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ABSTRACT: The diffusion of highly cross-linked polystyrene latex spheres of radii 0.152 and 0.208 um
through solutions of poly(y-benzyl-L- glutamate) (PBLG) has been studied by dynamic light scattering
(DLS). The solvent used was dimethylformamide (DMF), in which PBLG adopts a rigid rodlike o-helical
conformation. Tracer diffusion coefficients of the spheres in solutions of long rods (L ~ 159 nm) were
larger than predicted from the Stokes—Einstein equation. These positive deviations from the Stokes—
Einstein equation are consistent with the theory of Auvray (J. Phys. 1981, 42, 79), which predicts the
presence of a rod monomer depletion layer locally surrounding the spheres that extends a distance ~ L
from the surface of the sphere. The results are also consistent with the experimental work of others
concerning depletion of stiff polymers near surfaces. Sphere tracer diffusion coefficients in solutions of
smaller rods (L ~ 48 nm) approximately follow the Stokes—Einstein equation. In this system, depletion
effects are expected to be much smaller. Fits of the sphere diffusion data to the equation D/Dy =
exp(—oac?) yielded values of v = 1—1.1, which exceed those predicted by theory. We were also able to
estimate translational diffusion coefficients of the PBLG in the ternary rod/sphere/solvent systems by
employing very short sample times in the DLS experiment.

Introduction

Recently, research on the diffusion of highly cross-
linked polystyrene (PS) latex spheres of 0.2-um radius
through solutions consisting of a random coil polymer
and an organic solvent has been reported.!=3 Two of
those studies were reported from this laboratory, in
which linear polystyrene (PS)! and poly(methyl meth-
acrylate) (PMMA)?2 were employed as matrix polymers.
Concerning the linear PS/PS latex/DMF system,! latex
sphere diffusion followed the Stokes—Einstein equation
for both matrix molecular weights (2.15 x 10° and 1.1
x 10%) at all matrix concentrations studied, which
ranged from dilute concentrations to well beyond the
matrix overlap concentration c*. Conversely, when
poly(methyl methacrylate) of molecular weight 350 000
was employed as the matrix polymer in two good
solvents, positive deviations from Stokes—Einstein be-
havior occurred at both dilute and semidilute concentra-
tions;? i.e., the diffusion coefficients of the latex spheres
exceeded the values predicted by the Stokes—Einstein
equation. It was argued that the positive deviations
were caused by a layer of solution, locally surrounding
the spheres, that was deficient in PMMA as compared
to bulk solution, creating a local microviscosity sur-
rounding the spheres that was lower than the bulk
macroscopic viscosity. Of two possible sources of the
depletion layer, namely entropic repulsion of the PMMA
molecules as they approach the spheres and PS—PMMA
incompatibility (immiscibilty), the latter appears to be
most important. This conclusion was based on the
observation that depletion was absent, or at best
minimal, in the aforementioned linear PS/PS latex' DMF
system because the Stokes—Einstein equation was
followed at all matrix concentrations studied. Since the
spherical probe was chemically similar to the matrix
polymer in the linear PS/PS latex'DMF system, an
important aspect that made this system unique, only
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entropic repulsion effects were present. These effects
are apparently not important enough to cause signifi-
cant depletion in the vicinity of the latex spheres.

The same PS latex spheres have been used in study-
ing the diffusion of spheres through poly(vinyl methyl
ether) (My, = 1.3 x 10%/toluene solutions.? In this
report, positive deviations from the Stokes—Einstein
equation occurred, consistent with the assertion that the
solution layer near the surface of the sphere was of
lower concentration than bulk solution, i.e., depletion.
Diffusion of the latex spheres was studied from dilute
solution up to rather large concentrations where c[5] ~
c/c* = 36. Interestingly, at these high concentrations,
Stokes—Einstein behavior was recovered, consistent
with the theories of de Gennes which deal with polymer
depletion near surfaces.*~® These theories predict that
the depletion layer thickness equals the matrix correla-
tion length &, which decreases with matrix concentration
in the semidilute regime.

