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Dynamics in Solutions of Associating Statistical Copolymers
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ABSTRACT: The association of styrene—methyl methacrylate statistical copolymers in the selective
solvent acetone (a thermodynamically good solvent for poly(methyl methacrylate and bad for polystyrene)
was examined by static and dynamic light scattering methods. In dilute solutions, the dynamics was
dominated by a single fast mode, whereas in semidilute solutions two modes were generally seen, with
fast and slow mean relaxation times. The fast dynamic mode was related to the cooperative diffusion
mode. The slow mode was associated with dynamics of polymeric clusters formed by the random
association process. Experimental results were interpreted in terms of the coupling model of partly
penetrating polydispersed clusters formed by random association of copolymers.

Introduction

Macromolecules bearing active groups or parts pos-
sessing attractive interactions in common solvents can
form supramolecular clusters by random association of
macromolecules.! Thus, the random association of
macromolecules has been observed, e.g., in solutions of
ionomers in low polarity solvents2~> and in solutions of
multiblock copolymers in selective solvents.® In the
former case the counterions are undissociated in low
polarity solvents forming ion pairs (dipoles) with ions
of the polymer chains. Attractive forces (electric dipole—
dipole interactions) among the ion pairs result in inter-
and intramolecular dipole association (multiplet forma-
tion).”8 This leads to multichain aggregation and
eventually gelation at higher ionomer concentrations.
In the latter case, the insoluble blocks of multiblock
copolymer form multiplet-like insoluble domains bridged
by soluble blocks.® Formation of polydispersed clusters
takes place at lower copolymer concentrations, while gel
formation is favored at higher concentrations. The
network-forming process can be understood in terms of
the growth of randomly multiconnected clusters starting
from individual macromolecules, which are linked to-
gether by insoluble domains (multiplets). These as-
sociations are, in some sense, an intermediate between
the transient polymer entanglements found in semidi-
lute solutions of flexible homopolymers and permanent
covalent cross-links of gels.

Hydrophobically associating water-soluble polymers
or “associative thickeners” are another class of complex
disordered systems, that associate by a random associa-
tion process.®~1° These polymers are hydrophobically
modified, water-soluble, statistical copolymers generally
composed of both water-soluble and water-insoluble
components. The driving force for the association
process is the attractive interaction between the hydro-
phobic segments. Hydrophobic interactions induce as-
sociation of macromolecules forming supramolecular
clusters, and at sufficiently high concentrations a
network composed of interpenetrating clusters is cre-
ated.’®19 Extrapolating from these results, we suggest
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Table 1. Molecular Characteristics of S-s-MMA
Copolymers from GPC

composition
code vol % styrene My x 1076 Mw/Mp
sm1/9 10 1.65 35
sm2/8 20 0.91 3.3
sm3/7 30 0.59 3.1
sm4/6 40 0.49 2.8
sm5/5 50 0.43 2.7

that such random association should exist even in
solutions of statistical copolymers in selective non-
aqueous solvents.

In order to test this idea, dilute and semidilute
solutions of styrene (S)—methyl methacrylate (MMA)
statistical copolymers (S-s-MMA) in acetone were stud-
ied by static and dynamic light scattering methods.
Acetone is a thermodynamically good solvent for poly-
(methyl methacrylate) (PMMA) and a nonsolvent for
polystyrene (PS). The dynamical behavior of these
solutions was interpreted in terms of the coupling model
developed by Ngai and co-workers.20-23

Experimental Section

Sample Preparation. Both monomers, styrene and meth-
yl methacrylate, were purified by removing the inhibitor and
mixed together to obtain desired initial composition, from 10
to 50 vol % of styrene. The reaction mixtures were filtered
through PTFE membrane filters with a pore diameter of 0.2
um into glass ampules, freed from oxygen by three freeze—
thaw cycles, and sealed in a vacuum. The polymerization was
initiated thermally?* by heating for 18 h at 120 °C followed by
8 h at 150 °C. On completion of the polymerization, the
ampules were slowly cooled to room temperature. The conver-
sions exceeded 98%.

