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ABSTRACT: We report the direct measurement, by dynamic light scattering, of the macroscopic diffu-
sion coefficient D, (at low g) of linear, four-arm star and eight-arm star polyisoprene in silica controlied
pore glass, for values of the confinement parameter Ay = Ry /R, < 0.1, where Ry is the hydrodynamic
radius of the polymer and R is the radius of the pores in the glass. The reduced diffusion in the pores is
found to depend on the molecular architecture of the polymer. For a given Ay, the branched polymers
diffuse slower than the linear polymer; it is also found that eight-arm stars diffuse more slowly than four-
arm stars of the same hydrodynamic radius. The results are compared to hydrodynamic theories for hard
spheres in isolated cylindrical pores. Our results indicate that the hydrodynamic radius of a polymer derived
from its diffusion coefficient in dilute unbounded solution does not uniquely describe the hydrodynamic
effects of a constraining wall on its diffusion behavior. We also report measurements of the macroscopic
diffusion D, of strongly confined linear polystyrene chains with Ay values up to 0.74. Over the range of
confinement investigated, an asymptotic region described by a power law relationship between D_ and
molecular weight is not observed. Our data suggest that the presence of two length scales in the porous
material could play an important role in the diffusion of strongly confined chains, in accordance with the
theoretical model of Muthukumar and Baumgartner.

Introduction

The study of polymer transport in porous media has
theoretical importance as well as relevance to many phe-
nomena of technological and scientific interest. Experi-
ments such as transport across track-etched membranes,™
transcient diffusion into 7porous glass,58 and broadening
of chromatographic peaks’ have been directed toward relat-
ing macroscopic diffusion to the microscopic parameters
characterizing the polymer and the porous medium. The
major disadvantage of these phenomenological tech-
niques is that knowledge of the boundary layer resis-
tance to transport and the equilbrium partitioning coef-
ficient of the polymer between the unbounded solution
and the pore space are necessary for the interpretation
of the data. Attempts to explore directly the movement
of molecules within the porous medium have employed
the experimental techniques of forced Rayleigh
scattering,® pulsed field-gradient spin-echo NMR,® and
quasi-elastic light scattering.

Recently, Bishop et al.1%!! have reported the direct mea-
surement of the diffusion of linear flexible polystyrene
in porous glasses by quasi-elastic light scattering (QELS).
This technique has the advantage of probing directly the
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diffusion in pores inside a single fragment of porous mate-
rial, under thermodynamic equilibrium conditions. These
measurements showed that the reduced diffusion in the
controlled pore glasses relative to the unbounded solu-
tion can be understood in terms of structural effects and
hydrodynamic interactions, which are separable phenom-
ena. For small Ay, the diffusion of these polymers can
be considered as the diffusion of equivalent hard spheres.
Data for 0 < Ay < 0.23 fit well to the Brenner and Gay-
dos theory'? for the diffusion of hard spheres in isolated
cylindrical pores. The plots also yielded values for the
intrinsic conductivity X, of these glasses. As the ratio
of the size of the polymer to that of the pore increased,
the hydrodynamics of the confined flexible polymers
showed a transition from non-free draining (analogous
to hard sphere) to free draining (analogous to Rouse chain)
behavior. The maximum confinement parameter reached
in these measurements was Ay = 0.47.

The research reported in this paper extends the pre-
vious work by addressing two aspects of polymer diffu-
sion, namely, the effects of molecular architecture and
that of strong confinement on the reduced diffusion in
the pores. First, the effect of molecular architecture has
been investigated by comparing, in three different porous
glasses, the diffusion of star polymers of different arm
number but comparable molecular weight. A compari-

© 1990 American Chemical Society
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Table 1
Characteristics of Linear and Star Polymer Samples
polymer code mol wt® M. /M, source
10241,
four-arm polyisoprene P14-47 46.5 <1.1 University of Akron, Akron, OH
eight-arm polyisoprene PIs-41 413.9 <11 University of Akron, Akron, OH
1073M,
linear polyisoprene PI-60A 60.46p 1.04 PolySciences, Inc.
P1-60B 60.00 1.04 Polymer Laboratories Ltd.
PI-34 34.00 1.04 Polymer Laboratories Ltd.
linear polystyrene PS-1030 1030 1.06 Polymer Laboratories Ltd.
PS-1400 1400 1.05 Polymer Laboratories Ltd.
PS-2050 2050 1.06 Polymer Laboratories Ltd.
PS-2950 2950 1.06 Polymer Laboratories Ltd.
PS-4400 4400 1.06 Polymer Laboratories Ltd.

