusters and the gel linkage is physical
and reversible, whereas in colloidal silica gels the basic
units are spherical and the gel linkage is irreversible.

II. EXPERIMENTAL DETAILS

A. Sample preparation

1. Dye-labeled polystyrene

4-dimethylaminoazobenzene-4'-isothiocyanate mole-
cules were attached to polystyrene chains to obtain pho-
tochromically active polymers. The labeling procedure
involves two steps: random aminomethylation of phenyl
rings in polystyrene and the subsequent reaction of ami-
nomethyl groups with an azobenzene dye. Detailed pro-
cedures are as follows.

Selected fractions of linear polystyrene (made by
Scientific Polymer Products) with narrow molecular-
weight distributions were dissolved in CH2C12.
Trifluoroacetic acid, used as a catalyst, was added to the
polymer solution. Hydro xymethylphthalimide and
trifluoromethanesulfonic acid were then added to the
solution, and the solution was stirred for 8 h at room
temperature. At the end of the reaction, the polymer was
precipitated in methanol and washed by dissolving in
tetrahydrofuran (THF) and reprecipitating in methanol.
The polymer was converted to the amine form by
refluxing with hydrazine in THF overnight. After reflux,
the aminomethylated polystyrene was purified by again
precipitating into methanol.

The aminomethylated polystyrene was dissolved in
THF containing an excess of 4-
dimethylaminoazobenzene-4'-isothiocyanate (DABITC
made by Pierce). The solution was stirred at room tem-
perature for 2 d. The resultant polymer was precipitated
into methanol and was then extracted in a soxhlet extrac-
tor. The final DABITC-labeled polystyrene had one at-
tached dye molecule per approximately 1000 monomer

units assayed by ultraviolet-visible spectrophotometry. It
was dissolved in fiuorobenzene (made by Aldrich), which
is a good solvent for polystyrene and has an index of re-
fraction closely matching that of the fumed silica, a
necessary requirement for the direct measurement of po-
lymer diffusion inside the porous media by FRS.

2. Silica gel

Aerosil R972 (made by Degussa Corp. ), a surface-
treated fumed silica, was used in this study. The precur-
sor silica (from hydrolysis} had basic units 10—20 nm in
diameter and a surface silanol group density of 0.25-0.33
nm /SiOH [12]. It had been treated (by the manufactur-
er) with (CH3)2SiClz to yield the hydrophobic product
R972, which has about 20% of the initially available
silanol groups. During the manufacturing process, aggre-
gation occurred during the hydrolysis and the surface
treatment, resulting in ramified (or fractal) clusters and
characteristic dimensions of several hundred angstroms.

Surface silanol groups are known to adsorb many

species. We examined the adsorption of labeled poly-

styrene on silica surface by ultraviolet-visible spectropho-
tometry. Silica R972 was mixed into the solution of the
labeled polystyrene, and the mixture was stored at room
temperature overnight. It was then washed with the sol-

vent fluorobenzene. The washing was done by shaking

the mixture, centrifuging, and removing the supernatant
liquid. This process was repeated until the supernatant

liquid gave no detectable absorption at a wavelength of
440 nm, where the attached azobenzene segment has an

absorption maximum. A noticeable absorption peak at
440 nm was observed in the silica, a result indicating the

presence of labeled polymer on the surface of R972. The
amount could not be quantitatively established.

We performed additional surface treatment on the sili-
ca R972 to further remove hydroxyl groups at the sur-
face. The silica was vacuum dried and heated to 200'C
for 4 h to activate the surface and then allowed to cool to
room temperature under vacuum. Dry, distilled toluene
was added, and the mixture was degassed in an ultrasonic
bath. The silanizing reagent, hexamethyl disilazane, was
added under flowing nitrogen to a concentration of 1 M.
The reaction time was 7 d at 100'C. After this period,
the reaction was stopped by adding dry distilled
methanol, and the methanol was later washed out by
fluorobenzene. The washing process was the same as that
described above. The silica thus treated, referred to as
R972-M, was found to have negligible adsorption of la-
beled polystyrene, as detected by ultraviolet-visible spec-
troscopy.