Semidilute solutions of the copolymers in acetone were
prepared from filtered dilute solutions with copolymer con-
centration ¢ = 0.02 g mL™! directly in the dust-free light
scattering cells by slow evaporation of acetone. The concen-
trations of the solutions were determined by weighing the
resulting solutions.

Approximate molecular weights determined by the GPC
method (in tetrahydrofuran, THF, solutions at 25 °C) are
shown in Table 1. All samples used in this study showed a
single broad M,, distribution. The column was calibrated with
polystyrene standards.

Static Light Scattering (SLS). Static light scattering
measurements were performed with a light scattering goni-
ometer equipped with He—Ne and Ar ion lasers (vertically
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Table 2. Molecular Characteristics of S-s-MMA
copolymers in Acetone(Light Scattering Data)

Az x 104, Ry, Rn, ¢* x 103
code dn/dc My x10% mLg?2mol nm nm gmL?
sm1/9 0.134 1.7 1.9 76 345 1.5
sm2/8 0.143 0.93 1.37 41 26 5.4
sm3/7 0.151 0.65 0.86 34 215 7.1
sm4/6 0.160 0.54 0.33 28 20 9.8

sm5/5 0.168 15

polarized, wavelength 1, = 632.8 and 514.5 nm, respectively)
in the angular range 6 = 30—150°. The SLS data from dilute
solutions of copolymers were analyzed by the usual Zimm plot
procedure. The processed SLS data for semidilute solutions
are represented as

Kc/AR(0) = (K*/D) (dn/dc)’cl /(I sin(0))yo (1)

where K and D are the usual optical constants, K* = K/(dn/
dc)?, A R(0) is the excess Rayleigh ratio, dn/dc is the refractive
index increment, c is the copolymer concentration in g mL™1,
6 is the scattering angle, |y is the scattered intensity of benzene
at & = 90° and I is the excess scattered intensity at 6.
Refractive index increments of copolymer solutions in acetone,
(dn/dc), measured with a Brice-Phoenix differential refracto-
meter, are given in Table 2.

Dynamic Light Scattering (DLS). Polarized DLS mea-
surements were made in the angular range 6 = 30—140° using
a light scattering apparatus equipped with an Ar-ion laser
(514.5 nm) and an ALV 5000, multibit, multi-r autocorrelator
covering approximately 10 decades in delay time, t. The
normalized intensity autocorrelation functions

g%(t) = [G*(t) — BJ[G*(0) — B] )

are used for demonstration of DLS results and for analysis; B
is the baseline. The electric field autocorrelation functions,
g(t) = (g?(t))°> were fitted to the sum of an exponential and a
stretched exponential function with exponent bs:

g'(t) = A, exp(—[t/7]) + A, exp(—[t/z]™), @3)

Here 7; (i = s or ¢) are the characteristic decay times; A; are
the relative scattering amplitudes. The exponent bs is related
to the width of the corresponding distributions of the relaxation
times t7; the smaller the value of bs the broader is the
distribution.

The apparent diffusion coefficients, Dj, were calculated from

D, = 1/7°¢", 4)

where q is the scattering vector and % is the zero angle
limit of 7.

Results and Discussion

(a) Static Light Scattering. The statistical copoly-
mers were soluble at room temperature in a selective
solvent acetone (good for PMMA and bad for PS) up to
styrene content of 40 vol %. The copolymer sm5/5 with
50 vol % of S was only partly soluble at very low
concentrations. Values of the weight-average-molar
mass, My, the second virial coefficient, A;, and the
radius of gyration, Ry, evaluated by the Zimm plot
procedure from light scattering measurements in ac-
etone solutions are given in Table 2. It is well-known
that heterogeneity in chemical composition of statistical
copolymers may cause a systematic error in the mac-
romolecular characteristics of copolymers evaluated
from SLS measurements.?> According to ref 25, the
measured value of My, is a function of the parameter
(va — ve)/v where v and vg denote the refractive index
increments of the pure A and B homopolymers and v
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Figure 1. Concentration dependence of Kc/AR(0) in the
semidilute regime. The line with slope 1.3 is the prediction
for concentration fluctuations relaxing via the cooperative
diffusion process.

