This article was downloaded by:

On: 21 January 2011

Access details: Access Details: Free Access

Publisher Taylor & Francis

Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

International Journal of Polymer Analysis and Characterization
Publication details, including instructions for authors and subscription information:

http://www.informaworld.com/smpp/title~content=t713646643

JOURNAL OF A New Technique of Solubilization of Nanosized Hydrophobic Materials in

POLYMER ANALYSIS .
an cranacterizanion | Aqueous Media

Zdenek Tuzar?; Petr Munk®
* Institute of Macromolecular Chemistry, Academy of Sciences of the Czech Republic, Prague, Czech
Republic ® Department of Chemistry and Biochemistry, University of Texas, Austin, Texas, USA

Online publication date: 27 October 2010

To cite this Article Tuzar, Zdenek and Munk, Petr(2002) 'A New Technique of Solubilization of Nanosized Hydrophobic
Materials in Aqueous Media', International Journal of Polymer Analysis and Characterization, 7: 1, 93 — 105

To link to this Article: DOI: 10.1080/10236660214603
URL: http://dx.doi.org/10.1080/10236660214603

PLEASE SCROLL DOWN FOR ARTICLE

Full terns and conditions of use: http://wwinformworld.conlterns-and-conditions-of-access. pdf

This article may be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, |loan or sub-licensing, systematic supply or
distribution in any formto anyone is expressly forbidden.

The publisher does not give any warranty express or inplied or make any representation that the contents
will be conplete or accurate or up to date. The accuracy of any instructions, formul ae and drug doses
shoul d be independently verified with primary sources. The publisher shall not be liable for any |oss,
actions, clainms, proceedings, demand or costs or damages whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.



http://www.informaworld.com/smpp/title~content=t713646643
http://dx.doi.org/10.1080/10236660214603
http://www.informaworld.com/terms-and-conditions-of-access.pdf

16: 25 21 January 2011

Downl oaded At:

International Journal of Polymer Anal. Charact., 7: 93-105, 2002 & & Fp
Copyright © 2002 Taylor & Francis
1023-666X/02 $12.00 +.00

. TAYy
Sl:)v'\‘A

P &
Cungea VI

A New Technique of Solubilization
of Nanosized Hydrophobic Materials
in Aqueous Media

Zdenek Tuzar
Institute of Macromolecular Chemistry, Academy of
Sciences of the Czech Republic, Prague, Czech Republic
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Injection of solutions containing molecularly dissolved copolymer poly-
styrene-block-poly (methacrylic acid) (SA) in dioxane produced block
copolymer micelles of this hydrophobic/hydrophilic copolymer in water.
When the SA solution in dioxane also contained block copolymer
micelles of polystyrene-block-hydrogenated polybutadiene block-poly-
styrene (Kraton), the product was three-layered (onion) micelles with
polystyrene forming the middle layer. The molecular solutions of SA and
homopolystyrene in dioxane led to micelle-like particles in which the
solubilized polystyrene was kept in water solution by the shell-forming
SA molecules. Mechanisms of the processes involved were discussed.
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Hydrophilic/hydrophobic block copolymers in aqueous media form
micelles with hydrophobic cores and hydrophilic shells that are, as a
rule, of spherical shape!!. Appropriate block copolymers usually cannot
be dissolved in aqueous media directly. Desired micelles must be pre-
pared first in a mixture of water with some organic cosolvent, and then
they can be transferred into water by stepwise dialysisi®. During this
process, micelles became more compact, but are believed to retain their
molecular weight, i.e., aggregation number. Only some highly asym-
metric hydrophilic/hydrophobic block copolymers were reported to
provide other morphologies (rods, lamellae, etc.) when transferred into
water>4,

Block copolymers may also form so-called onion-type micelles that
have three concentric layers™®. A technique has been developed for their
preparation from two block copolymers that had one common block, i.e.,
AB and BC copolymers. First, micelles of the AB copolymer were pre-
pared in a solvent selective for the B blocks. If necessary, they were
transferred (often by dialysis) into another solvent (still selective for B
blocks) that was a good solvent for both blocks of the BC copolymer.
Then, the solvent properties of that particular solvent were suddenly
changed in such a way that the solvent became a poor one not only for
the A block, but also for the B block. The shell of the AB micelles
collapsed, but the collapsing B blocks entrapped the B blocks of the BC
copolymer and the soluble C blocks kept the resulting onion micelles
in solution.

