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ABSTRACT: Block copolymers of styrene and stearyl methacrylate were prepared using anionic
polymerization high-vacuum techniques by sequential addition of monomers. Narrow molecular weight
distribution copolymers of different molecular weight and composition were obtained. The molecular
characteristics of the copolymers were obtained by size exclusion chromatography, membrane osmometry,
low-angle laser light scattering (LALLS), and differential scanning calorimetry. Comparative studies in
the selective solvents for the polystyrene block, ethyl and methyl acetate, showed that mainly unimolecular
micelles are formed in the former, whereas larger aggregates are observed in the latter solvent. LALLS,
viscometry, and dynamic light scattering were used to characterize the micelles.

Introduction

It is well-known that when block copolymers are
dissolved in a selective solvent, supramolecular as-
semblies, called micelles are formed.1=3 The behavior
of micellar solutions has been the subject of numerous
studies,* due to their applications in coatings, drug
delivery systems, colloid stabilization, nanoreactors,>~8
etc.

In most cases the micelles are spherical, consisting
of the core which contains the segregated insoluble
blocks and the shell of the soluble blocks which sur-
rounds the core.® The micellization process is considered
as an equilibrium between unassociated single chains,
the unimers, and the micelles.1°~14 A more complicated
situation exists when some insoluble blocks are not fully
integrated into a single micellar core, but are partly
incorporated into two cores, thus acting as bridges
between two micelles. This phenomenon, called micellar
clustering, has frequently been observed, especially in
more complex systems such as triblock and graft
copolymers.!® The equilibrium of unimers, micelles, and
clusters is very difficult to analyze, and the combination
of several experimental techniques is required to study
these complex systems.16724 Most important are the
scattering techniques (static and dynamic light scatter-
ing, neutron scattering, small-angle X-ray scattering),
but also other methods such as membrane osmometry
(MO), viscometry, electron microscopy, nuclear magnetic
resonance spectroscopy (NMR), sedimentation velocity
and fluoresence techniques, and size exclusion chroma-
tography (SEC) have also been used.

In this paper we report on the synthesis and charac-
terization of polystyrene-b-poly(stearyl methacrylate),
PS-b-PSMA, block copolymers and their micellization
behavior in solvents that are selective for the PS blocks,
i.e., ethyl (EAc) and methyl acetate (MACc). The synthesis
of these copolymers was first reported by Teyssié et al.2>
In Teyssié’'s work diblocks having molecular weights up
to 26 000, high PSMA contents (>50%), and rather
broad molecular weight distributions (M/Mp, > 1.75)
were presented. These copolymers were used to stabilize
dispersions of carbon black in an organic solvent,
selective for the PSMA block.
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Many studies have appeared in the literature con-
cerning the micelle properties of copolymers consisting
of a PS and a polymethacrylate block.26728 Most of these
referred to polystyrene-b-poly(methyl methacrylate),29-32
PS-b-PMMA, copolymers, either in single selective
solvents (e.g., p-xylene, acetone) or in solvent mixtures
(e.g., toluene/p-cumene, toluene/furfuryl alcohol). In
general, high degrees of aggregation were observed; the
micelles obtained were mainly spherical, and in a few
cases more extended ellipsoidal or cylindrical shaped
micelles were present.

An important characteristic of the system under the
present investigation is the ability of the PSMA side
chains to form crystalline domains.33 The micellization
properties of amorphous—crystalline block copolymers
have not been examined theoretically in detail. A similar
system that has been studied is the micellization of
polystyrene-b-poly(ethylene oxide), PS-b-PEO, diblocks
in organic solvents.3*=37 It was found that when dry
solvents selective for the PS blocks are used, unusually
large structures are formed, probably due to the crys-
tallizability of the PEO chains that form the core of the
micelles.38

Experimental Section

Materials. The polymer synthesis and almost all the
purification techniques were performed in vacuum, in all-glass
reactors provided with break-seals and constrictions.®® The
purification of tetrahydrofuran (THF), styrene (S), and 1,1-
diphenylethylene (DPE) to the standards required for anionic
polymerization has been described elsewhere.?® Stearyl meth-
acrylate (SMA) was recrystallized three times from hexane at
—30 °C. The solid monomer was placed in an ampule and was
thoroughly dried in the vacuum line for at least 24 h. The
monomer was then dissolved in THF to yield a 5% solution,
by distilling the appropriate amount of the solvent through
the vacuum line. sec-Buli was prepared under vacuum in glass
reactors by reacting sec-BuCl with Li metal in hexane. Lithium
chloride (LiCl) was placed in ampules, flame-dried under
vacuum, and dissolved in THF just prior to polymerization.
Degassed methanol was used to terminate the living polymers.
EAc and MAc were dried over CaH; and distilled just prior to
use.