The vast majority of the other experimental work
concerning sphere diffusion in polymer solutions deals
with non-cross-linked latex spheres diffusing through
aqueous solutions of flexible or semiflexible polymers,
or of coated silica spheres diffusing through solutions
consisting of an organic solvent and a matrix polymer.”
Previously, the only reports that have appeared in the
literature on sphere diffusion through rigid rod polymer
solutions are those of Tracy et al.8? In those reports,
the matrix polymer was poly(y-benzyl o,L-glutamate)
(PBLG), the solvent was N,N-dimethylformamide (DMF),
in which PBLG adopts a rigid a-helical rodlike confor-
mation, and coated silica spheres were employed as
probe particles. Three molecular weights of rod poly-
mer, 102 000, 200 000, and 250 000, and two silica
sphere radii, 39.4 and 60.4 nm, were used in the studies.
In the current report, the same matrix polymer PBLG
of similar molecular weights is used, and the same
solvent DMF is employed. However, we have used
highly cross-linked PS latex spheres of radii 152 and
208 nm as probes. Moreover, we have investigated the
sphere diffusion out to higher matrix concentrations.
The main experimental technique employed was dy-
namic light scattering (DLS).
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Experimental Section

Materials. Anhydrous DMF obtained from Aldrich Chemi-
cal Co. was used in all sample preparations. PBLG of two
different molecular weights was obtained from Sigma Chemi-
cal Co. Values of My, were determined by the vendor using
low-angle light scattering. For the lower molecular weight
PBLG, which will be referred to as PBLG70K, My, = 70 000.
The higher molecular weight PBLG had M,, = 232 600 and
will be referred to as PBLG233K. Using a value of 1.5 A per
residue, a weight-average length L was computed for both
molecular weights. For PBLG70K, L = 48 nm, and for
PBLG233K, L = 159 nm. Sigma also reported viscosity-
average molecular weights of 86 000 and 236 000 for the lower
and higher molecular weight PBLG samples, respectively. The
PBLG was purified by reprecipitation from DMF with metha-
nol several times and then thoroughly dried in a vacuum oven.
The preparation of the highly cross-linked PS latex spheres
has been described previously.21° After thorough drying, the
latex spheres were dispersed in trace amounts in dry DMF by
brief sonication.

PBLG solutions used in dynamic light scattering experi-
ments were prepared by weight in dust-free cylindrical sample
cells using anhydrous DMF. The specifics of sample prepara-
tion have been described previously.1? A few drops of a stock
dispersion of the latex spheres in anhydrous DMF was added
to the PBLG solutions so that the concentration of the spheres
was ~107% g/mL. PBLG solutions used in viscosity studies
were prepared by weight with dry filtered DMF. Since PBLG
is known to precipitate from DMF in the presence of trace
amounts of water,** samples for all DLS and viscometry
experiments were prepared in such a way as to minimize
exposure to the laboratory air. After samples were prepared,
they were always stored in a desiccator when not being used
in an experiment.

Methods. (A) Dynamic Light Scattering. The ap-
paratus used as the source of laser light, the detector of
scattered light, and the correlator have been described previ-
ously.t? All experiments were performed in a refractive index
matching fluid thermostated at 25.0 + 0.2 °C. DLS data were
analyzed by the Laplace inversion routine CONTIN.*2 When
studying the diffusion of the latex spheres, the program yielded
a distribution of decay rates dominated by a single peak from
which a mean decay rate was computed. Although the latex
spheres dominated the scattering intensity from the PBLG/
PS latex/DMF complex fluids, it was still possible to estimate
the translational diffusion coefficient of the matrix PBLG by
using very small sample times (1076—1075s). In these cases,
CONTIN distributions were sometimes bimodal.

(B) Viscosity. Viscosity measurements were made at 25.0
+ 0.02 °C using a Cannon-Ubbelohde dilution viscometer.
Shear rate effects were determined using an RFS 1l Rheomet-
rics rheometer.

