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Micellization of di- and triblock copolymers, poly(methacrylic acid)-block-polystyrene and
poly(methacrylic acid)-block-polystyrene-block-poly(methacrylic acid), varying in molecular weight
and composition, has been studied by static and dynamic light scattering, and sedimentation velocity.
Micelles with polystyrene cores were prepared in water—dioxane mixtures, rich in dioxane, and trans-
ferred into water-rich mixtures, water, and aqueous buffers via stepwise dialysis. It has been shown
that, in dioxane-rich mixtures, the micellar system was in dynamic equilibrium, while in water-rich
solvents, in water, and in aqueous buffers the micellization cquilibrium was frozen and micelles be-
haved like autonomous particles. Under certain conditions, micelles were accompanied by inde-
pendent large particles. This phenomenon, known from other micellar systems as an “anomalous
micellization™, is discussed.

Colloidal properties of block copolymers in sclective solvents (thermodynamically
good for onc block, poor for the other) remind of those known from aquecous solutions
of soaps and surfactants. Block copolymers form fairly uniform spherical micclles, the
cores of which consist of insoluble blocks, while soluble blocks form protective shells!.
These micelles can solubilize substances otherwise insoluble in a given solvent, “com-
patibilize” immiscible substances, both low-molecular-weight and polymeric. Polymer
micclles are a specific state of polymeric matter with a number of interesting structural
fcatures and properties. They arc interesting not only from the viewpoint of academic
rescarch, but their propertics arc operative in, e.g., formulations for motor oil additives,
tertiary oil recovery, and compatibilization of polymer blends. Lately, polymer micelles
have been cxplored as a promising matcrial for the uptake and controlled release of
organic substances from and into aqucous media, with potential applications in pharma-
cology, agriculture and ccology?.
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Micellization of block copolymers obeys a model of what is called closed associ-
ation®, characterized by an equilibrium between unimer (molecularly dissolved co-
polymer) and micelles. Micelle association number (i.c., the number of copolymer
molccules forming a micelle) is typically from several tens to several hundreds. Micel-
lar static and dynamic parameters, kinctics of micelle formation and dissociation, and
the dynamics of micellar equilibria depend on many factors, such as chemical nature
and lengths of copolymer blocks, thermodynamic quality (specificity) of the solvent
system, copolymer concentration, temperature, cte.t,

Until recently, most of the studies on polymeric micelles were done using organic
sclective solvents and block copolymers of styrene and dienes, or styrenc and acrylates,
which are available as commercial products or can be relatively casily prepared in
laboratory!. Only in recent years, proper attention has been paid to micelles of hydro-
philic/hydrophobic block copolymers in water. Two types of such copolymers have
been studied: di- and triblock copolymers of cthylene oxide and propylene oxide (e.g.
refs>®) known as commercial products Poloxamers and Pluronics, and laboratory-pre-
pared di- and triblock copolymers of cthylenc oxide and styrene (c.g. refs”8). These
systems combine the thermodynamic and interfacial properties of strongly hydro-
philic/strongly hydrophobic low-molccular weight substances (likec soaps and surfac-
tants) with the stability and structures that arc based on long polymeric chains.

The aim of this paper is to summarize the results based on a threc-years’ cooperation
of authors’ laboratorics on the structure and properties of micelles with polystyrene
cores and poly(methacrylic acid) shells. New results concerning anomalous micelliza-
tion are included.

Copolymers

Poly(methacrylic acid)-block-polystyrene (AS) and poly(methacrylic acid)-block-poly-
styrene-block-poly(methacrylic acid) (ASA) samples were prepared by scquential an-
ionic polymerization®!°. First, di- and triblock copolymers of styrenc and tert-butyl
methacrylate were prepared in tetrahydrofuran using cumylpotassium and potassium
naphthalenide as initiators, respectively. The tert-butyl groups were then hydrolyzed by
aqucous hydrochloric acid in dioxanc. The resulting AS and ASA copolymers were
precipitated in cold hexane, redissolved in dioxanc and frceze-dried. The completion of
hydrolysis was checked and the mass fraction of styrene units, wpg, was determined by
NMR. Moleccular weights, M,,, and the M, /M, ratio, were determined by static light
scattering and size exclusion chromatography, respectively® !0, A great number of AS
and ASA copolymers were prepared with M,, ranging from 7 . 10% to 1.3 . 10%, wpg from
0.41 to 0.80, M, /M, for all samples becing less than 1.15.
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Micelle Formation

As a rule, block copolymers in selective organic solvents form micelles by direct dis-
solution. In some cases, formation of cquilibrium micelles (defined by the minimum of
the Gibbs function of a given micellar system) must be assisted by heating the given
solutions!. Micelles of our samples as well as those of block copolymers of styrene and
cthylene oxide, can be obtained by direct dissolution in water only when M, of the
particular copolymer is lower than ca 2.5 . 10*and wpg is lower than ca 0.2. None of our
AS and ASA samples could thus form micelles directly in water. However, all samples
micellize when dissolved in aqueous mixtures with an organic cosolvent which alone is
a good solvent for polystyrene like tetrahydrofuran or dioxane.