Specifically, this approach was used for two systems in which the B block
was poly(2-vinylpyridine). The AB copolymer was either poly(z-butyl
acrylate)-block-poly(2-vinylpyridine)! or polystyrene-block-poly(2-vinyl-
pyridine)!®. The BC copolymer was poly(2-vinylpyridine)-block-poly-
(ethylene oxide). In acidic aqueous solvents poly(2-vinylpyridine) is
protonized and soluble, while in basic aqueous solvents it is insoluble.
In these systems, the sudden change of the solvent properties consisted
in alkalizing the solution. The resulting onion micelles had polystyrene
or poly(z-butyl acrylate) inner core poly(2-vinylpyridine) outer core and
poly(ethylene oxide) shell.

The change of pH is a very effective change of solvent properties but,
unfortunately, it is applicable only for polymer blocks that can exist in
ionized and neutral forms. For B blocks that cannot exist in an ionic form
(e.g., polystyrene) a more substantial change of solvent composition
seems to be called for. Our preliminary experiments with such systems
showed that the change had to be quite fast; otherwise, the system had a
strong tendency to precipitate. The dialysis procedure proved to be
unsuccessful.

Recently we developed a procedure (we will call it “injection proce-
dure”) that allowed solubilization of insoluble polymer materials in
aqueous media. In our previous study!”!, we employed this procedure for
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solubilization of Kraton (block copolymer polystyrene-block-hydro-
genated polybutadiene block-polystyrene) in water using Pluronics
(block copolymers of ethylene oxide and propylene oxide) as solubili-
zing agents. We prepared Kraton micelles in dioxane (in this solvent,
micelles are formed with hydrogenated polybutadiene core and poly-
styrene shell), added a solution of a Pluronic in dioxane and injected
this mixture into excess water. As a result, the polystyrene shells of
Kraton micelles collapsed, and a substantial number of these micelles
formed large agglomerates with a fairly narrow size distribution that
were kept in solution by an adsorbed layer of the Pluronic molecules.
Both blocks of the Pluronics are incompatible with polystyrene. Con-
sequently, the solubilization was a result of surface adsorption and not
of any interpenetration of polystyrene and poly(propylene oxide)
blocks.

The aim of the present study is to explore the utility of the injecting
procedure for preparation of various types of nanosized dispersions and
to obtain a picture of processes taking place during the procedure. We
studied the injection of a molecular solution of polystyrene-block-poly
(methacrylic acid) (SA) in dioxane into water or a mixed solvent (diox-
ane/water mixtures) known as selective solvents for micelle formation of
polystyrene-block-poly(methacrylic acid). After we established that SA
micelles were actually formed, we proceeded to our next goal: prepara-
tion of onion-type micelles with polystyrene outer core (middle layer). We
started with Kraton micelles in dioxane, added a molecular solution of
polystyrene-block-poly(methacrylic acid) in the same solvent and injected
the mixture into water or into dioxane/water. In a third set of experi-
ments we injected mixtures of SA and various samples of polystyrene and
poly(methyl methacrylate) into water and studied solubilization of these
polymers into the micelles.