Results

The hydrodynamic radii in DMF of the two sizes of
PS latex spheres used were 152 + 6 and 208 + 5 nm.
These values were determined by DLS. Electron spin
resonance experiments demonstrate that these highly
cross-linked latex spheres swell only minimally in
DMF.13 Scanning electron microscopy shows that the
spheres of both 152- and 208-nm radius have a narrow
distribution of sizes.’® Angle-independent diffusion
coefficients and single-exponential decay of the correla-
tion function at all scattering angles indicate that no
sphere aggregation occurred at the trace latex concen-
trations employed in this investigation.

The viscosity of PBLG70K and PBLG233K in dry
DMF at 25 °C as a function of concentration is shown
in Figure 1a. Itis very clear that dy/dc is significantly
larger for the PBLG233K, especially at higher concen-
trations. Figure 1b shows the viscosity of PBLG70K
using an extended scale. The estimated mean shear
rate at the capillary wall depended on PBLG concentra-
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Figure 1. Concentration dependence of the zero-shear viscos-
ity of PBLG233K and PBLG70K in dry DMF at 25 °C. In (a)
viscosities of both molecular weights are shown on the same
scale to highlight the large difference in ay/doc. In (b) the
concentration dependence of the viscosity of PBLG70K in dry
DMF at 25 °C is displayed using a smaller scale for 7.

Table 1. Specifications of Systems 1 and 2

sphere rod
system radius (nm) My of rod length (nm) v
1 1520 232 600 48 11+0.1
2 208 70 000 159 1.00 + 0.03

a Computed from a nonlinear least-squares fit to eq 3. ® Values
of Dsphere Were also obtained for system 1 using a sphere of radius
of 208 nm over a limited concentration range (see Figure 3).

tion and molecular weight. However, the Newtonian
region extended well beyond these shear rates as
evidenced by steady shear rheology measurements using
a cone and plate fixture on the two most concentrated
PBLG233K/DMF samples. As a result, the viscosities
shown in Figure 1 may be considered to be zero shear
rate values. Since diffusion measurements were per-
formed at different matrix concentrations than the
viscosity measurements, polynomial fits were made on
viscosity data for interpolation.

DLS experiments were performed on two systems
which are shown in Table 1. For system 1, which
involves PBLG233K and PS latex spheres of radius 152
nm, DLS data concerning latex sphere diffusion were
collected at 45°, 60°, 90°, and 120°. No effect of angle
on the diffusion coefficient was present. Tracer diffusion
coefficients of the latex spheres were determined from
the slopes of " vs g2 plots, where T is the average decay
rate computed by CONTIN, and ¢? is the scattering
vector. All of the I" vs g2 plots gave high-quality linear
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Figure 2. Plot of reduced latex sphere diffusion coefficient
as a function of PBLG concentration for systems 1 and 2. For
system 1, Do = 1.79 x 1078 cm?/s and in system 2, Do = 1.31
x 1078 cm?/s.

fits with intercepts close to zero. With respect to system
2, DLS data concerning the latex spheres were taken
at 45° and 60° only, after determining that the diffusion
coefficients were angle-independent and that a plot of
I' vs g2 was linear with an intercept approximately equal
to zero over a range of 45—120°. Multiple runs were
performed at both 45° and 60°, and little, if any,
difference in values occurred. All diffusion coefficients
for system 2 employed in subsequent plots are average
values taken at 45°, while those for system 1 are slopes
of T vs g2 plots. The estimated error in the diffusion
coefficients, taken as the error from linear least-squares
fits for system 1, cluster around + 10%. Similar errors
are anticipated for system 2. Reduced diffusion coef-
ficients as a function of PBLG concentration for systems
1 and 2 are displayed in Figure 2. The diffusion
coefficients in both systems approach the values in the
binary sphere/DMF systems. It should be noted that
the majority of the data lie in the semidilute concentra-
tion regime (c > c*), which begins at relatively low
concentration in rigid rod polymer solutions as com-
pared to random coil solutions. Recently, Tracy and
Pecora have estimated c* as 1/[] for PBLG in DMF.8
For PBLG233K and PBLG70K in DMF, values of c* ~
1/[n] were estimated to be 0.0023 and 0.015 g/g, respec-
tively. Furthermore, the rod concentrations employed
are well below those necessary for a cholesteric liquid
crystalline phase to be present, so in all cases the PBLG
exists in the isotropic phase.