The AS and ASA copolymers under study showed similar pattern of solution beha-
viour in aqucous dioxane’: (i) There exists a certain solvent composition range for each
sample where cquilibrium micelles with polystyrene cores and poly(methacrylic acid)
shells arc formed. The higher the values of M, and wyg, the higher content of dioxane
is needed. In dioxane-poor solvent mixtures, copolymer samples are insoluble even
upon heating. (ii) Although dioxanc is a nonsolvent for poly(methacrylic acid), it dis-
solves practically all copolymer samples molccularly. (iii) In mixtures with S to 10
vol.% water, most samples give milky-white solutions which, in some cases, undergo a
macrophase separation. This phenomenon is discussed below. (iv) Equilibrium micelles
formed in water—dioxanc mixtures can be transferred into water or aqueous buffers by
stepwise dialysis.

Micelle Structure

Molecular weights of micelles were mecasured by static light scattering. Refractive
index increments were determined by differential refractometry; when mixed solvents
were employed, measurements were performed under conditions of dialysis equilibrium
between polymer solutions and a mixed solvent™!!. Hydrodynamic radii were measured
by dynamic light scattering as described in refs®!2,

Equilibrium micelles in dioxane-rich mixtures were fairly uniform (M, /M, < 1.15),
their association number, n, was determined to range {rom 40 to 320. Selected results
in Table I demonstrate that n is higher for diblock copolymers in comparison with
triblock ones of comparable M, and wpg; for both AS and ASA samples n is the higher,
the higher is M,, and wpg, as expected from theory* !,

In various water—dioxane solvent mixtures, the hydrodynamic radius, R,, is control-
led by two competing cffects: by swelling of polystyrene cores by dioxane and by
swelling of the poly(methacrylic acid) shells by water. The first cffect scems to be
stronger, since R, decreases with decreasing amount of dioxanc in the mixture®!#
(Table II). In dioxane-frec solutions, where polystyrene cores arc believed to be in the
glassy statc'2, R, values depend on the swelling of the shells only: With increasing pH,
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the dissociation degree of the carboxyl groups increases and the shell-forming blocks
are better solvated (Table IT).

Anomalous Micellization

In our first study’, we reported that micellar solutions in any of the water—dioxane
mixtures could not be prepared starting from copolymer solutions in neat dioxane. Both
a stepwisc dialysis or an addition of water lcad to milky-white, unstable, macrophase-
separating solutions. Such a behaviour has already been observed (c.g., refs¥!516) and
named “anomalous micellization”. The effect was explained by the presence of a homo-
polymer'® identical with the corc-forming blocks, or by the presence of copolymer
molecules with a high fraction of the corc-forming blocks?.

TABLE 1
Characteristics of poly(methacrylic acid)-block-polystyrene (AS) and poly(methacrylic acid)-block-
polystyrene-block-poly(methacrylic acid) (ASA) and association number (n) of their micelles in 80
vol.% aqueous dioxanc at 25 °C

Copolymer” M, Wps n
AS-18-0.58 18 700 0.58 59
AS-36-0.77 36 300 0.77 322
AS-40-0.61 40 300 0.61 124
ASA-41-0.79 41 600 0.79 55
ASA-68-0.56 68 700 0.56 44
ASA-68-0.65 68 800 0.65 89

“ The code numbers denote molecular weight and weight fraction of polystyrene blocks.

TasLE 11
Micellar hydrodynamic radii, R, (nm), of di- and triblock copolymers® in various solvents

Solvent AS-45-0.54 AS-57-0.59 ASA-38-0.57
80% aq. dioxanc® 24.3 327 12.7
60% aq. dioxane® 21.8 31.6 13.7
40% aq. dioxane® 18.3 26.6 14.2
Water 13.2 23.2 9.7
Citrate buffer, pIl S 25.4 27.2 12.7
Phosphate buffer, pH 7 27.2 35.1 16.8
Phosphate buffer, pH 7.8 29.3 36.1 17.5

¢ See Table I; * vol.%.
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In the present study we have explored the anomalous micellization with two AS
samples AS-35-0.56 and AS-67-0.60 and onc ASA sample, ASA-39-0.65 (the first code
number is the molecular weight in thousands and the sccond is wpg). All three samples
formed uniform micelles when dissolved directly in 70 — 80 vol.% aqucous dioxanc.
However, if the copolymers are dissolved in ncat dioxanc and water is added, the
anomaly appcars. The following experiment has been performed with each sample: To
a dust-free solution (¢ = 3 . 107 g/ml) in dioxane, watcr was added dropwise to obtain
mixtures with 95, 90, 85, 80, and 70 vol.% dioxanc. Each solution was stirred during
the addition of water, left for 15 min, and measured by dynamic light scattering; then
more water was added, etc. Mcasurements were performed with an ALV 5000 multibit
multitau corrclator. Autocorrelation curves have been treated by an inverse Laplace
transform to get spectra of the decay times as described in ref.!”. Since all three
samples showed the same pattern, data for only onc sample are given in Fig. 1.