¢ M, = peak molecular weight from size-exclusion chromatography.

son of the diffusion of stars with that of linear chains of
comparable molecular weight has also been made. These
measurements attempt to answer the question of whether
the hydrodynamic radius of a flexible polymer is the proper
length scale to use in describing the hydrodynamic poly-
mer-wall interactions. A comparative study such as ours
of the restricted diffusion of star and linear polymers has
been done recently in porous membranes.!® In the mem-
brane study, star-branched polymers were found to dif-
fuse more slowly through the pores than linear chains of
the same hydrodynamic radius, in qualitative agreement
with recent results on size exclusion chromatography of
branched polymers'*!® and with our results. However,
the results of the membrane study did not agree with a
theoretical model that combines the pore partitioning coef-
ficient of random flight chains with the hydrodynamic
resistance of hard spheres. The second aspect of poly-
mer diffusion addressed in this paper is the movement
of strongly confined linear chains in a rigid porous medium,
a situation similar to that for which de Gennes devel-
oped the reptation model by analyzing the diffusion of a
chain in the presence of fixed obstacles. The snakelike
motion of the chain through the fixed obstacles results
in a molecular weight dependence of the diffusion
coefficient,'®"® D_ ~ M2 Recent computer simula-
tions of chain motion in a rigid random porous
material'® show even stronger molecular weight depen-
dence. The porous glass used in our experiment pro-
vides a perfectly rigid matrix in which to examine the
molecular weight dependence of diffusion. In this respect,
our system stands in contrast to recent probe diffusion
measurements in which the background system is itself
composed of diffusing polymers sometimes at rather high
concentration. We thus have a simplified situation uncom-
plicated by the issues of tube renewal and constraint-re-
lease that are encountered in polymer melts and entan-
gled solutions.

Experimental Section

The four-arm and eight-arm polyisoprene stars (labeled as
P14-47 and PI8-41, respectively) used in this research were
obtained from Dr. L. J. Fetters and synthesized at the Univer-
sity of Akron. The dispersity indices for molecular weight and
arm length were specified to be less than 1.1. Linear polyiso-
prene and polystyrene with narrow molecular weight distribu-
tions were obtained from PolySciences, Inc., and Polymer Lab-
oratories Ltd. The data characterizing the samples are listed
in Table I.

Polystyrene samples were prepared at one-eighth of the over-
lap concentration, c*, for each molecular weight. The concen-
tration at which coils in solution start to interpenetrate!° is
given by c* = ¢, /[n], where [#] is the intrinsic viscosity of the
polymer in the solvent and c, is a constant which depends on

the coil packing model; ¢; = 1 was chosen for our calculations.
This method was used in order to maintain a consistent reduced
concentration level in all samples. Polystyrene was dissolved
in 2-fluorotoluene (2FT), a thermodynamically good solvent which
can be refractive index matched with the porous glasses at tem-
peratures close to room temperature. trans-Decahydronaph-
thalene (TD) was used as the solvent for polyisoprene as dn/
dc is approximately 2 times greater than in 2FT. All measure-
ments with polyisoprene were done at four different
concentrations corresponding to ¢*/6, ¢*/5, ¢*/4, and ¢*/3. The
value of ¢* for linear polyisoprene in TD was estimated from
the measured values of the intrinsic viscosity [7] for linear poly-
isoprene in toluene. In the case of the star polymers, the effect
of branching on [n] was taken into account by using the calcu-
lated values of the ratio of [5] of stars to that of linear poly-
mers in © solution.??? It should be noted that the measured
quantity of particular interest in this study, D_/D,, is not sen-
sitive to the absolute value of c*. A very small quantity (approx-
imately 0.1% by weight) of an antioxidant was added to the
polyisoprene samples to prevent oxidation.

The controlled pore glasses in this study were identical with
those used in the work of Bishop et al.!®!! Three different
glasses with narrow pore size distributions with pore radii (char-
acterized by mercury intrusion porosimetry) of 703, 893, and
1866 A (henceforth labeled as R703, R893, and R1866) with
respective porosities ¢ = 0.46, 0.72, and 0.62 were used. Elec-
tron micrographs show the pore space to be a well-connected,
random network of uniform pores. Adsorption of polymer on
the pore walls was minimized by silanizing the porous glass frag-
ments. Details of the silanizing procedure are described
elsewhere.?® No significant changes were found when D_ was
repeatedly measured in a typical sample over a period of 3 months,
indicating that adsorption was successfully minimized. Even
if adsorption did play a small role, the relative differences between
the behavior of the eight-arm, four-arm, and linear polymers
are unlikely to be seriously influenced since adsorption is expected
to be similar in these chemically identical species.