Diffusion coefficients of spheres (Dspnere) in polymer
solutions are often compared to those calculated from
the macroscopic viscosity # through the Stokes—Einstein
(SE) equation:

D pere = KT/67R 1)

sphere

In this expression, kT is the energy term and R is the
hydrodynamic radius of the spheres. If #Dsphere/170Do =
1, where 79 is the macroscopic zero shear rate viscosity
of DMF and Dy is the diffusion coefficient of the spheres
at infinite dilution in DMF, then the SE equation is
obeyed. If #Dsphere/70Do > 1, a positive deviation from
the SE equation is indicated, meaning the spheres are
diffusing at a more rapid rate than given by eq 1. A
negative deviation from the SE equation corresponds
to #Dsphere/moDo < 1. An alternative way of indicating
behavior in the context of the SE equation is by defining
a local or “microviscosity” 1, experienced by the spheres:
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77;; = kT/GﬂRDsphere (2)

n.n < 1 andn,/y > 1 correspond to positive and negative
deviations from the SE equation, respectively. Figure
3a displays a plot of #Dsphere/170Do for systems 1 and 2.
As is shown in this figure, #Dsphere/770D0 is clearly greater
than unity at all matrix concentrations for system 1.
In general, deviations from unity in system 1 increase
with PBLG233K matrix concentration and are maxi-
mum at the largest matrix concentration studied where
7Dsphere/0Do > 2. When the molecular weight of the
matrix is decreased to 70 000, system 2, deviations from
unity are much less and the SE equation is obeyed
within experimental error, although the mean values
lie above the SE prediction. In order to show that the
difference in behavior of systems 1 and 2 in the context
of the SE equation is not due to the difference in sphere
size, we performed a repeat experiment on system 1,
using the same probe as system 2, over a limited matrix
concentration range. The data are included in Figure
3a. It is clear that the behavior is similar for the two
probe sizes when PBLG233K is employed as the matrix
polymer. We have also elected to plot the data according
to eq 2 for ease in comparison to the data reported by
Tracy et al.8° This plot is shown in Figure 3b, where
Nl = noDo/mDsphere is plotted against matrix concentra-
tion.

Phillies and co-workers'415 have previously reported
that probe diffusion D in the presence of matrix polymer
often follows a “stretched exponential” relationship:

D/D, = exp(—ac”) (3)

where Dy is the sphere diffusion coefficient in the
absence of matrix polymer, c is the matrix concentration,
o is a constant for a given matrix molecular weight and
probe size, and v is a scaling parameter. Nonlinear
least-squares analysis yields values of the scaling
parameter v for systems 1 and 2, which appear in Table
1.

Discussion

Test of the Stokes—Einstein Equation. In gen-
eral, Figures 3a and 3b demonstrate that the latex
spheres immersed in a matrix of shorter rods (L ~ 48
nm) obey the SE equation within experimental error at
the PBLG concentrations studied, while the spheres in
a matrix of longer rods (L ~ 159 nm) exhibit significant
positive deviations from the SE equation. Moreover, the
origin of this difference of behavior in the context of the
SE equation can be traced to rod length, as opposed to
sphere size. This is also demonstrated in Figure 3 in
that the positive deviations in system 1 persist when
the same spherical probe used in system 2 is employed.
Consequently, the data suggest that if the rod length is
short enough, the spheres will follow the SE equation;
conversely, large rods result in sphere diffusion that
deviate in a positive sense from the SE equation.

Our experimental data agree with the theoretical
predictions of Auvray,® who derived the rod monomer
concentration profile for hard rods of length L and
diameter d (L > d) in a solvent near a planar surface.
This theory was based on steric rod—rod and rod—plane
interactions. Auvray’'s model predicts a layer of solution
near the planar surface of depleted rod monomer
concentration as compared to bulk solution. This deple-
tion layer forms because of a reduction of configurational
entropy as a rod approaches the planar surface. Rodlike
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Figure 3. Test of the Stokes—Einstein equation as a function
of PBLG concentration for systems 1 and 2: (a) #Dsphere/f70Do
vs PBLG concentration; (b) »./n7 vs PBLG concentration. Solid
lines are expected values for SE behavior.