Polymer Synthesis. The polymerization was carried out
in the appropriate glass reactors, bearing ampules of S, SMA
in THF, DPE, sec-BuL.i in hexane, LiCl, and methanol. The
desired amount of THF was distilled into the polymerization
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apparatus, which was then sealed off from the vacuum line.
The flask was cooled to —78 °C in a dry ice—2-propanol bath.
sec-BuLi was introduced into the reactor, breaking the suitable
break-seal, and the polymerization of styrene was initiated by
breaking the styrene ampule and distilling the monomer into
the reactor. The polymerization took place under vigorous
stirring using a glass stirrer. After the polymerization was
completed, the DPE solution (3-fold excess over the concentra-
tion of the living ends) was added. The color rapidly changed
from orange to deep red. A few minutes later the LiCl solution
(5-fold excess over the concentration of the living ends) was
added (no color change was observed), and the break-seal of
the ampule containing the SMA solution was ruptured. The
monomer solution was added dropwise into the living polymer
solution at —78 °C. The monomer droplets were immediately
frozen, and thus the temperature was raised to —10 °C. Upon
increasing the temperature the deep red color suddenly
disappeared, due to the initiation of the polymerization of
SMA. The solution was transparent at —10 °C throughout the
whole polymerization procedure. Finally the living polymer
was deactivated by adding degassed methanol. The polymer
was precipitated in excess methanol. All polymers were
fractionated using toluene/methanol as the solvent/nonsolvent
system in order to avoid any homopolymer contamination.

Preparation of the Micellar Solutions. The dry polymers
were dissolved in EAc or MAc for the preparation of the stock
solution. After standing for 24 h the solution was placed in an
oven at 50 °C for 1 h in order to achieve equilibrium structures
and then was left for 24 h at room temperature before
conducting the appropriate measurements. The stock solution
was diluted to produce solutions of different concentrations.
No polymer precipitation or other visible changes were ob-
served after standing at room temperature for several weeks.

Characterization Methods. SEC experiments were con-
ducted at 40 °C using a modular instrument consisting of a
Waters model 510 pump, a Waters model U6K sample injector,
a Waters model 401 differential refractometer, a Waters model
486 UV spectrophotometer, and a set of 4 u-Styragel columns
with a continuous porosity range from 10° to 103 A. THF was
the carrier solvent at a flow rate of 1 mL/min.

A Jupiter model 231 membrane osmometer was used for
the determination of the number-average molecular weights,
M, and second virial coefficients, A, at 35 °C. Toluene distilled
over CaH; was used as the solvent.

Static light scattering measurements were performed with
a Chromatix KMX-6 low-angle laser light scattering photom-
eter at 25 °C equipped with a 2 mW He—Ne laser operating
at A = 633 nm.

Refractive index increments, dn/dc, at 25 °C were measured
with a Chromatix KMX-16 refractometer operating at 633 nm.
The dn/dc dependence on the polymer composition in THF,
EAc, and MAc is given by the following equations: (dn/dc)rue
= 0.080 + 0.108wps, (dn/dc)eac = 0.130 + 0.092wps, and (dn/
dc)mac = 0.167 + 0.043wps, where wps is the polystyrene weight
fraction.

Dynamic light scattering measurements were conducted
with a series 4700 Malvern system composed of a PCS5101
goniometer with a PCS stepper motor controller, a Cyonics
variable power Ar* laser, operating at 488 nm, a PCS8
temperature control unit, a RR98 pump/filtering unit, and a
192-channel correlator for the accumulation of the data. The
correlation functions were analyzed by the cumulant method
and the CONTIN software. Measurements were carried out
at 45°, 90°, and 135°. The angular dependence of the ratio I'/g?,
where I' is the decay rate of the correlation function and q is
the scattering vector, was not very important for the micellar
solutions, due to their large sizes.

The viscosity measurements were carried out at 25 °C using
Cannon-Ubbelohde dilution viscometers with a Scott-Geréte
AVS 410 automatic flow timer and were analyzed using the
Huggins and the Kraemer equation.

Polymer melting points were obtained by differential scan-
ning calorimetry (DSC) using a 2910 modulated DSC model
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from TA Instruments. The samples were heated or cooled at
a rate of 10 °C/min.