Experiments were performed in a typical dynamic light scat-
tering apparatus. The scattering volume was fully contained
within a single fragment of porous glass. The scattering from
the stationary glass matrix served as a strong local oscillator
for the production of heterodyne correlation functions. The
working temperature was chosen to optimize the local oscilla-
tor strength relative to the scattering from the polymer solu-
tion in the pores. The intensity autocorrelation function,
C(g,t), was analyzed to obtain the diffusion coefficient of the
polymer in the pore space. The wave vector, g, is related to the
scattering angle by g = 4wn/\, sin (§/2) where A, is the wave-
length in vacuo, n is the refractive index of the solvent, and 6
is the scattering angle. The scattering angle was chosen to sat-
isfy the conditions gRg < 1 and gR, < 0.7, where R is the
polymer radius of gyration and R, is the pore radius. The first
condition gRg < 1 corresponds to probing length scales larger
than the radius of gyration of the molecules resulting in the
measurement of the translational diffusion of the molecules with-
out any contribution from internal modes. The second condi-
tion ensures that the length scale probed is at least equal to
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Figure 1. Concentration dependence of the diffusion coeffi-
cient in bulk (D) and the macroscopic diffusion inside the porous
glass (D_). Data are shown for four-arm (PI4-47), and eight-
arm (PI8-41) polyisoprene star polymers and linear polyiso-
prene (PI 60B) in each of the glasses: R1866, R893 and R703.
The abscissa is the concentration of the solution (c) relative to
the overlap concentration (c*). For linear and star architec-
ture polyisoprene in TD, c* was estimated from the measured
values of c* for linear polyisoprene in toluene, as discussed in
the text. The measured quantity of interest, D_./D,, is quite
insensitive to the absolute value of ¢*. The tick marks on each
curve show the concentrations at which D_/D, was extracted
for subsequent analysis.

several pore radii and hence the measured diffusion coefficient
can be identified as the macroscopic diffusion coefficient. Pre-
vious studies'® have shown empirically that for values of gR
< 0.7, the effective diffusion coefficient in the glass has reacheg
its asymptotic value, D.,.

Results and Discussion

I. Weakly Confined Star and Linear Polymers
(Ag < 0.1). The measured values of D, the macro-
scopic diffusion coefficient in the porous glass, and D,,
the diffusion coefficient in the unbounded solution, are
plotted as a function of concentration in Figure 1. [Note:
In the chemical engineering literature the notation is often
different than ours: the diffusion coefficient in free solu-
tion at infinite dilution is frequently denoted by D, while
the coefficient associated with diffusion over macro-
scopic distance in the porous medium is called D. QOur
notation emphasizes the fact that in a porous medium,
the diffusion result depends on the length scale of the
measurement and D, is the asymptotic value at large
distance scale (small g).] The values of D and D, were
consistently extrapolated to a concentration at which the
value for the diffusion, D, was 6% greater than its cor-
responding value at ¢ = 0 (shown by the tick marks in
Figure 1). It is important to note here that the quantity
of interest, D_/D,, is not very sensitive to this choice.
This particular choice of concentration keeps our data
comparable to those of the previous linear polystyrene
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studies.!’ Since the glasses used in our study are the
same as those used in ref 11, we use the values of X
previously determined for these glasses at a concentra-
tion of ¢ = ¢*/8. Since X, could be different from that
which would be obtained by extrapolation to zero con-
centration (but not by more than approximately 5%),
we chose to extract data from our experiments at con-
centrations consistent with those of ref 11 rather than
extrapolate to zero concentration. Unfortunately, direct
measurements of the tortuosity (1/X,) are not available
for these rather small porous glass fragments (1-2 mm
typical dimensions).

The values for D, the macroscopic diffusion coeffi-
cient in the porous glass, and D, the diffusion coeffi-
cient of the same polymer in unbounded solution at the
same temperature, are tabulated in Table II. The val-
ues of D_ correspond to measurements at a scattering
angle of 25°, chosen to satisfy the empirical condition
gR, <0.7 (discussed above). Occasional checks were made
at 15° and 35° to confirm that we were in the low g asymp-
totic limit. The hydrodynamic radius, Ry, was calcu-
lated from measured diffusion in the unbounded solu-
tion by using the Stokes—Einstein relationship, Ry =kgT/
(6mnoD,) where kg is Boltzmann’s constant, T is the
temperature, and 7, is the solvent viscosity. Examining
the results for the eight-arm and four-arm polymers in
Table II, we find that for the same fractional reduction
of D_/D, in each glass, the Ay value for the eight-arm
polymer is lower than that of the four-arm polymer. In
other words, for a given confinement parameter, Ay, the
eight-arm star would have a lower diffusion coefficient
than the four-arm star in each of the three glasses. Com-
paring the data for the star polymers with those of the
linear polymers, the qualitative picture that clearly emerges
is as follows. For a given Ay