molecules have configurational entropy because of mo-
lecular rotation. As a rod approaches the planar barrier,
some of those rotational configurations are excluded,
creating an “entropic repulsion” between the rod and
the plane which is only dependent on L. The result is
a depletion layer that, in the case of Auvray'’s derivation,
has a thickness 6 ~ L. Beyond a distance L from the
planar surface, bulk rod monomer concentration is
recovered. Some interesting features of Auvray’s model
are that the derived concentration profile expression can
be applied to both dilute and semidilute rod concentra-
tions up to the liquid crystal transition and that 6 ~ L
is not concentration dependent throughout both the
dilute and semidilute rod concentration regimes. Au-
vray's derived expression for the monomer concentration
profile for a rod near a planar surface is

c(z) =c¢,(z/L)(1 — In(z/L)) forz <L 4
=G forz>1L

where z is the distance from the plane. Auvray also
derived the monomer concentration profile for hard rods
near hard spheres for a ternary solution of hard rods,
hard spheres, and a solvent.’® The derivation was
conducted in a similar fashion as the rod/solvent/plane
problem previously discussed. Indeed, the expression
for the concentration profile reduces to eq 4 when a/L
is very large, where a is the radius of the sphere. Three
concentration regions (I, Il, and Ill) emerged from
Auvray’'s theory for rod depletion around spheres.
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Figure 4. Rod monomer concentration relative to bulk
concentration c/c, vs radial distance from surface of sphere, r
— a, for systems 1 and 2. The plots are based on Auvray’s
model for the rod monomer concentration at a point r from
the center of a sphere of radius a.

Regions | and Il extend from the surface of the sphere
radially out to a distance equal to the rod length. In
these two regions the rod monomer concentration is less
than the bulk concentration ¢, because of a reduction
of configurational entropy. Beyond a distance L from
the surface of the sphere, region 111, bulk rod monomer
concentration is recovered. Auvray’s derived expression
for the rod monomer concentration profile near a sphere
of radius a at a radial distance r from the center of the
sphere is somewhat complicated. Itiseq 3 in Auvray’s
paper. We have used this equation to plot the rod
monomer concentration profiles, which appear in Figure
4, for our two rod/sphere/solvent systems. In this figure,
we plot the rod monomer concentration relative to bulk
concentration c/c, vs distance from the surface of the
sphere r — a.

If a rod depletion zone is locally surrounding the
spheres in our systems, as is predicted by Auvray’s
model, the microviscosity experienced by the spheres 7,
would be less than the bulk macroscopic viscosity.
Indeed, 7, < 5 for system 1, as shown in Figure 3b. In
general, the magnitudes of the deviations from unity
for system 1 increase with PBLG concentration, becom-
ing maximum at the largest matrix concentration
studied where #Dsphere/70Do ~ 2.2 and 1,/ ~ 0.45 for a
probe radius of 152 nm. This can be reconciled with
Auvray’'s model, since it predicts that 6 remains con-
stant with increasing PBLG concentration, while ax/doc
increases quite rapidly with PBLG233K concentration,
as shown in Figure 1a. Consequently, one might expect
magnitudes of deviations to increase with matrix con-
centration. It is possible that the depletion layer
thickness 6 actually decreases past c*, as is anticipated
for flexible*=6 and semiflexiblel”18 polymers near sur-
faces. Indeed, experiments using stiff polymers near
planar surfaces'® and spheres’® have demonstrated that
0 decreases in the semidilute regime. However, if the
increase in dy/dc outweighs any decrease in 6, one would
still expect magnitudes of SE deviations to increase with
concentration.