EXPERIMENTAL SECTION
Polymers

Polystyrene samples with molecular weights 9 x 103 (PS9), 20.4 x 10
(PS20), 98 x 10° (PS100), 498 x 10 (PS500) and 1.8 x 10° (PS1800) were
standards from the Pressure Chemical Co. (U.S.A.). Poly(methyl
methacrylate) My, = 110 x 103 (PMMA110) was prepared by standard
radical polymerization. Kraton was a previously studied™® block copo-
lymer polystyrene-block-hydrogenated polybutadiene-block-polystyrene,
M, = 60 x 10°, 29 wt% polystyrene (Shell Co., Houston, Texas). In di-
oxane it forms micelles with aliphatic cores and polystyrene shells,””
M,, = 4.6 x 10°, hydrodynamic radius Ry = 18.4nm. Diblock copoly-
mer of styrene and methacrylic acid (SA) (M, = 44.2 x 10°, 58 wt%
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polystyrene) was prepared by anionic polymerization, as described in
ref. [3].

Static Light Scattering (SLS)

Measurements were performed on a Sofica instrument equipped with a
He-Ne laser. Data were treated by the standard Zimm method. Re-
fractive index increments, dn/dc, were measured on a Brice-Phoenix
differential refractometer. When mixed solvents were employed, effective
values of dn/dc¢ were measured under the condition of osmotic equili-
brium between the solution and the mixed solvent, using a fixed-volume
dialysis cell'®”. When the polymer solution could not be prepared by
direct dissolution, dn/dc values were calculated from a simplified Glad-
ston-Dale rule, i.e., from the difference between the refractive indices of
the polymer and the solvent, assuming the specific polymer density equal
to 1.0g/mL (Table I).

Dynamic Light Scattering (DLS)

Measurements were performed with solutions of the lowest con-
centration used in static light scattering. An ALV 5000 multibit, multitau
autocorrelator (Langen, Germany) and an argon-ion laser (A =514 nm)
were employed. Data were processed using the standard cumulant
method. Hydrodynamic radius Ry was evaluated from the diffusion
coefficient using the Stokes—Einstein formula.

Preparation of Stabilized Dispersions

0.5mL of a dioxane (D) solution of SA with either Kraton micelles, or
PS, or PMMA was injected into 19.5 mL of either water (W) or a mixture
of 80vol% of dioxane and 20vol% of water (further 80D/20W), both
solvents being precipitants for PS and PMMA. The concentration of
Kraton, or PS, or PMMA in the injected dioxane solution was constant
in a given series of experiments (1 x 1073 or 4 x 10~ g/mL) and the
amount of SA was varied. The solution of SA alone in dioxane was
injected into both solvents as well.

TABLE I Refractive index increments dn/dc¢ (in mL/g) of polymers in H,O
and a mixture dioxane/water, 80/20 by volume (80D/20W).

Polymer Kraton SA PS PMMA

Solvent H,O 80D/20W H,O 80D/20W H,O 80D/20W  H,O
dn/dc 0.186 0.112 0.188 0.132 0.260 0.210 0.160
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RESULTS AND DISCUSSION

In all our experiments, the visual appearance of the solution after
injection was typical for micelle solutions. In most instances, the resulting
solutions were stable with time. The exceptions were experiments aimed
at solubilization of homopolystyrene. These solutions were stable long
enough to allow for a measurement of SLS, but precipitated before we
were able to perform the measurement of DLS. (DLS measurements were
done on the solutions that were used in the SLS measurement and had
the lowest concentration.) The results of both types of measurements
suggested that the suspended particles were not very polydisperse. We
therefore attempted a more detailed analysis of the properties of these
particles using an evaluation procedure described previously!®.

Evaluation Techniques for Multicomponent Solutions

When two different polymers are present in a solution and possibly
form composed particles, it is often convenient to select one polymer as
the reference material onto which the other one is adsorbed (see our
previous paper'®). When studying the Kraton micelles solubilized by the
SA copolymer, we will consider Kraton as the reference material. For
solubilization of PS or PMMA into SA micelles, the reference material
will be SA. It is further convenient to define J, the coefficient of pre-
ferential sorption of the solvating copolymer BC (SA in the Kraton/SA
case), as

0 = CBCad/CAB (1)

where cap is the total concentration of the AB copolymer in the solution
and cpc ad is the concentration of the BC copolymer that is adsorbed onto
the collapsed AB micelles. The convenient representation of the SLS data
then reads

R(0)/Kapeap = Mapp = Mag[l + 5(d"/dc)BC/(d”/d‘7)AB]2 (2)

Here, R(0) is the Rayleigh ratio of the scattering system extrapolated to
vanishing concentration and scattering angle, Kap is the well-known light
scattering constant calculated with the refractive increment of the AB
copolymer, M,p, is the resulting apparent molecular weight, Mg is the
molecular weight of the AB material in the micelles, (dn/dc)y. and
(dn/dc) ,p are the refractive increments of the copolymers studied.