A silica suspension was made by mixing a labeled po-
lystyrene solution with fumed silica on a Fisher model
Vortex-Genie test tube mixer. If the silica concentration
used was above the critical concentration, then, in the ab-
sence of significant external perturbation, the silica sus-
pension gradually transformed into a gei. The gelation
process took several hours to several days, depending on
the silica concentration. The criterion for the formation
of a gel structure in this study was somewhat arbitrary.
We simply tilted the sample ceil containing the silica mix-
ture to an angle of about 60. If no appreciable flow was
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B. FRS measurements

The experimental setup is shown in Fig. 1. The "writ-
ing beam" from a 5-W Ar+ laser (Spectra Physics, Model
2020) was split into two beams of equal intensity, which
were later converged on the sample by an off-axis para-
bolic mirror (focal length of 100 cm). A linear fringe pat-
tern was created by interference of the two intersecting
coherent writing beams. This optical grating induced a
periodic concentration distribution of photoexcited dyes
attached to the polystyrene chains. The fringe spacing d
can be calculated from the expression d =AD/2 sin(e/2),
where the wavelength A,o (in air) of the writing beam was

455 nm and e is the angle between the two intersecting
beams. The corresponding wave vector is q =2~/d. The
output power employed in the writing beam ranged from
0.003 to 0.06 W. The fringe spacing d could be varied
from 3 to 30 pm by adjusting the distance between the
two parallel beams impinging on the parabolic mirror. A
mechanical shutter in front of the Ar+ laser controlled
the width of writing pulses, which were typically 1 ms.
The reading beam was from a 1.5-mW He-Ne laser (Spec-
tra Physics, A, =632.8 nm), whose power was attenuated
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FIG. 1. Experimental arrangeznent of the forced Rayleigh
scattering experiment, following the design of Eric Amis. PMT
denotes photomultiplier tube.

observed over a time scale of several minutes, then gela-
tion was said to have occurred. For silicas with different
surface chemistries, for example, R972 with residual hy-
droxyl groups and R972-M without, the silica concentra-
tions required to induce gelation were very different. The
critical silica volume fraction was approximately 2.5%
for R972 and 6% for R972-M, a difference implying that
the surface hydroxyl groups play an important role in sil-
ica gelation. If the silica fraction was below the critical
concentration, then a visually uniform suspension was
formed after mixing; however, the silica particles in this
type of dilute suspension precipitated and formed a dis-
tinguishable layer after several weeks. Both the silica
suspensions and the silica gels are called porous media in
this contribution.

1 +q D, (2)

where ~&;f, is the lifetime of the photochromically shifted
state of the dye, and D is the diffusion coefficient. In our
system w&;f, was found to be much longer than the decay
time.

III. RESULTS AND DISCUSSION

The transient diffracted optical intensity V(t) from the
labeled polystyrene [molecular weight (MW) of
1.13 X 10 ] in a silica gel consisting of R972-M (where 4,
the silica volume fraction, was 7.1%} is shown in Fig.
2(a). The FRS signal reached a maximum when the writ-
ing beams were turned off, with an immediate exponential
decay. The amplitude of the initial diffraction intensity
was about the same as that from the free solution under
the same conditions. A nonlinear least-squares fit of V(t)
to Eq. (1) was reasonably satisfactory in terms of the ran-
dom residuals, which are plotted in Fig. 2(b).

In contrast to the "normal" FRS signal from the
R972-M gel, the FRS signal from the R972 gel usually
showed a slow rise in diffraction intensity after exposure
of the dye moieties to the writing beam. Figure 3(a)
shows the FRS signal from the labeled polystyrene (MW
of 1.13X10 ) in the R972 gel (4=2.6%). The max-
imum diffraction intensity was 5 —10 times larger than
that from the free solution. We relate this abnormality to
the adsorption of the polymer by the silica surface, al-
though we do not understand the underlying mechanism
at this stage of the study. The data points, excluding
those at times shorter than the inflection point, were
fitted to Eq. (1). Figure 3(b) plots the residuals of this fit.
We note the fit is not as satisfactory as the fit for the
R972-M gel because of the slow initial rise in diffraction

to below 0.1 mW. It was projected onto the induced
fringes of the photoexcited molecules at an angle satisfy-
ing Brag g's condition. The diffracted intensity was
detected with a photomultiplier tube, coupled to a digital
oscilloscope (Nicolet, Model 310). The data were then
transferred to and processed by a Zenith Model Z-386
Data Station Computer.