Figure 3 demonstrates that the shorter rods of system
2 show only small, if any, deviation from the SE
equation at the matrix concentrations studied. This is
likely due to three factors. First, 6 ~ L is only 48 nm
for system 2 as compared to 159 nm for system 1.
Consequently, since the depletion layer thickness is
much smaller for system 2, it should have a smaller
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effect on the SE deviations. Second, according to Figure
4, for a given distance r — a from the surface of the
sphere that lies in the depletion layer, the relative rod
monomer concentration (c/cy) is greater for system 2,
which again diminishes the effect of depletion as
compared to system 1. Third, as is evident from Figure
1, ay/oc is much smaller for the rods of L ~ 48 nm
(PBLG70K) in DMF than rods of L ~ 159 nm
(PBLG233K) in DMF. This will also tend to diminish
the effect of rod depletion on SE deviations. The
combined effects of the three aforementioned factors
apparently cause SE deviations for shorter rods to be
minimal, if present at all. The small apparent positive
deviations in this system could be due to small depletion
effects that one might anticipate in this system.

It may seem a bit risky to apply Auvray’s model for
depletion layers near surfaces, which has been derived
for static equilibrium situations, to our systems which
involve diffusion. In Auvray's derivation, the spherical
barriers are considered stationary, while only the rods
can move. However, the self-diffusion coefficient of the
spheres is 1—3 orders of magnitude smaller than the
self-diffusion coefficient of the rods (Dses for the PBLG
rods will appear in an upcoming paper). Consequently,
in our systems, a sphere is diffusing at a much slower
rate than the rods and may be approximated as a
stationary entity. As a sphere slowly moves from an
initial point, the rods can rapidly relocate, creating a
new depletion layer. We suggest that this process is
continuous as the sphere diffuses throughout the solu-
tion.

It may also seem risky to apply Auvray’s model to the
PBLG/PS latex/DMF system because it only takes into
account steric rod—sphere interactions. Any specific
interactions between the PBLG rods and the PS latex
spheres unrelated to rotational configurational entropy
are not incorporated into the model. However, the fact
that system 2, which involves the shorter rods, es-
sentially follows the SE equation is compelling evidence
that no strong repulsive enthalpic interactions exist
between the spheres and rods. If such strong interac-
tions were present, this system would be expected to
exhibit strong positive deviations from the SE equation
as well. Consequently, at least as a first approximation,
we feel Auvray's model is an appropriate one for our
rod/sphere/solvent systems.

Other experimental evidence supports our contention
of the presence of depletion layers in systems involving
rodlike or semiflexible polymers near surfaces. Ausserre,
Hervet, and Rondelez studied the interfacial depletion
layer between an aqueous solution of xanthan, a stiff
polysaccharide, and a planar silica surface using an
evanescent-wave-induced fluorescence technique.?° The
xanthan had a molecular weight of 1.8 x 108 and a
radius of gyration of 159 nm, and gave rise to a depletion
layer of thickness 150 nm in dilute solution. The data
in dilute solution agreed with both a model for semi-
flexible chains and Auvray’s model for fully rigid rods
near a planar barrier. In a subsequent report,!8 the
same authors investigated the concentration depen-
dence of the depletion layer thickness for xanthan near
a planar barrier. The depletion layer thickness re-
mained constant at about 150 nm in dilute xanthan
solutions but decreased with concentration in semidilute
solutions. Since only the model for semiflexible chains
was compatible with the concentration dependence of
the mean depletion layer thickness in semidilute solu-
tion, this model was deemed most appropriate. Au-
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Figure 5. Plot of the PBLG translational diffusion coefficient
(Droa) as a function of concentration for systems 1 and 2. Latex
sphere tracer diffusion coefficients (Dsphere) are shown for
comparison.

vray's model for rods near a planar surface predicts a
depletion layer of thickness L at all dilute and semidi-
lute concentrations. Cosgrove, Obey, and Ryan used
nuclear magnetic resonance to estimate the depletion
layer thickness for poly(styrenesulfonate) (PSS) in silica
dispersions.1® Depletion layer thicknesses of over 85 nm
surrounding the silica particles were reported for PSS
of molecular weight 780 000, the largest of four molec-
ular weights used in the report. Depletion layer thick-
nesses were found to decrease with increasing PSS
concentration. Finally, flocculation of colloidal particles
upon the addition of a flexible or semiflexible polymer
has been attributed to polymer depletion layers sur-
rounding the colloidal particles.?!=32 Other examples
of depletion layers have been discussed in two review
articles.33:34