(Dm/DO)eight-arm < (Dw/DO)foumrm < (Dm/DO)]inea.r (1)

A combination of phenomenological theories for diffu-
sion of point particles in random porous media and micro-
scopic theories for diffusion of rigid spheres and flexible
polymers in pores of ideal geometry has been used to
interpret the data. We presume the following relation

D, = Xy f(\)Dy = XD, (2)

where A\, = R,/R,, and R, is the radius of the sphere, X,
is the intrinsic conductivity of the porous medium (1/
X, is the tortuosity), and f(},) is the size dependent frac-
tional reduction in the diffusion due to hydrodynamic
effects alone (assuming that no other specific polymer-
wall interactions exist). The D, in eq 2 is the diffusion
coefficient associated with the relaxation of concentra-
tion gradients over short length scales in the pore fluid.
D, represents the modified diffusion in the pores due to
the hydrodynamic effects of the constraining pore walls
whereas D_ is the phenomenological coefficient for trans-
port over large distances in the porous material as a whole,
including the effects of the structural features of the porous
network. The structural effects of the porous medium
and the hydrodynamic effects are not always strictly sep-
arable. However, for small values of Ay and for a well-
connected pore structure with a narrow pore size distri-
bution, eq 2 is valid to first approximation as confirmed
by measurements of the diffusion of linear polystyrene
in such glasses.!! In ref 11 the data on linear polysty-
rene were fit to

D./Dy= X, f(kAp) (3)
where « was chosen as a scaling factor between the hydro-
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Table I1
Diffusion Coefficient in Unbounded Solution (D,), Macroscopic Diffusion Coefficient (D..), and Confinement Parameter (Ag)
for Different Polyisoprene Samples in Glasses R703, R893, and R1866*

polymer glass working temp, °C 10°D,, cm?/s 10°D,,, cm?/s Au D./D,
P18-41 (eight-arm) R703 34 2.77 1.35 0.069 0.487
R893 34 2.717 1.80 0.055 0.650
R1866 34 2.77 1.96 0.026 0.708
PI4-47 (four-arm) R703 32.2 2.37 1.16 0.078 0.489
R893 32.2 2.37 1.54 0.062 0.650
R1866 32.2 2.37 1.68 0.030 0.709
PI-60A (linear) R893 32.2 2.01 1.40 0.073 0.697
PI1-60B (linear) R893 413 2.39 1.60 0.074 0.670
R1866 32.2 2.05 1.50 0.034 0.730
PI-34 (linear) R893 39.7 3.49 2.49 0.049 0.713
@D, and D, are measured at the same temperature in each case.
Table III — 1 T T T T
Values of « Obtained by Fitting Diffusion Data for Each - v PIg8-4| =
Sample in Each Porous Glass to Eq 3 m PI4-47
® PI (Linear)
I3 1.0
polymer sample glass R703 glass R893 glass R1866 \o\.
'J
PI8-41 094 £007 094£009  0.88%0.10 o oo T ]
Pl4-47 0.82 £ 0.07 0.83 £0.09 0.78 £ 0.08 ° e
PL-60A 0.40 £ 0.06 S o8l N
PI-60B 054£008 044007 . ~
PI-34 0.43 £ 0.056 o
PS® 0.76 o7 - 7
¢ Results for linear polystyrene in 2FT from ref 11 for molecular
weight ranging from 17.5 X 10% to 5.75 X 108, 0.8~ n
. . . . O' 5 I T
dynamic radius Ry and an equivalent hard-sphere radius R T

R,, given by R, = «Ry. The results were found to be
consistent with hydrodynamic theories for the diffusion
of isolated hard spheres in cylindrical pores: the center-
line theory?* and the more rigorous theory of Brenner
and Gaydos.!? The center-line theory considers a sphere
moving along the axis of a cylinder whereas the Brenner
and Gaydos theory takes into account the dependence
of the hydrodynamic parameters on off-center-line posi-
tions of the diffusing particles. The fits also yielded val-
ues for the intrinsic conductivity X, of the glasses R703,
R893, and R1866.

Data for the star polymers presented here have been
fit to eq 3, using the values of X, of these glasses and
the analytical result obtained by Brenner and Gaydos
for the function f given by

1+ (/9 In A, - 1.539), + o()\,)
A) = 4

facN) T @
where o(),) contains terms which are of higher order than
those explicitly retained'? and ), is small (A, 5 0.1). The
numerical result for f previously calculated by Anderson
and Quinn?® is nearly identical with the above. The role
played by the scaling factor « can be understood clearly
from Figures 2 and 3. As seen in Figure 2, the depen-
dence of D, /(DyX,) on the confinement parameter Ay
falls on a distinctly different curve for each of the three
polymer architectures. The solid curves drawn through
the data are the theoretical functional forms of frg(kAy)
for k = 0.92 for the eight-arm star, x = 0.80 for the four-
arm star, and « = 0.45 for the linear polymer (two-arm
star). If the data are replotted as a function of A,, using
the above values of «, the three curves collapse to a uni-
versal curve as seen in Figure 3.