For a diffusion process, the decay profile follows an ex-
ponential function,

V(t)=(Ae ' '+8) +C
where ~ is the characteristic time of the decay, A is the
preexponential amplitude of the diffracted optical field, 8
is the coherent background optical field, and C is the
background intensity due to incoherent scattering and
stray light. The characteristic time ~ can be obtained
from the transient intensity measurement by a nonlinear
least-squares fit of the measured intensity V(t) vs t [Eq.
(1}]. We used the algorithm developed by Marquardt
[25], which combines the best features of gradient search
and the method of linearizing the fitting function.

For single-mode diffusion processes, the characteristic
decay time z versus the squared wave vector q should
follow
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intensity and the slow decrease in diffraction intensity at
a later stage. The latter possibly accounts for the retard-
ed movement of a small portion of the polymer molecules
that were adsorbed on the surface.

The decay rates 1/~ obtained at different scattering
wave vectors are plotted in Fig. 4 for labeled polystyrene
(MW of 1.13 X 1Q ) in three diff'erent systems: (a) free
solution, (b) R972-M silica gel, and (c) R972 silica gel.
The FRS measurement in the gels were carried out
several days after the gel preparation, so that the mea-
sured decay rates would be stable with time. The
difference in the diffusion behavior in porous media with
different surface chemistry is discussed below.

For the R972-M gel, proportionality exists between the
decay rate ( I /r) and the squared wave vector (q ). Thus,
phenomenologically, standard diffusion law governs the
transport process in the R972-M gel as well as in free
solution. The data points for the free solution and the
R972-M porous material were fitted to Eq. (2). The
dashed and dotted lines in Fig. 4 represent the fitted
linear functions [Eq. (2)]. The diffusion coeflicients Do (in
free solution) and D (in the R972-M gel) were obtained
from the slope of I/r vs q . The linear relation also indi-
cates that the diffusion coefficient is independent of the
length scale of observation, which is in the range of 3—30

g )00

80

~ 60

a 40

(a) R972 Ge]
+ = 2.6'7o

MW= 1.13x10

20

o!
0 200 400 600 800

Channel number

pm in our experiments. In turn, this linearity implies
that the pore structure is uniform over this range of
length scale being probed, as opposed to that expected for
fractal pores in which the mean-square displacement of a
diffusant is not proportional to time [26]. It was found
that the intercept of the fitted straight line, which is equal
to 1/rhr, [from Eq. (2)) is very small. In other words, the
lifetime of the excited state of the dye segments is longer
than the time scale of the diffusion process being studied.

In contrast, the data for the R972 gel (Fig. 4) showed
an obvious curvature. The straight lines, which are ap-
proximately tangential to the data points at the higher
and lower q regimes, are shown to demonstrate the
trend. This curvature in I /r vs q, which is not seen in
the R972-M gel, is related to adsorption of the polymer
chains by the silica. It may also be partly due to a larger
error in the curve fitting, which can be seen in the residu-
al plot [Fig. 3(b)]. In this study, a quantitative interpreta-
tion of the hindered diffusion largely due to adsorption in
the R972 gel is not feasible. An apparent phenomenologi-
cal diffusion coefticient D, was obtained from a single-
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FIG. 2. (a) Typical transient diffraction intensity V(t) for a

dye-labeled polystyrene (M%' of 1.13 X 10 ) in a silica gel com-

posed of R972-M, which effectively does not adsorb the poly-

mer. The diffracted intensity decay began immediately after the

writing beam exposure of 1 —2 ms. The sample time was 1 ms

per channel. This FRS signal is normal. (b) A plot of the resid-

uals [in same arbitrary units as in (a)] of a nonlinear least-

squares fit of the data points in (a) to Eq. (1). These residuals

are very close to a random distribution.

FIG. 3. (a) Typical transient diffraction intensity V(t) for a
dye-labeled polystyrene {M%' of 1.13X10 ) in silica gel R972,
which has a finite surface silanol density resulting in surface ad-
sorption. The writing beam exposure time was 1 —2 ms, and the

sample time was typically 0.5 —2 ms per channel. This FRS sig-

nal is abnormal, because there is a slow rise in the diffracted in-

tensity after exposure of the dyes to the writing beams. Peak in-

tensity was reached, typically, 10—20 ms after the writing pulse.