denotes that of the copolymer. As a consequence the
SLS measurement depends on the solvent used. Thus
the data in Table 2 are only apparent M, values for the
given solvent acetone. Since the refractive index incre-
ment of the copolymers in acetone is high the error in
My can be considered low. Table 1 and 2 show that
apparent M,, values obtained from GPC (in THF solu-
tions) and light scattering experiments (in acetone
solutions) are very similar. This implies that the
statistical copolymers are molecularly dissolved at low
concentrations. The second virial coefficient, A,, evalu-
ated from acetone solutions decreases with increasing
content of S in the copolymer and is very small for the
copolymer sm4/6, revealing decreasing solubility of
copolymers in acetone. The crossover concentration
estimated for acetone solutions using c*~ 3M/4x-
(Rg)®Na are also given in Table 2.

A log—log plot of Kc/AR(0) vs copolymer concentration
c is shown in Figure 1. The concentration dependence
of Kc/AR(0) at low concentrations is controlled by the
second virial coefficient. However, at higher concentra-
tions in the semidilute regime, Kc/AR(0) increases
faster and can be approximated by a power law, Kc/
AR(0) ~ c*. The exponent x decreases with decreasing
S/M ratio from x ~ 1.3 for the copolymer sm4/6 to x ~
1 for the copolymer sm1/9. In semidilute homopolymer
solutions, the contribution of the excess scattered
intensity arising from concentration fluctuations relax-
ing via a cooperative diffusion process, A, decreases
with increasing concentration6:2

A. 0N —n?%c (5)

where np and ns are the refractive indices of the polymer
and the solvent, respectively. Combining egs 1 and 5,
we expect an exponent of 1.3 in the plot used in Figure
1. The smaller values of x observed in semidilute
solutions of statistic copolymers with lower S/M ratios
probably reflect the additional contribution to the total
excess scattered intensity due to concentration fluctua-
tions associated with dynamics of polymer clusters
formed by the random association process.

(b) Dynamic Light Scattering. The random as-
sociation of S-s-MMA copolymers is also manifested in
dynamic light experiments. This is demonstrated in
Figure 2a where the normalized autocorrelation func-
tions g2(t) are shown for several concentrations of the
copolymer sm3/7. A long-time tail, which is practically
negligible at low concentrations, becomes stronger with
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Figure 2. (a) Normalized intensity autocorrelation functions,
g?(t), at 6 = 90°, for semidilute solutions of copolymers with
the styrene volume fraction of 30 vol % at different concentra-
tions: 1, 0.02 g mL™%; 2,0.07 g mL™%; 3,0.10 g mL™%; 4, 0.14
g mL~%. (b) Data of part a, plotted as the double logarithm of
the autocorrelation function vs logarithm of delay time. The
line of slope 1 corresponds to a normalized single exponential
autocorrelation function.

increasing copolymer concentration. Double logarithm
of g2(t) functions from Figure 2a are plotted against the
logarithm of delay time t in Figure 2b. This type of plot
yields straight lines for functions which can be repre-
sented by a stretched exponential. The autocorrelation
functions show a fast initial single exponential decay
(the slope ~ 1 in the plot) followed by a long-time tail,
which can be described quite well by straight lines with
slopes smaller than 1 for all concentrations. Therefore,
the long-time behavior of the correlation functions can
be described by a stretched exponential function with
an exponent bs < 1 and the fast behavior by a single
exponential function with bs ~ 1. Therefore, the auto-
correlation functions were fitted to eq 3.