In the first step of our analysis of the Kraton/SA case, we assume that
Mg is known and corresponds to the original AB micelles. Then, we
evaluate the sorption parameter ¢ (it is included in the Tables as ;) and
compare it with the known ratio of the concentrations of the two
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copolymers A = cpc/cap. The case when d; = 4 can be interpreted as
formation of onion micelles with all BC copolymer present being in-
corporated into them.

However, a result of J; being substantially larger than 4 is physically
meaningless. This situation means that our original assumption of each
particle containing just one original AB micelle is not fulfilled. In this
case, we have to change our model. We assume that all BC unimers are
incorporated into the micelles or their agglomerates. Thus, equation (2) is
again applicable, but 6 must be set equal to 4, and Map must be eval-
uated as the unknown. The ratio Ng; = Map/MaB orig. Where Mag orig 1S
the molecular weight of the original AB micelles, now represents the
weight average number of the original AB micelles in the agglomerates of
the micelles.

When 0, is smaller than 4, it is safe to assume that not all BC unimers
are incorporated into the onion micelles and that the excess unimers form
micelles of their own. We assume further that these micelles are virtually
the same as micelles formed in the absence of the AB “core” micelles. In
this situation, equation (2) has to be modified to

R(0)/Kapeap = Mapp = Mas[1 + 0(dn/dc)pc/(dn/de) yp]?
+ Myc(4 = 8)[(dn/de)pe/ (dn/de) pp)°
Here, the second term accounts for the scattering of the BC micelles; their

molecular weight is Mpc. The only unknown in this relation is ¢ that
could be evaluated from it as

(3)

S=a/2—b+[P*M +d* )4 — ab — ac'? (4)

where M’ = Mypp/Mag,a = Mpc/Mag,b = (dn/dc),p/(dn/dc)y- and
¢ = cpc/cap- The values resulting from equation (4) are included in the
tables as 0,.

Micelles of SA Copolymer

SA solution in dioxane when injected (at concentrations employed in
our present study) into either the 80D/20W or into pure water produces
micelles. Resulting values of M,, and Ry were in water 1.9 x 10° and
14nm, respectively, and in 80D/20W 3.2 x 10° and 16 nm, respectively.
Both values in both solvents were lower than the values of SA solution
prepared by direct dissolution in 80D/20W (6.9 x 10° and 21 nm, re-
spectively). This difference is most probably caused by the fact that the
system after injection is not at equilibrium. (Micelles prepared by direct
dissolution are not necessarily at equilibrium either, as we have shown
in our previous publication"))) We assume that during our injection
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procedure the micelle-forming process acquires a nucleation character.
A typical nucleation process begins when randomly formed molecular
clusters are sufficiently large to become thermodynamically more stable
than individual molecules (unimers in our case). The nuclei grow by
incorporating other unimers, but the growth stops when the unimer is
exhausted. At this moment the size of the micelles may still be distinctly
smaller than the size of equilibrium micelles. Further equilibration would
require exchange of unimers among micelles, but this may be blocked
kinetically.

Kraton Micelles Stabilized by SA

When a mixture of Kraton micelles and SA is used for injection, the
solution has a typical micellar appearance. The SLS data were evaluated
using Zimm plots with the light scattering constant Kap based on the
refractive index increment of Kraton; the concentration referred to
Kraton as well. The apparent molecular weights M, radii of gyration
Rg of the aggregates, the adsorption parameters J;, ¢, and the agglom-
eration numbers N, are collected in Tables II-IV together with the
hydrodynamic radii Ry from DLS. The DLS method implies that the
distribution of particle sizes is narrow.