PBLG Translational Diffusion. By employing very
short sample times at large scattering angles (90° and
120°) in the DLS experiment, we were able to probe
sources of relatively fast fluctuations of the scattered
light intensity. Using sample times ~ 107® s in the DLS
experiments involving the rod/sphere/solvent samples,
as opposed to sample times of 1074—10-2 s used to study
sphere diffusion, resulted in CONTIN distributions that
contained a single dominant mode. Although the spheres
dominate the light scattering intensity, employing these
short time windows causes the scattering from the
spheres to lack the fluctuations necessary for autocor-
relation by the correlator. Consequently, faster pro-
cesses within the system, such as the translational
diffusion of PBLG, can be probed. For the PBLG70K/
sphere/DMF system (system 2), the dominant slower
mode in the CONTIN distribution of decay rates was
assigned to the translational diffusion of the PBLG, as
has been done by others.® A weak faster mode, which
may be due to rod translation—rotation coupling,® was
sometimes present in addition to the dominant mode.
Regarding the PBLG233K/sphere/DMF system (system
1), the dominant CONTIN mode was also assigned to
translational rod diffusion. As the rod concentration
was decreased in system 1, a significant slow mode
attributable to sphere tracer diffusion began to grow in
the CONTIN distribution. A plot of the diffusivities
extracted from the modes assigned to translational rod
diffusion in both systems vs rod concentration appears
in Figure 5; sphere tracer diffusion coefficients from
both systems are shown for comparison. It should be
kept in mind that a large amount of “noise” from the
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scattering of the spheres was present when the data
concerning rod translational diffusion were acquired.
Consequently, the modes were often broad, and the
diffusivities extracted from them should be viewed as
approximate. Nevertheless, the diffusivities extracted
from the modes associated with translational PBLG
diffusion are generally consistent with those reported
for similar molecular weights of PBLG in binary PBLG/
DMF solutions.35-38 Moreover, as one would expect, the
trace amount of spheres dispersed in our systems does
not significantly affect the PBLG translational diffusion
when compared to PBLG translational diffusion in
binary rod/solvent systems. Tracy and Pecora came to
the same conclusion for their PBLG (M,, = 102 000)/
silica sphere/DMF system.8

Two important aspects of Figure 5 should be noted.
First, the initial small rise in Dyoqg for system 2 may be
due to the onset of semidilute rod dynamics, since it
occurs around c* ~ 1/[n] ~ 0.015 g/g in this system. A
similar observation was reported by Tracy and Pecora
for translational diffusion of PBLG (M, = 102 000) in
DMF as c* was approached.® In that report, an analo-
gous increase in Dyoq occurred at c* in both a binary rod/
solvent system and a ternary rod/sphere/solvent system.
Second, the rod translational diffusion coefficient is
much less sensitive to rod concentration changes than
sphere diffusion. In order to appreciate this observa-
tion, one must realize that all the diffusion coefficients
that are represented in Figure 5 are mutual diffusion
coefficients which contain both thermodynamic and
hydrodynamic contributions. With respect to the trans-
lational diffusion of the rods, the repulsive thermody-
namic interactions between rods tend to cause the
mutual diffusion coefficient to increase with rod con-
centration.®®> However, hydrodynamic effects in the
form of enhanced friction tend to cause the mutual
diffusion coefficient to decrease with rod concentration.3®
Consequently, the ongoing competition between ther-
modynamic and hydrodynamic factors has the effect of
making the rod translational diffusion coefficient rela-
tively insensitive to rod concentration. The latex spheres,
on the other hand, are present in trace amounts so the
mutual diffusion coefficient approaches the self-diffusion
or tracer diffusion coefficient of the spheres, which
contains no thermodynamic component. Hence, the
increased friction with increasing rod concentration
causes the sphere diffusion coefficient to decrease
strongly with rod concentration, especially for system
1 involving PBLG233K.