The initial, fast single exponential decay (z;) may be
assumed to correspond to the cooperative motions of the
polymer matrix since it has a relaxation frequency
similar to that of the cooperative mode in solutions of
linear homopolymers. The long-time tail can be related
to two dynamic processes: (1) the dynamics of the partly
penetrating polydispersed clusters formed by random
association of copolymers and (2) the dynamics of
concentration fluctuations due to the composition poly-
dispersity of copolymers, which is often called the
“heterogeneity” mode.31-33 The dynamic behavior due
to the first process should be similar to that observed
in gelling systems in the pregel state; e.g., Adam et al .28
and Martin et al.230 According to our previous results®*
the “heterogeneity” mode can be only observed in
solvents which are approximately isorefractive with one

Macromolecules, Vol. 30, No. 15, 1997

of the copolymers (e.g. benzene). The refractive index
increments of the copolymers in acetone are high and,
therefore, the relative contribution of the “heterogene-
ity” mode should be weak and overlapped with the
cluster dynamics. Thus, the former dynamic process
dominates at longer decay times.

The log of decay rates of the fast cooperative mode,
T'c (=1/%¢), and slow mode, I's (=1/ts), obtained by fitting
of experimental correlation functions to the sum of the
single exponential and stretched exponential functions
(eq 3) are plotted as a function of log(q) for the different
copolymers at approximately the same concentrations
in Figure 3a. Since the fast dynamic mode was found
to be proportional to g? for all the statistical copolymers,
the fast cooperative diffusion coefficient, D¢, could be
evaluated from the fast characteristic decay times (z¢)
at low scattering angles. The q dependence of I's was
found to be different from the usual g? dependence and
may be expressed as I's ~ g3 (c.f., Figure 3a). As shown
in Figure 3b, as obtained for the different copolymers is
greater than 2 and increases with increasing concentra-
tion, implying that all the copolymers are characterized
by a gradually stronger q dependence of T's, as the
concentration increases. The most pronounced devia-
tion from g2 dependence of T's was found for the
copolymers sm1/9, sm2/8 and sm3/7. In the case of sm4/
6, as is only slightly higher then 2. These observa-
tions are in agreement with results of a number of
studies on associating polymer systems,’® and both
physicall®35-37 and chemical gels,28-30.383%9 where q
dependence of the slow mode is significantly stronger
than that of the fast mode. Such a behavior of the slow
mode can be qualitatively explained by the theory of
Ngai and co-workers,20=23 dealing with the problem of
how the relaxation of a specific cluster is “slowed down”
due to the coupling to complex surroundings. This
coupling model predicts that as = a./(1 — n), where the
coupling parameter n (0 < n < 1) is a measure of the
coupling strength of the dynamic mode to its surround-
ings and ac is the exponent for the corresponding fast
mode.

The exponent bg, which was found to be independent
of g, decreases with increasing concentration (see Figure
3c) and is generally lower for copolymers sm1/9 and
sm2/8 than for sm3/7 and sm4/6. According to the
coupling model the quantity (1 — n) is proportional to
exponent bs and, therefore, the product asbs should be
a constant independent of c. In order to verify this
result, the product asbs calculated using the data of
Figure 3b,c is plotted as a function of concentration in
Figure 3d. The experimental results show that ashs is
not satisfactorily independent of concentration, instead,
it shows a systematic decrease from values close to 2 at
low concentrations down to 1 at higher concentrations.

In stretched exponential autocorrelation functions a
decrease of bs reflects an increase of polydispersity of
the distribution of characteristic relaxation times with
increasing concentration and, probably, can be related
to growing coupling effects appearing in complex sys-
tems.181939.40 The behavior of bs is analogous to that
in gelling systems on approaching the gel point.29:30
Thus, the copolymer concentration in randomly as-
sociating systems plays the role of the cross-linking
probability in cross-linking systems.