(b) A plot of the residuals [in the same arbitrary units used in

(a)] of a nonlinear least-squares fit of the data points in (a) to Eq.
{1}.The first point of fitting is approximately the inflection

point. There is a systematic error in this fitting largely because
of the very slow decrease in the baseline.
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FIG. 4. Plot of the decay rate 1/~ of the transient diffraction
from the grating of the excited dyes attached to a polystyrene
(MW of 1.3X10 ) vs the squared wave vector q in three
different systems: (i) unbounded solution (Cl), (ii) silica gel
R972-M (~), and (iii) silica gel R972 (6 ). Proportionality exists
in both the unbounded solution and the R972-M gel, a relation
indicating Brownian motion, whereas an obvious curvature is

observed in the R972 gel. The slope of 1/v vs q defines the
diffusion coefficient for systems (i) and (ii). The quotient 1/~ di-

vided by q at q =4.74X10 cm is used as the apparent
diffusion coefficient D, to describe the porous medium R972.

angle tneasurement at q =4.74X10 cm (correspond-
ing to a prism spacing of 25 cm), where D, =1/(rq )

Polymer diffusion within a silica gel or a silica suspen-
sion is hindered relative to that in the unbounded solu-
tion. The ratio of the diffusion coefficient inside the
porous medium R972-M to that in the unbounded solu-
tion D/Do (a ratio often referred to as the hindrance fac-
tor) is plotted in Fig. 5 as a function of silica volume frac-
tion 4. The general trend is that the value of D/Do de-

creases with increasing 4, thus indicating a stronger hin-

drance. In the low silica concentration (4 (6% ) regime,
the silica suspension will not gel, and the diffusion
coefficient was measured before the separation of the di-
lute silica suspension into two layers (as a result of pre-
cipitation). In the higher silica concentration (4)6% )

regime, the diffusion coefficients were measured after the
gels had formed.

Two labeled polystyrene samples with different molec-
ular weights (MW of 4.8X10 and 1.13X10 ) were used
in this study. We note that there is little difference
(within experimental error) between the hindrance values
for these two polymer sizes. This observation implies
that the polymer molecules are still much smaller than
the pore dimensions. In other words, the polystyrene
molecules of both sizes can still be approximated as point
particles. The use of even higher-molecular-weight poly-
mers, although desirable, is limited by our ability to label
larger molecules.

Labeled polystyrene molecules diffuse much faster in
the porous medium R972-M than in the R972 porous
medium (see Fig. 6), where adsorption severely reduced
the freedom of the polymer. The weak hindrance in
R972-M is relatively more dependent on 4 than is the
diffusion behavior in R972 (see Fig. 6). These facts sug-
gest that the effect of adsorption is negligible in R972-M,
and that the hindrance can be attributed, for the most
part, to geometric obstruction and hydrodynamic in-
teraction with the silica surfaces. There exist many
theories that take these two factors into account and that
predict the relation between the hindrance factor D/Do
and the porosity for different porous systems. Our exper-
imental results are compared with the hydrodynamic
theory developed by Neale and Nader [27] for a much
simpler model system —that of a homogeneous swarm of
spherical particles of arbitrary size distribution. Based
on the nonrigorous assumption that each particle experi-
ences the remainder as a uniform fluid, this model pre-
dicts that

I .0

~ 0, 9a
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0.9—
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MiV= l. l 3x l Q6
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FIG. 5. Hindrance factor D/Dp vs silica volume fraction 4
for two polystyrene samples (MW of 4.8X10 and 1.13X10 ) in
R972-M solutions and gels. The gelation threshold is approxi-
mately @=6%%uo. The weak hindrance is attributed to geometric
obstruction'. The solid curve represents the theory of Neale and
Nader [27] [Eq. (3)] for diffusion in a homogeneous, isotropic
swarm of spheres. The dashed curve corresponds to the bound
predicted by Prager [28] [Eq. (4)] for a homogeneous, isotropic
suspension of solid particles of arbitrary shape.