In neat dioxane, only one kind of particles is present in solution, its Ry, corresponding
to molecularly dissolved copolymer (unimer). In 95 vol.% aqucous dioxanc, new par-
ticles appear. These particles survive in solutions with increasing content of water, but
their rclative amount decreases on account of the formation of particles with a size
corresponding to regular micelles. Ry, values of these micelles decrease with increasing
amount of water in a solvent mixturc in the same way as with micelles prepared by
direct dissolution (cf. Table IT). The scemingly contradictory increase of T with increas-
ing amount of water (Fig. 1) is caused by changes in viscosity and refractive index with
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the solvent composition. The R, of all three samples in mixtures with 70 and 80 vol.%
dioxane correspond within 5% to values obtained by direct dissolution of the samples
in the respective solvent mixtures. The behaviour described in Fig. 1 did not change
even when solutions in scaled ampoules were heated to 100 °C for 30 min and cooled
back to 25 °C. When large particles were removed (by spontancous macrophase separ-
ation after scveral days, by centrifugation or by filtration through 0.2 um Millipore
filters), only regular micelles with unchanged R, remained in solutions.

Before attempting to interpret the data in Fig. 1, a few facts concerning the large
particles should be emphasized: (i) They appear in solutions at a relatively low content
of water (5 vol.%) insufficient for regular micellization. (ii) Their polydispersity is
comparable with that of regular micclles. (iii) Their Ry docs not change with addition of
watcr.

In analogy with our carlicr study'® we assumed that the homopolymer might be
responsible for the anomaly. Unfortunately, no homopolymer could be detected in the
sample under study by GPC; this means that the content of the homopolymer, if any,
must have been below 1 — 2 wt.%. An alternative explanation might be that the large
particles arc non-cquilibrium aggregates that contain a part of the given sample with
higher polystyrene content. However, neither hypothesis has been proved, but we work
on the solution to this problem. A relatively small polydispersity and a fair stability (for
scveral days) of these particles could be explained by partial steric stabilization by the
unimer. The abscnce of these particles in solutions prepared directly in mixtures with
70 and 80 vol.% of dioxane could be explained by the fact that the macromolccules that
aggregated in the absence of regular micelles in 95 vol.% aqucous dioxanc, all partici-
pated in equilibrium micellization. The existence of dynamic micellar equilibria in 80
vol.% aqucous dioxanc has been proved experimentally (sce the following section).
Experimental cvidence of bimodal distributions in a systcm similar to ours has been
reported recently’.

Dynamics of Micellar Equilibria

The closed association model, confirmed for soaps and surfactants in water, as well as
for block copolymers in sclective organic solvents, implicates a dynamic cquilibrium
between unimers and micelles. It further implies an exchange of copolymer molecules
between unimer and micellar states, and thus also between micelles themselves. Such
an exchange has been experimentally proved with polystyrene-block-poly(cthylene-co-
propylenc) in aliphatic nonsolvents for polystyrene!'®: Two solutions were prepared,
onc containing micelles with fluorescence donor-tagged polystyrene blocks, the other
with fluorescence acceptor-tagged polystyrene blocks. After mixing, an ecxchange of
unimers led to mixed micelles containing both labels in their cores. The process of
mixced micelle formation was monitored as a nonradiative cnergy transfer. The relaxa-
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tion time of this process (= 10* s) was by scveral orders of magnitude smaller in com-
parison with that of soaps and surfactants in aqueous solutions.

We assumed’ that the micelles with polystyrene cores and poly(mecthacrylic acid)
shells prepared by direct dissolution in dioxane-rich solvents were equilibrium struc-
turcs, whilc those in water-rich mixtures and in water became frozen during dialysis. In
our systems, sedimentation velocity proved to be an cffective tool for studying the
cxchange of unimers between two kinds of micelles with different sedimentation coef-
ficicnts. Scores of pairs of micelles, including mixtures of diblock and triblock micells,
have been studied'*!°. When mixing two micellar solutions in 80 vol.% aqucous diox-
anc, one sharp boundary with the value of the sedimentation coeficient in between
those of the original micelles appeared in the sedimentation diagram sooner or later
(from tens of minutes to tens of days). In solvent mixturcs where micelles could not be
prepared by direct dissolution but only by dialysis, two sharp boundaries idcntical with
thosc of parcnt micelles did not change even during scveral weeks after mixing the
original solutions. This confirmed our idea that miccllar cquilibria in water-rich mix-
tures, in water, and in aqucous buffers arc kinetically frozen and micelles bchave as
stable structures.

Some of us (Z. T. and P. M.) acknowledge the support from the Scientific and Environmental Divi-
ston of the NATO (Collaborative Research Grant # 920166).
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