Because of the stronger g dependence of I's the slow
cluster diffusion coefficient cannot be introduced. There-
fore, the quantity T's/g?> measured at the scattering
angle of 90° will be discussed further. The concentra-
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Figure 3. (a) q dependence of the fast, 7. (open points), and
slow, 75 (solid points), decay times for semidilute copolymer
solutions: (M, 0)sm1/9,c=0.1gmL™%; (®, O) sm2/8,c = 0.13
gmL™, (v, v)sm3/7,c=0.14 gmL™%; (a, A) sm4/6, c = 0.13
g mL™1. (b) Power law exponent, as, in the relation T's ~ g3,
for the slow mode, as a function of concentration for the
different copolymers as indicated. (c) Comparison of the
concentration dependence of bs for semidilute solutions of the
different copolymers as indicated. (d) Concentration depen-
dence of ashs products calculated using the data of Figure 3b
and 3c for the different copolymers as indicated.

tion dependence of I's/g? and T'¢/g? (= D.) are shown in
Figure 4. As expected,?2” the cooperative diffusion
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Figure 4. Concentration dependence of the cooperative dif-
fusion, D, (=I'/g?) and T's(90°)/g?: (M, O) sm1/9; (®, O) sm2/8;
(v, v) sm3/7; (A, A) sm4/6. The slope of 0.77 is the prediction
for the cooperative diffusion in the semidilute regime. The solid
lines through the data are to guide the eye.
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Figure 5. Concentration dependence of the relative scattering
amplitude of the slow mode, As/(As + Ac), at the scattering
angle 6 = 90° for semidilute solutions of copolymers, as
indicated.

coefficient, D¢, increases with increasing c for all the
samples. The figure shows a weak power-law depen-
dence, with an exponent somewhat smaller than the
predicted value of 0.77. On the other hand, I's/g? is a
very strongly decreasing function of ¢. This slowing
down of the decay rate of the slow mode with increasing
concentration can be rationalized in the framework of
the coupling model as a result of increasing coupling
between the clusters. It is plausible that the impact of
dynamical constraints should increase with concentra-
tion due to enhanced cluster interpenetration.

The relative amplitude As/(As + A.) of the slow mode
measured at the scattering angle 6 = 90° is plotted as
a function of concentration in Figure 5. It can be seen
that the relative contribution of the slow mode increases
with increasing concentration. This increase is partly
due to the increase in the concentration of copolymer
clusters and partly due to the overall concentration
dependent decrease in the excess scattered intensity,
A of the cooperative diffusion mode (see eq 5). Fur-
thermore, the slow mode becomes more dominant with
decreasing scattering angle; this effect is much stronger
at higher concentrations. This trend can be related to
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the stronger excess scattering intensity at small angles
in semidilute solutions of large clusters.

Conclusions

We have examined the association behavior in sem-
idilute solutions of styrene—methyl methacrylate sta-
tistical copolymers in the selective solvent, acetone,
using dynamic and static light scattering. Two dynamic
modes were seen at higher copolymer concentrations.
The main conclusions are as follows.

(1) A cooperative diffusion mode was always observed,
with the cooperative diffusion constant D, increasing
with increasing copolymer concentration and approach-
ing the power-law dependence with an exponent of
+0.77, in agreement with theory and measurements on
homopolymer solutions.

(2) A slow mode was clearly seen in semidilute
solutions of copolymer samples with styrene volume
fractions of 10, 20, 30, and 40 vol %. This mode is due
to the dynamics of the partly penetrating polydispersed
clusters formed by random association of copolymers
and their dynamic behavior is similar to that observed
in gelling systems in the pregel state

(3) The q dependence of I's was found to be stronger
than the usual g2 dependence and may be expressed as
I's ~ g%. The higher the concentration the greater is
the deviation from as = 2. The most pronounced
deviation was found for the copolymers sm1/9, sm2/8,
and sm3/7. In the case of sm4/6, a; was only slightly
larger than 2. Such a behavior of the slow mode can be
gualitatively explained by the coupling model of Ngai
and co-workers, which predicts that the relaxation of a
specific cluster is “slowed down” due to the coupling to
its complex environment.

In conclusion, we note that random association of S-s-
MMA copolymers in a selective solvent, acetone, is
effective at higher concentrations. This was confirmed
by both the static and dynamic light scattering experi-
ments.
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