Results and Discussion

A. Synthesis and Characterization. Diblock co-
polymers of styrene (S) and stearyl methacrylate (SMA)
are symbolized as SSMA followed by two numbers
corresponding to the total weight-average molecular
weight and the weight percent composition in styrene,
as found by UV-SEC. The synthesis of the samples was
conducted by anionic polymerization and sequential
addition of the two monomers, according to the reaction
scheme in Chart 1. There are two characteristic dif-
ficulties associated with the anionic polymerization of
SMA, i.e., the purification of the monomer and its
insolubility in THF at —78 °C. The classical way for the
purification of methacrylates is by treating the monomer
over CaH, and triethylaluminum (TEA) or trioctylalu-
minum (TOA), which react with the protonated impuri-
ties (water, alcohols, or acids) and by distillation of the
purified monomer to glass ampules.*® This procedure
is very difficult to employ for stearyl methacrylate since
the monomer has a very high boiling point (>310 °C at
1 atm), and consequently, a considerable amount of
polymerization is observed when trying to distill the
purified monomer from TEA or TOA to the glass
ampules.*!

To overcome this problem, the first attempt was to
titrate the impurities by the dropwise addition of TOA
into a solution of SMA in THF. The appearance of a pale
greenish yellow color, due to the formation of the TOA—
SMA complex, was considered to be the end point of the
titration. This monomer solution was directly used for
the preparation of sample SSMA 47/55. No detectable
trace of the PS block, which could possibly been deac-
tivated upon the addition of the SMA, was observed;
i.e., the methacrylate monomer was pure enough, ac-
cording to the standards of anionic polymerization.
Nevertheless, a small amount of gelation and a tailing
effect were observed at the higher molecular weight
region of the chromatogram, indicating that a small
amount of cross-linked and/or a higher molecular weight
sample was also formed, due to the presence of a small
excess of TOA in the system. It seems that the color of
the TOA—SMA complex is not a very sensitive indica-
tion of the end point of the titration of the impurities
and that a considerable amount of TOA still remains
in the solution, which is able to lead to formation of
cross-linked and/or higher molecular weight products.
Fractionation of the initial sample SSMA 47/55 yielded
the final product with the molecular weight polydisper-
sity reduced from 1.18 to 1.10.

Because of these difficulties, a much simpler tech-
nique of purification was used, the recrystallization of
the monomer from hexane at —30 °C. The monomer was
recrystallized three times, placed in an ampule, and
then left on the vacuum line to be dried overnight.
Finally the monomer was diluted with THF. Charac-
teristic chromatograms of the samples prepared by this
method are given in Figure 1. Narrow molecular weight
distribution copolymers were observed for all samples.
To further check whether this purification method is
adequate for the standards of anionic polymerization,
a high molecular weight sample SSMA 500/86 was
prepared. The very low concentration of the living
centers, needed for the synthesis of this high molecular
weight polymer, makes them very sensitive to the
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Figure 1. SEC chromatograms of samples: (a) SSMA 500/
86, (b) SSMA 90/83, (c) SSMA 30/74.

impurities that can be introduced by the addition of the
SMA solution. As can be seen in Figure 1a, only a small
tailing at the lower molecular weight region was ob-
served, suggesting that less than 5% of PS was termi-
nated upon the addition of the SMA. This result
associated with the low molecular weight distribution
of the samples indicates that recrystallization is an
efficient purification method.

+CHz—é 3—H + CHOLi

o

The second major difficulty in the polymerization of
the SMA is its insolubility in THF at —78 °C. The same
problem was also faced by Teyssié et al.?> It was
concluded that the best solution was to perform the
polymerization at —10 °C, where the reaction was
homogeneous. It is known from previous studies that
low polymerization temperatures (usually —78 °C) are
required for the living polymerization of methacrylates,
to suppress the side reactions at the reactive carbonyl
group.*2 Only in the case of tert-butyl methacrylate
(t-BuMA) higher polymerization temperatures, i.e., —30
°C, were used.*® The bulky side group seems to protect
the carbonyl group. A similar situation probably exists
in the case of the polymerization of SMA. The long alkyl
group act as a protective shield against the side reac-
tions. When the polymerizations were conducted by
careful control of the reaction temperature at —10 °C,
the molecular weights measured by MO and LALLS
were very close to the stoichiometric. Nevertheless, at
temperatures higher than —10 °C the polymerization
is susceptible to side reactions. For example, homopo-
lymerization of SMA was conducted at O °C in the
presence of LiCl. Although the stoichiometric molecular
weight was Mg = 25 000, the observed molecular weight
by SEC was My, = 17 000 and the molecular weight
distribution was M,,/M,, = 1.4, showing that termination
reactions took place during the polymerization.
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Figure 2. SEC chromatograms from the synthesis of the PS-
b-PSMA-b-PS triblock copolymer: (a) crude product, (b) pure
triblock after fractionation, (c) excess diblock copolymer.