From the data above, the following features can be high-
lighted: (a) The scaling factor « depends on the arm num-
ber (architecture) of the polymer and increases with
increasing arm number. As we would expect, the greater

002 004 006 008 0.10
>\H

Figure 2. Effect of molecular architecture: The reduced dif-
fusion in the pores relative to bulk, D_/(DyX,), as a function
of the confinement, \yy = Ry /R, for linear (PI), four-arm (PI4-
47), and eight-arm (ﬁIS-Aﬂ) po'iyisoprene samples. The solid
curves are fits to the hydrodynamic hard sphere theory of Bren-
ner and Gaydos (eq 4 in the text) using an adjustable scaling
parameter « given by Ry = R, where R, is the equivalent hard
sphere radius. For linear, four-arm, and eight-arm samples «
= (.45, 0.80, and 0.92, respectively.

T T T T T T T
v PI8-4l
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®
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Figure 3. Reduced diffusion in the pores relative to the bulk,
D_/(DyX,), for linear (PI), four-arm (PI4-47), and eight-arm
(PI8-41) polyisoprene replotted as a function of A, = R,/RP where

R, = kRy. Solid curve: fgg(),) given by the hydrodynamic hard-
sphere theory of Brenner and Gaydos (eq 4 of text).

the number of arms, the more nearly the molecule approx-
imates a hard sphere. (b) For a given polymer architec-
ture, « is independent of the confinement parameter and
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prene with those for linear polystyrene from ref 11. Solid curves
are fits to the fpg(A,) (eq 4 of text) where A\, = k\y with « =
0.76 for the polystyrene in 2-fluorotoluene and « = 0.45 for the
polyisoprene in trans-Decalin.

the structural factors such as the tortuosity and poros-
ity of the glass. (c) The ratio x depends on the polymer-
solvent characteristics as seen by comparing the « values
for linear polyisoprene in TD with that for linear poly-
styrene in 2FT. (d) For linear polymers, « is indepen-
dent of molecular weight. Though the data for the star
polymers is for a single molecular weight in each case, it
is reasonable to expect « to be independent of molecular
weight.

High functionality stars are known to behave like hard
spheres.?® Our results yield « ~ 1 (Ry ~ R,) for the
eight-arm star, indicating that for stars with arm num-
ber greater than eight the hard-sphere radius in the cen-
ter-line and BG theories may be replaced by the hydro-
dynamic radius. It is also reasonable to expect that hin-
dered diffusion at a given Ay may not be dependent on
arm number for molecules with a large number of arms.
This, in fact, may explain some of the observations made
in porous membranes.}® In the membrane studies, star
polymers with arm numbers eight, twelve, and eighteen
were used and all of the branched molecules were found
to behave essentially the same, irrespective of arm num-
ber, while diffusing distinctly slower than the correspond-
ing linear molecule.

In the previous measurements on linear polystyrene'!
the scaling parameter « = (.76 was interpreted as possi-
bly being due to underestimation of the pore radius by
mercury intrusion porosimetry, leading to the conclu-
sion that the hydrodynamic radius could indeed be the
appropriate hard-sphere radius. In the light of our present
data on star polymers, the scaling parameter x seems to
have a greater significance. The value of ¥ ~ 1 that we
obtain for the eight-arm polymer indicates that the esti-
mated pore sizes by mercury intrusion porosimetry are
better than expected and the « value of 0.76 reported for
polystyrene in 2FT is indeed a true conversion factor.
Even if there is a small error in the pore size estimation,
the differences in the scaling factor « for the different
architectures are still meaningful in a relative sense.

The data on the two linear systems, namely, PI in TD
and PS in 2FT are compared in Figure 4. For a given
Ay, P1in TD is seen to have a larger diffusion coefficient
in the pores relative to the unbounded solution than PS
in 2FT. The data as Ay — 0 approach a common inter-
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Table IV
Values of p, kg, and «g for Linear and Star Polymers®

no.of arms  p= (Ry1),Rs® «g=R,/Rs° «y=R,/Ry
2 1.5 0.30 0.45
4 1.33 0.60 0.80
8 1.22 0.75 0.92

9 kg as well as ky varies with molecular architecture, indicating
that neither radius of gyration or hydrodynamic radius -uniquely
characterizes diffusion within the pores. ® From ref 21. ° g calcu-
lated from our results for xy using xg = xy/p.