0
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FIG. 6. Hindrance factor D, /Dp vs silica volume fraction 4
for polystyrene (MW of 1.13X10 ) in R972 solutions and gels.
The gelatin threshold is approximately 4=2.2%. The polymer
diffusion is strongly hindered even at low @. This hindrance is
only slightly dependent on 4.
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(Note that in Neale and Nader's original notation, N was
used to denote porosity, which we denote as 1 —N. )

Equation (3), independent of the size distribution of the
spheres, is in satisfactory agreement with the experimen-
tal data for diffusion in a wide range of porous media
throughout the whole porosity range. The solid line in
Fig. 5 represents Eq. (3). Our results in the low-4 regime
are reasonably consistent (within experimental error)
with the Neale-Nader theory [Eq. (3)]. This correlation
can be explained by the fact that the silica suspensions
can be regarded approximately as a collection of basic
spherical units, even though these units had aggregated
into ramified clusters. At low solid-volume fraction 4 (or
high porosity), the trend of hindered diffusion in a fumed
silica gel is similar to that in an unconsolidated homo-
geneous swarm of spherical particles.

In the gelled systems, the formation of three-
dimensional networks further deviates from the assump-
tion of the Neale-Nader model that requires different par-
ticles in the suspension to be independent of one another
in the sense that their regions of hydrodynamic inhuence
must not overlap. This deviation is greater at higher sili-
ca concentration. We observe that at higher 4 (or lower
porosity), the hindered diff'usion tends to be slower than
that predicted by the Neale-Nader theory. We emphasize
here that the Neale-Nader model does not totally parallel
our experimental system. Therefore, this comparison (as
well as another comparison to follow) is thus intended
only to put this work in a more general context of studies
of hindered transport in random porous media.

Our results are also compared with a theory developed
by Prager [28] for a homogeneous and isotropic suspen-
sion of solid particles of arbitrary shape. In this treat-
ment, the main assumptions in the Neale-Nader model
were relaxed, and the principle of minimum entropy pro-
duction was applied to obtain bounds of the hindered
diffusion rate:

covered by the adsorbed polymer molecules. Yet the mea-
sured diffusion coefficient in the R972 ge1 sti11 decreases
by a small amount as 4 increases. There are three possi-
bilities to account for this small decrease: (i) the in-
creased ratio of surface-to-pore volume results in a higher
probability of adsorption; (ii) geometric obstruction, such
as tortuosity, is increased; and (iii) more silica particles
cause more static scattering and stray light, which pro-
duce a poorer signal-to-noise ratio and a higher baseline
value, thus introducing greater error into the data
analysis. We also found that, at the two lower silica con-
centrations, the silica suspension will not gel and the hin-
drance in these two suspensions is similar to that in the
gels.

Although the labeling ratio or the density of the dye
segments does not affect the diffusion rate in the R972-M
porous medium, it does have an effect on the diffusion
coefficient for the dye-labeled polystyrene in the R972
porous medium. For polymer samples with the same
molecular weight, a higher labeling ratio usually results
in slower diffusion. Thus, comparison between different
polymer sizes is not made, as there is no quantitative con-
trol over the labeling ratio in the labeling reactions. As
an approximate generalization of this observation, for
most molecular weights and labeling ratios studied, the
value of D, /Do is between 0.2 and 0.4 in a 4 range of
about 1 —5%.

The silica gels in this work can be viewed as physical
gels that are reversible in nature, because there is no
chemical bonding involved in gelation. We monitored
the development of hindrance during the formation of sil-
ica gels. Initially, the mixture of silica and the polymer
solution was vigorously shaken on a model Vortex-Genie
test tube mixer to destroy the interconnection of the silica
particles. FRS measurements were then conducted to ob-
tain the diffusion coefficient at different times during the
gelation process. We observed little difference (within ex-
perimental error) between a "fresh" gel and a gel re-
formed from a "destroyed" one.

The diffusion coefficient for polystyrene (MW of
l. 13 X 10 ) inside a R972-M gel (4=7. l%%uo ) as a function
of gelation time is shown in Fig. 7. There is a slight

(Again, 4 is the silica volume fraction rather than porosi-
ty, as denoted by Prager. ) The dashed curve in Fig. 5

corresponds to Prager's theory [Eq. (4)]. Our experimen-
tal results obviously satisfy the inequality relation pre-
dicted by Prager.