In table II we are reporting two series of injections of Kraton/SA
mixtures into water. It is apparent that the reproducibility of the results is
not good. This is a result of the nonequilibrium kinetics-controlled nature
of the preparative technique. Nevertheless, it can be seen from Tables 11—
IV that for most experiments the model of particles containing a low
multiple of Kraton micelles is the most convenient. Moreover, the ratio

TABLE II Properties of particles formed by injection of mixtures of SA
and Kraton copolymers into water. 4 =SA/Kraton; ¢ of injected Kraton
is 1 x 1073 g/mL.

A Mypp x 1076 Rg, nm Ry, nm 51 5s Nk:
0.25 76.0 37 40 3.03 10.53
0.5 30.5 29 32 1.56 2.93
1.0 39.5 22 35 1.93 2.14
1.5 38.0 24 32 1.87 1.32
2.5 94.0 32 32 3.52 1.67
1.0% 18.6 19 21 1.00 1.00 1.00
3.0% 28.1 — 23 1.46 1.35 0.38
4.0° 42.7 18 24 2.02 1.93 0.37

4Second series of experiments.
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TABLE III Properties of particles formed by injection of mixtures of SA
and Kraton copolymers into water. 4 =SA/Kraton; ¢ of injected Kraton
is 4 x 1073 g/mL.

A Mapp x 1076 Rg, nm Ry, nm o1 Nkr
1.0 42.5 28 19 2.0 2.29
3.0 127.0 45 4.2 1.70
4.0 191.0 55 18 5.4 1.63

TABLE IV Properties of particles formed by injection of mixtures of SA
and Kraton copolymers into 80D /20W. A4 =SA /Kraton; ¢ of injected Kraton
is 1 x 1073 g/mL.

A M ypp X 10-¢ Rg, nm Ry, nm d1 Nk
0.25 60.0 40 72 2.21 7.78
0.5 20.3 23 35 0.93 1.75
1.0 28.6 23 30 1.27 1.31
1.33 39.0 28 30 1.62 1.27
2.5 73.0 37 39 2.53 1.02

RG/Ry is rather small. This suggests that the prevailing number of
particles in the solution have a symmetry that is more or less spherical.

Despite the poor reproducibility of the results, several trends are seen
clearly. When there is a too low ratio of the mass of the stabilizing SA
copolymer, the average number of Kraton micelles in the aggregate goes
up. When there is an excess of the SA copolymer, the model of onion
micelles containing only one core Kraton micelle is appropriate; the
onion micelles are in this case accompanied by SA micelles formed by the
excess SA copolymer. When the original concentration of the mixture
used for the injection is increased, the formation of clusters is enhanced,
but the number of the core micelles contained in them remains rather low.

We will now explore the processes in our system after injection. The
collapsing polymer, polystyrene blocks in the present case, in water re-
presents a system in a strong segregation limit. After completion of the
process, the polystyrene chains are essentially frozen in whatever struc-
ture they are embedded in: the final system is not at equilibrium and its
state is strongly dependent on kinetic factors. Thus from the properties of
the final system it should be possible to infer the nature and role of the
kinetic factors. In the following paragraphs we will develop a plausible
molecular model of the injection procedure.
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What phenomena are at play when the solvent suddenly becomes a
poor one for polystyrene? Formation of contacts between polystyrene
segments becomes thermodynamically advantageous; it is the driving
force of the process. The contacts are formed fastest in regions of highest
segment concentration. In dilute solutions, the regions of highest segment
concentrations are the shells of the Kraton micelles; their collapse is fast.
Other regions of large segment concentration are the polystyrene blocks
of the SA molecules that are at this moment in a coiled form. They
partially collapse (a full collapse is prevented by the molecular rigidity of
their relatively short blocks) and most probably form so-called unimer
micelles: structures with a relatively dense polystyrene cluster and a loose
poly(methacrylic acid) coil. During the next stage, these particles collide
and form the final particles. Three processes compete with each other:

1. Collisions of collapsed Kraton micelles may lead to interpenetration
of their polystyrene outer layers and to agglomerates of the original
Kraton micelles. This process is governed by a relatively slow diffusion
of the collapsed micelles. It becomes less important as the total con-
centration of the system decreases.