1.0 T T Ty T T T T T T
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Figure 5. A double logarithmic plot of D_ /D, vs D, for linear
polystyrene in all three porous glasses. For the range of molec-
ular weight 17.5 x 10° to 4.4 X 10% covered by these data, a
clear power law dependence is not seen. Data for molecular
weight below 2.05 X 10° are from ref 11.

cept (X,), supporting the separability of the structural
and hydrodynamic effects in these systems. The differ-
ence in the two linear systems seems then to arise from
hydrodynamic effects. The data fit to the Brenner and
Gaydos hydrodynamic hard-sphere theory with « = 0.76
for PS in 2FT and « = 0.45 for PI in TD. Considering
that the solvents used in each case are good solvents for
the polymer, the flexibility of the polymers may be play-
ing a significant role. Judging by the parameters that
characterize the overall effect of short range inter-
actions,?” the flexibility of polyisoprene is significantly
greater than that of polystyrene.

To see if the radius of gyration Rg; would be a better
length scale, the results of the calculation of the dimen-
sionless parameter p = (Ry'),R; for regular star
polymers®! were used to calculate an equivalent scaling
factor «g defined by R, = xgRg. The results for «g are
in Table IV. It is seen that characterizing the confine-
ment by R does not produce a universal scaling factor
kg independent of arm number. Values of Rg/Ry from
the experimental data of Roovers et al.?® are different
from the theoretical values listed in Table IV. The con-
clusion that R is not a better length scale than Ry would
still not change if the Roovers et al. values of Ry/Ry are
used instead. The above discussion ignores possible
changes in conformation of the polymers inside the pores,
and the factor x may in fact carry information about these
changes.

II. Strongly Confined Linear Chains. Measure-
ments of the macroscopic diffusion in the pores of strongly
confined linear polymers have been done with the PS-
2FT system. Results for the diffusion of linear polysty-
rene in 2FT in each of the three glasses are shown in
Figure 5 as a double logarithmic plot of D./D, vs D,.
The highest molecular weight used was M, = 4.4 X 10°.
Each sample was prepared at one-eighth of the corre-
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glass, as discussed in the text. Solid straight line: predicted
slope from scaling theory. Dashed straight line: predicted slope
from reptation theory. The values of the confinement param-
eter, Ay, are shown on the upper scale.

sponding overlap concentration. The general features of
the three curves appear staggered along the D, axis, since
a particular value of D, corresponds to a different con-
finement, Ry/R, in each of the three glasses. If the
abscissa of each data point in Figure 5 is multiplied by
R,/R, (893), the ratio of the pore radius of the glass in
which the measurement was made to 893 A (the pore
radius of glass R893), a rescaled universal plot is obtained
as shown in Figure 6. Each abscissa corresponds to a
given value of the confinement parameter Ay, as shown
on the upper scale.

The lines representing D, ~ M™! as predicted by scal-
ing theories and D, ~ M2 as predicted by reptation are
shown in Figure 6 for comparison with the data. Since
Dy, ~ M™% for polystyrene in 2-fluorotoluene,?® D_ ~
M™and D, ~ M2 correspond to slopes of 0.75 and 2.51,
respectively, in the double logarithmic plot of D./
(DoXo) vs DoR /R, (893). Clearly for the range of con-
finements covered By the data, there is no range of molec-
ular weights, over which a power law behavior is seen.
The increasing size of the error bars at higher molecular
weight is due to the weak scattered signal from the poly-
mers inside the fragment resulting from the low concen-
tration of the polymers in the pore volume. Further, the
time scale of the relaxations becomes large, and this com-
bined with weak signal makes the data very sensitive to
external disturbances.

The possible presence of more than one length scale
in the porous material could play an important role in
the diffusion mechanism at strong confinements. Muth-
ukumar and Baumgartner*! have considered diffusion
within a rigid confining matrix consisting of larger cavi-
ties of a single size interconnected by smaller passages
of a single size. They predict that the effect of entropic
barriers introduced by the additional length scale would
dominate polymer diffusion. Their theoretical model pre-
dicts two linear regimes, corresponding to the weak and
strong confinement limits, in a plot of (1/M) log (D./
D) vs 1/M. Figure 7 is such a plot of our data at higher
confinement along with previous data from ref 11. The
two linear regimes are clearly suggested in the plot of

Diffusion of Star and Linear Polymers in a Porous Material 743

0 T T T T T
_2_
-4 =
_6__ -
©
] -8 -1
~
—_ —\OL ! ! | | |
o 0 10 20 30 40 50 80
~
O8 0 T T T T
o 5
2 \\.q
—~ ~05}4 . e R893 ~
= o s+ R703
> Y
~ -0k N -
_.|.5._ —
_20_ pu
0 12

(1/M) x 10°

Figure 7. Plot of (1/M) log (D, /D) vs (1/M) for linear poly-
styrene~2FT in porous glasses R893 and R703. The lower panel
shows data near the origin in greater detail. Solid lines repre-
sent the linear regime at weak confinement and dashed lines,
the linear regime at strong confinement.

the extensive data in glass R893, while the data in glass
R703 apparently span only the linear regime correspond-
ing to strong confinement. Thus, the model of entropic
barriers seems to be appropriate in describing diffusion
at these confinements.