The ratio of diffusion coefficient D, /Do for labeled po-
lystyrene (MW of 1.13 X 10 ) in the porous media of sili-
ca R972 is plotted against silica volume fraction N in Fig.
6, where D, is as defined in Sec. II. All data in this figure
were taken after the diffusion coefficient had stabilized; as
will be demonstrated, the diffusion rate decreases soon
after mixing the silica suspension. We found that the
value of D, /Do is only slightly dependent on the silica
fraction W. This observation is explained by the fact that
adsorption plays a dominant role in slowing down poly-
mer diffusion and that even at low concentration the sili-
ca surface area is greater than that which would be

l, 2—
'u)

R972-M
4 = 7.1%
MW=1. 13x10

O
1.0—

0. 9
0

l

6
(h)

IO I2

FIG. 7. Diffusion coefficient D vs time during the gelation
process for an R972-M gel (+=7.1%). The time for stabiliza-
tion of the diffusion coefficient (approximately 5 h) is compara-
ble to that needed for the silica suspension to gel.
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difference in the diffusion rate between the silica suspen-
sion immediately after mixing and that in the gel formed
later. Diffusion within the gel attained a stable value in
approximately 5 h. This time period is comparable to
that needed for gelation. The small difference in the
diffusion rate at early and late stages may be attributed to
the interconnection of silica particles into networks,
which were not present in the initial suspension. It is also
possible that, immediately after severe mixing, turbulence
and convection smear the fringe pattern of excited dyes
created in the exposure to the optical grating and that the
turbulence is incorrectly interpreted as faster difFusion.
In the gel, however, the three-dimensional networks
effectively retard such turbulence and convection.

Figure 8 shows the diffusion coefficient as a function of
gelation time for a R972 gel (4=2.6%%uo). The diffusion
reached a stable value in a much shorter time (about 20
min) than that needed for gelation (several hours). In
other words, the mixture was still visibly liquid when
strong hindrance had built up. In the R972 silica gels,
the hindrance is mainly due to surface adsorption of the
polymer molecules. Thus, we inferred that the time need-
ed to develop this hindrance is actually the time needed
for the polymer chains to approach the solid surface and
be physically adsorbed.

Dynamic light-scattering spectroscopy, a similar tech-
nique that was previously used in this laboratory for
direct measurement of polymer diffusion in porous
glasses [7—10] was also tested in the study of polymer
diffusion in the present silica gels. It was found to be im-
practical to extract a diffusion coefficient from the mea-
sured autocorrelation function (ACF) [29] because of
complications in the intensity fluctuation due to the oscil-
latory movements of the silica particles. The intensity
fluctuation is mixed with that due to the polymer move-
rnent. We noted that even a pure silica gel (without poly-
mer) gives a significant ACF, thus distinguishing itself
from the situation with consolidated porous materials
such as porous glasses.

IV. CONCLUSIONS

We have used the technique of FRS to study the
diffusion of dye-labeled linear polystyrene inside porous

7 0.8

R972
+ = 2.6"7o

M%V=]. 13x1 o

E
0.6—

O

U 0.4—

0.2
0 20 40

t (min )

FIG. 8. Diffusion coeScient D, vs time during the gelation
process for an R972 gel (4=2.6%%uo). The time for stabilization
of the diffusion coeScient (approximately 10 min) is much
shorter than that needed for gelation of the silica suspension.
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media. For silica gel R972, which has a finite surface
density of silanol, adsorption of polymer by the silica sur-
face dominates the diffusion behavior. The diffusion in
the R972 porous medium, which is not normal Brownian
motion, shows a strong hindrance even at low silica con-
centrations. This hindrance has a slight dependence on
the silica volume fraction 4. For silica gel R972-M, ad-
sorption is almost absent as a result of further surface
treatment. In this system, diffusion is of the normal
Brownian-motion type, and the weak hindrance to poly-
mer diffusion is attributed to geometric obstruction and
hydrodynamic interactions with the silica surfaces. The
change in the diffusion coefficient during gelation was
also monitored for both types of silica gels. The time
needed for the diffusion rate to stabilize is commensurate
with the mechanisms that are responsible for diffusion be-
havior.
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