2. Collisions of the unimer micelles with the collapsed micelles lead to
their incorporation and to a gradual buildup of the onion micelles.
As the buildup proceeds, the newly formed poly(methacrylic acid)
shell prevents the agglomeration process. The unimer micelles are also
incorporated into the previously existing agglomerates and stabilize
them by the same mechanism. This process is governed by much faster
diffusion of the unimers and at low concentrations becomes the pre-
vailing mechanism.

3. Finally, a number of unimer micelles may come together and produce
SA micelles. This is a typical nucleation process: clusters of too few
unimers are not thermodynamically stable. Only clusters that are large
enough may survive and become the precursors of the micelles. At low
concentrations, this process is slower than the formation of onion mi-
celles and takes place mainly after the onion micelles are saturated by
the unimers.

Solubilization of Polystyrene and Poly(methyl methacrylate)
in SA Micelles

When a molecular solution of polystyrene and the SA copolymer is
injected into a solvent that is a precipitant for polystyrene, a solution is
obtained that exhibits typical micellar properties: bluish opalescence and
DLS behavior suggesting particles with a narrow distribution of sizes.
For the calculation of the apparent molecular weights from the SLS
measurements, we used the light scattering constant K based on the SA
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copolymer as well as its concentration. This allowed us to treat the results
again using equation (2) in which the quantity Map referred to the
content of copolymer SA in the particles, and 6 = 4 represented the
amount of polystyrene solubilized in the particles. The molecular weight
of the whole particles (presumably micelles) was Mpyic = Map(l + 4).
The experimental data are collected in Tables V-VII.

In several instances we were able to perform the DLS measurements
only after several hours or the day after their preparation. Some samples
that yielded well-behaved Zimm plots when measured by SLS im-
mediately after preparation partially precipitated before the DLS mea-
surement could be done.

TABLE V Properties of particles formed by injection of mixtures of SA
copolymer and polystyrene (PS) into water. 4 =SA/PS; ¢ of injected PS is
1 x107%g/mL.

PS A Muypp x107° Rg,nm Ry, nm  Mga x 107 My x 1076
PS9 1.5 9.10 19 2.46 4.11
PS9 3.0 6.86 19 3.21 4.29
PS9 4.0 6.66 20 3.68 4.60
PS20 1.5 46.5 48 * 12.6 21.0
PS100 0.25 75.0 92 * 1.76 8.79
PS100 0.5 47.0 75 * 3.31 9.94
PS100 1.5 29.0 54 * 7.85 13.1
PS100 2.5 46.0 50 19.1 26.7
PS500 1.5 38.2 40 * 10.3 17.2
PS500 3.0 21.45 47 28 10.0 13.4
PS500 4.0 21.4 43 36 11.8 14.8
PS1800 1.5 *

PMMAI100 1.5 5.5 20 22 3.7

*Sample precipitated.

TABLE VI Properties of particles formed by injection of mixtures of SA
copolymer and polystyrene (PS) into water. 4 =SA/PS; ¢ of injected PS is
4x 1073 g/mL.

PS A Mapp x 1070 Rg, nm Ry, nm Mga X 10-6 M nic X 10-¢

PS9 3.0 54.9 76 * 25.8 334
PS9 4.0 53.7 86 * 29.7 37.1

*Sample precipitated.
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TABLE VII Properties of particles formed by injection of mixtures of SA
copolymer and polystyrene (PS) into 80D/20W. 4 =SA/PS; ¢ of injected PS
is 1 x 1073 g/mL.