At the higher molecular weights, the scattered light
intensity correlation function shows a faster relaxation
mode in addition to that due to translational diffusion.
This could be evidence of longitudinal internal modes in
the confined chain. Even though the scattering angle is
chosen to satisfy gRg < 1 where R is the radius of gyra-
tion in unbounded solution, for higher confinements the
chains may be significantly deformed making the contri-
butions from the internal modes more significant. Cor-
relation functions in these cases were analyzed by an
inverse Laplace transform, using Provencher’s conTIN
program,2%? to reveal two decay modes; the relaxation
rate of the slower mode was associated with macroscopic
diffusion.

Probing higher confinements than those reported here
by the QELS technique may still be possible by using
glasses of smaller pore size together with lower molecu-
lar weight polymers. However, problems of weak signal
resulting from low concentration within the pores would
still exist.

Conclusions

Comparative measurements were made of the diffu-
sion of star and linear polymers in rigid media contain-
ing random, well-connected pores with narrow pore size
distributions. For a given confinement, Ay, defined as
the ratio of the hydrodynamic radius of the polymer to
the pore radius, molecular architecture is found to affect
the hindered diffusion. At a given Ay, star polymers dif-
fuse more slowly than linear polymers, with the eight-
arm star polymer diffusing more slowly than the four-
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arm star polymer. A scaling parameter, x, has been cal-
culated that relates the hydrodynamic radius to an
equivalent hard-sphere radius. For a given polymer-
solvent system, the value of « is independent of the param-
eters characterizing the porous glass and is found to depend
only on the molecular architecture. The effective radius
of a linear polymer is found to be smaller than the bulk
solution value Ry. As the number of arms increases, the
effective radius approaches the bulk solution value. There
is also an indication that the polymer-solvent combina-
tion affects the value of «, as seen by the differences
between the polyisoprene-TD and polystyrene-2FT sys-
tems.

In summary, the length scale characterizing the hydro-
dynamic effects of constraining walls on polymer diffu-
sion is not the hydrodynamic radius derived from diffu-
sion in dilute unbounded solution. The equivalent hard-
sphere radius depends on molecular architecture and
possibly the stiffness of the polymer chain. It is not clear
how the polymer—solvent interaction affects the hin-
dered diffusion.

De Gennes'® has discussed the effect of pore walls on
intramolecular hydrodynamics of chains and predicts a
smaller effective By than the bulk solution value. Our
results are in agreement with this prediction. Sedimen-
tation velocity and intrinsic viscosity measurements by
Roovers et al.?® has indicated that highly branched poly-
mers behave hydrodynamically almost like hard spheres
in dilute solution, in agreement with our results of x ~
1 for the eight-arm star polymer. Comparison of the hin-
dered diffusion of model branched polymers with that
of linear molecules has been done in melts®*-32 where the
measurements agree with the predictions of the repta-
tion model. The situation in the semidilute and entan-
gled solutions is more complicated by additional contrib-
uting mechanisms such as constraint release or tube
renewal®®® and the “noodle effect”.?® NMR?3"3® and
dynamic light scattering measurements®® have been done
in these concentration regimes.

For dilute solutions far below the overlap concentra-
tion, the recent membrane transport measurements with
polyisoprene!® (the same polymer used in our measure-
ments) report the same qualitative trend seen in our results;
i.e., linear molecules diffuse faster than the branched struc-
tures for the same Ry /R, ratio. However the mem-
brane study indicates that the characteristic size control-
ling pore diffusion is approximately 35% smaller than
Ry for the linear chains whereas it is approximately 20%
larger than Ry for all the branched structures. Our data
indicate that the characteristic size controlling pore dif-
fusion is approximately 55% smaller than Ry for the lin-
ear chains and becomes almost equal to Ry for the eight-
arm polymer. The interpretation of our measurements
is simpler due to the fact that the knowledge of the par-
titioning coefficient is not necessary. However, the mem-
brane study covers a wider range of confinements than
reported here. Considerable differences are noted between
results from various membrane studies’®* using differ-
ent polymer—solvent systems. This, along with the marked
differences that we saw between the polystyrene and poly-
isoprene, further supports the possibility that over and
above the molecular architecture, other parameters of the
polymer and the polymer-solvent system also affect the
effective characteristic size controlling porous diffusion.
Early results from size-exclusion chromatography*® showed
no differences between the elution times of linear and
branched structures. More recent'*!® studies, however,
indicate that star polymers elute from chromatography

Macromolecules, Vol. 23, No. 3, 1990

columns as if their hydrodynamic radii were larger than
the measured ones by a small amount (5-10%).