Comparison with the Work of Tracy et al. The
data reported by Tracy et al.®® concerning the diffusion
of coated silica spheres through PBLG/DMF solutions
are in general agreement with our data. Solutions of
longer rods (L = 137 and 171 nm) yielded positive
deviations from the SE equation for silica spheres of
radii 39.4 and 60.4 nm, and silica spheres of radius 60.4
nm in solutions of shorter rods (L = 70 nm) followed
the SE equation. For solutions of PBLG of length 137
nm (mol wt = 200 000), magnitudes of deviations from
the SE equation were similar for both sphere sizes. In
these systems the maximum deviations occurred at the
largest matrix concentrations studied (0.0105—0.0130
g/mL), where 1,/ ~ 0.8 for both sphere sizes. For PBLG
of length 171 nm (mol wt = 249 700), a sphere radius
of 60.4 nm yielded a maximum deviation in #,/5 of ~0.8,
which occurred at the largest matrix concentration
studied of 0.0131 g/mL. However, the smaller probe of
radius 39.4 nm yielded a maximum deviation in #,/5 of
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~0.5, which occurred at a rod concentration of 0.004
g/mL, followed by a trend back toward unity, and then
another drop so that 7,/7 ~ 0.6 at the highest matrix
concentrations studied (0.0131 g/mL). The effect of
sphere size was somewhat unclear based on their data.
It is clear that our data broadly agree with the data of
Tracy et al. in that longer rods yield positive deviations
from the SE equation for sphere diffusion, while shorter
rods result in adherence to the SE equation.

The interpretation we have offered, concerning a rod
depletion layer surrounding the spheres, is quite dif-
ferent from that offered by Tracy et al. They proposed
that a prenematic change in the PBLG/sphere/DMF
solution structure occurs at higher PBLG concentra-
tions, which causes the positive deviations from the SE
equation. This interpretation was somewhat supported
by total intensity light scattering experiments. They
determined that it was unlikely that the change in
solution structure was due to polymer-induced phase
separation but rather was possibly related to nonuni-
formities that have been observed in macroscopic pulp
fiber suspensions,3® which form flocs. However, we
observed no evidence of PBLG flocs as our CONTIN
distributions contained no very slow mode that would
likely result. Tracy et al. reported that they observed
no slow mode either, but suggested that the flocs may
be undetectable by the DLS experiment if they do not
persist for a long enough period of time. Consequently,
the interpretation proposed by Tracy et al. is certainly
possible. However, we do believe one should be very
cautious when comparing PBLG solutions to pulp fiber
suspensions, as the former constitutes a single-phase
system while the latter a two-phase system. Conse-
qguently, the systems are likely quite different from a
thermodynamic point of view.

Scaling Behavior. Theories that model sphere
diffusion through rod/solvent systems predict a depen-
dence of D on rod concentration of the form of eq 3. In
1973, Ogston et al. used a stochastic model to describe
sphere diffusion through a random distribution of long
rigid molecular fibers.*® The model predicts that v =
0.5. Cukier, in 1984, also predicted v = 0.5 based on
his model for the diffusion of dilute Brownian spheres
in a semidilute solution of rodlike polymers.*® Our
experimentally determined value of v is 1-1.1 (Table
1), which is somewhat larger than the value reported
by Tracy and Pecora® of 0.81 for silica spheres in
solutions of PBLG of molecular weight 102 000. To
date, these are the only experimental values of v
available for sphere diffusion through a rigid rod matrix.
Evidently, the available theoretical models underesti-
mate v and do not satisfactorily describe spherical
particle diffusion in these systems.

Conclusion

We have studied the diffusion of highly cross-linked
PS latex spheres through rigid rod polymer solutions.
Our results are consistent with the model of Auvray,®
which predicts a rod monomer depletion layer locally
surrounding the spheres. This interpretation is in
agreement with our results of sphere diffusion through
random coil matrix solutions in which positive devia-
tions from the Stokes—Einstein equation were at-
tributed to polymer depletion near the spheres.?2 Our
data are broadly consistent with the work of Tracy,
Garcia, and Pecora;®® however, we have offered a
different interpretation. It is clear that more work
needs to be performed on similar systems in order to
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clearly understand the microstructure of rod/sphere/
solvent systems. To this end, we are currently attempt-
ing to probe polymer depletion layers in these systems.
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