PS A Mapp x 1076 Rg,nm Ry, nm Mgp X 10-¢ M pic X 10-¢
PS9 1.5 123.0 159 85 29.0 48.3
PS20 1.5 26.5 42 72 6.24 10.4
PS100 0.25 34 30 54 0.62 3.14
PS100 0.5 17 25 36 0.97 2.92
PS100 1.5 19 31 40 4.47 7.45
PS100 2.5 36 32 45 13.4 18.8
PS100 1.5 32.1 51 7.56 12.6
PS500 1.5 101.5 57 45 23.9 39.8
PS1800 1.5 212.1 107 48 50.0 83.3
PMMAI100 1.5 6.2 29 25 2.9 49

The experimental results are quite scattered. It is difficult to establish
any clear-cut dependence on the experimental variables. However, several
patterns can be observed. The masses of the micelles are two to ten times
larger than the mass of pure SA micelle. Polystyrenes with higher mo-
lecular weights tend to produce larger micelles. Particles prepared by
injection into water have quite large radii of gyration that are even larger
than the hydrodynamic radii and they have a tendency to precipitate.
Injection into the 80D/20W mixture produces more stable and more
micelle-like particles. Surprisingly, poly(methyl methacrylate), which is in
most experimental situations incompatible with polystyrene, is appar-
ently solubilized into polystyrene micelle cores quite easily.

What information can we obtain from these observations about the
processes that occur after the injection? Both polystyrene and SA are
soluble in dioxane. During the initial molecular collapse the polystyrene
molecules become irregular globules. During the next phase, they parti-
cipate in the nucleation process and together with the semi-collapsed
unimer SA micelles form the final SA micelles, in which the polystyrene
molecules are solubilized.

It is plausible to assume that the collapsed polystyrene globules have a
more expressed tendency to aggregate (i.e., to form the nuclei) than the
partially protected polystyrene blocks of SA. The extent of this ag-
gregation may then determine the size of the particles (which are mostly
much larger than micelles of pure SA). The internal reorganization of the
particles may affect their stability and size. In water the original ag-
gregates reorganize slowly (polystyrene is presumably in a glassy state),
have an irregular shape (high Rg/Ry ratios) and a tendency to aggregate
further through exposed PS domains on the particle surface. In 80D /20W
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the PS microphase is swollen; it reorganizes faster, producing particles
that are closer in their properties to classical micelle systems (i.e., have
slightly lower free energy).

It is interesting to note that micelles prepared by the present method
do not obey the rules deduced in previous studies of solubilization of
homopolymers in micelle cores.!'*!*! Specifically, polystyrene molecules
that have much larger mass than the PS blocks of the stabilizing SA
copolymer may be incorporated in the micelles.

CONCLUSIONS

Our experiments have shown that the new injection procedure is very
flexible and can produce micellar systems with only moderate poly-
dispersity of the resulting particles. It was used for the preparation of
several types of self-assembling nanosized particles.

1. Molecular solutions of polystyrene-b-poly(methacrylic acid) (SA) so-
lutions in dioxane when injected into water yield micelles that are
smaller than similar micelles produced by a direct dissolution of the
copolymer in a selective solvent.

2. Mixed solution of Kraton micelles and SA in dioxane when injected
into water or into a water/dioxane mixture that is a selective solvent
for SA yields three-layered (onion) micelles with poly(hydrogenated
butadiene) inner core, polystyrene middle layer and poly(methacrylic
acid) shell. In addition to these micelles a moderate amount of clusters
containing a very small number of Kraton micelles is also present.

3. Molecular solution of polystyrene and SA in dioxane when injected in
water yields micelle-like particles containing solubilized polystyrene.
These particles are somewhat irregular and may precipitate upon long
standing. The same solution injected into water/dioxane mixture pro-
duces similar particles that are more regular and more stable.

A plausible mechanism was proposed that determined the nature of
the various products. The mechanism involved a combination of the
nucleation of semicollapsed unimer micelles and accretion of unimers on
a pre-formed nucleus—a Kraton micelle.
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