In the case of strongly confined linear chains, up to
the highest molecular weight and confinement probed
by these data, no clear power law dependence of D_ on
molecular weight was found. The continuously falling
curve in Figure 6 with no power law dependence agrees
qualitatively with the predictions of the computer
simulations,’® though the porous medium used here is
uniform as compared to the truly random porous struc-
ture developed in the simulations. Our data also indi-
cate that the presence of an additional length scale in
the porous network could play an important role in the
diffusion of strongly confined chains. For investigating
higher confinements, the QELS technique does not appear
to be promising.
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ABSTRACT: We present a dynamic light scattering study of polystyrene—poly(ethylene oxide) diblock
copolymers in cyclopentane, a selective solvent for polystyrene. We find that a trace amount of water has
a profound effect on the structures formed in dilute solution due to the compatibility of poly(ethylene
oxide) and water. We investigate changes in hydrodynamic radius as a function of copolymer and water
concentration for two diblock copolymers of varying composition and molecular weight. Unusually large
stable aggregates form in solutions with low water content. Addition of water promotes monodisperse
spherical micelles in solutions of large aggregates as well as in solutions containing only single chains. Fur-
ther addition of water results in a solution of swollen micelles, i.e., a polymeric microemulsion. At very low
copolymer concentrations, saturated micelles exhibit a sharp increase in hydrodynamic size.

Introduction

Block copolymers in a selective solvent can form struc-
tures due to their amphiphilic nature. Above the criti-
cal micelle concentration (cmc), the free energy of the
system is lower if the block copolymers associate into
micelles rather than remain dispersed as single chains.
Often the micelles are spherical, with a compact core of
insoluble blocks surrounded by a corona of soluble
blocks.!® Addition of a second solvent, compatible with
the insoluble block and immiscible with the continuous
phase, leads to the formation of swollen micelles or a poly-
meric microemulsion.

In this paper, we describe the effects of changing water
and copolymer concentrations for polystyrene—poly(eth-
ylene oxide) (PS-PEO) diblock copolymers in cyclopen-
tane at 23 °C. Since water is a solvent for poly(ethylene
oxide) and cyclopentane is a near 0 solvent for polysty-
rene (T = 19.5 °C)*, the micelles consist of a poly(eth-
ylene oxide) core swollen with water and protected by a
polystyrene corona. Previous morpholigical studies of poly-
meric microemulsions have involved graft and block copol-
ymers in ternary solvent mixtures containing toluene,
water, and either an alcohol or an amine acting as a co-
surfactant.5® Although the cosurfactant increases the
dispersion capability of the copolymers, it adds to the
complexity of the system since it is generally soluble in
both the continuous and dispersed phases. We investi-
gate the dispersion of water in cyclopentane, a highly
immiscible system, by PS-PEO block copolymers alone.
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Others*® have prepared oil-in-water microemulsions from
block copolymers without cosurfactants.

Trace amounts of water are inevitably found in most
organic solvents. Water strongly affects the structures
formed by PS-PEO block copolymers beyond inducing
microemulsions. We find unusually large structures in
our driest solutions that disappear upon the addition of
small amounts of water. Others!*™2 have observed large
aggregates in solutions of PS-PEO diblock copolymers
in selective solvents for polystyrene and have attributed
their existence to the crystallizability of poly(ethylene
oxide). We also believe the crystallizability of PEO is
responsible for the large aggregates we find in dry cyclo-
pentane; at higher water concentrations, water mole-
cules dissolve the PEO chains reducing the driving force
for formation of large aggregates.

Unusual structures have also been observed in ionic
surfactant solutions with very low water content. Small
rigid aggregates form in solutions of AOT (sodium 1,4-
bis(2-ethylhexyl)sulfobutanedioate) in isooctane with water
contents on the order of 25 ppm.'* The heads of the
surfactants are linked together by hydrogen bonds, with
water acting as a “gluing” agent.'®!® Unlike micelles at
equilibrium, the aggregate size does not change as the
temperature is varied from 0 to 50 °C. These structures
are similar to large PEO-PS aggregates in that strong
interactions between hydrophilic moieties promote the
formation of structures not present at higher water con-
tents.
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