Table 1. Molecular Characteristics of the Triblock
PS-b-PSMA-b-PS Copolymer

A2 x 104 wt %

sample Mp2 (mLmolg2) I°(Mw/M,) PS¢
PS-b-PSMA-PS 29 400 7.2 1.12 435
PS-b-PSMA 15 300 9.1 1.14 43.6

a By MO in toluene at 35 °C. " By SEC. ¢ By UV-SEC.

The presence of LiCl in the polymerization mixture
seems to be responsible for the narrow molecular weight
polydispersities of the copolymers. Teyssié et al. re-
ported distributions as high as 1.80 for their samples,
in the absence of LiCl. Similar behavior was also
observed in other cases*~*® and was interpreted by
assuming that in the absence of LiCl associated and
nonassociated ion pairs are present in the solution.
Their reactivity is very different, and since both species
interconvert very slowly, they lead to different polym-
erization rates upon the addition of the monomer and
thus broad molecular weight distributions. In the pres-
ence of LiCl the equilibrium between the associated and
the nonassociated ion pairs is much faster. Thus, LiCl
helps the system to be depleted from the slowly inter-
converting aggregates, leading to the formation of
monodisperse polymers.

The living character of the polymerization was further
checked by linking the living diblocks with dibromo-
methylbenzene. It was recently reported*® that bromo-
methylbenzene derivatives can be successfully used
as linking agents for the preparation of PMMA and
PtBuMA stars with four branches and PS-b-poly(tert-
butyl acrylate)-b-PS, PS-b-PtBuA-b-PS triblock copoly-
mers. In the present study a triblock copolymer PS-b-
PSMA-b-PS was synthesized by linking the living PS-
b-PSMAL.I solution with dibromomethylbenzene. The
chromatograms obtained after the synthesis of the
triblock polymer are given in Figure 2. A large excess
of the living diblock was used, and the linking reaction
was allowed to take place for 5 days at —10 °C. The SEC
chromatogram of the crude product showed two peaks.
This product was fractionated to give the triblock
copolymer and the excess diblock. The molecular char-
acteristics of the two samples, given in Table 1, show
that the triblock copolymer was efficiently prepared by
this method.

A detailed molecular characterization for all samples
is listed in Table 2. The molecular weight distributions

Copolymers of Styrene and Stearyl Methacrylate 5463

obtained by SEC were very close to the ratio M/Mj,
obtained by MO (M) and LALLS (M) measurements.
The distribution increases by increasing the SMA
content and reaches the value 1.18 for the sample SSMA
62/11 which has 89.2% of SMA. As a precaution, and in
order to avoid contamination of the samples with
homopolymers, fractionation was performed. Middle
fractions were collected in all cases. The molecular
weight distributions for all fractions of the same sample
were almost identical. In addition, similar narrow
molecular weight distributions were observed in SEC
using both refractive index and UV detectors, indicating
that the samples are chemically and compositionally
homogeneous. The compositions were calculated by UV-
SEC and range from 10 to 90 wt % in PS.

B. Thermal Properties. Several studies concerning
the crystallization behavior of polymethacrylates with
long alkyl side groups have been published.°=52 In a
recent paper the conformational and crystallization
behavior of the PSMA was reported using SAXS and
dielectric spectroscopy.>3

The case of diblock copolymers consisting of a crys-
tallizable and an amorphous block was examined theo-
retically by Flory.>* Using a lattice model, he analyzed
the thermodynamics of crystallization of homopolymers
and copolymers. For the latter case he predicted a
decrease of the melting point of the crystallizable block
compared to that of the pure homopolymer. This melting
point depression, according to Flory, is influenced by the
length of the crystallizable block and the thermody-
namic interactions between the two blocks.

The experimental results from the PS-b-PSMA blocks
are reported in Table 3. The characteristic melting
endotherms corresponding to the melting of the crys-
tallites is evident in almost all samples. The glass
transition temperature, Ty, of the PS block corresponds
to the expected value having in mind the dependence
of the T4 with respect to the molecular weight of the
linear PS.%® The Ty of the PSMA was reported in the
literature®57 to be very low (—100 °C) and observed as
a weak transition, due to the crystallinity of the
polymer. For these reasons the T4 of the PSMA blocks
could not be easily detected with accuracy, but it was
very low in all cases. From the results shown in Table
3 it is obvious that the samples are microphase sepa-
rated, due to the observation of both the PSMA melting
points and the PS Ty values, which are very close to the
expected ones considering the molecular weight depen-
dence of the Ty of PS. This result is further supported
by the data obtained by Ruzette et al.>® concerning the
phase behavior of block copolymers consisting of poly-
styrene and poly(n-alkyl methacrylates) having up to
12 carbon atoms. The interaction parameter, y, in-
creased with the length of the alkyl side group of the
polymethacrylate block. Specifically in the case of the
PS-b-poly(lauryl methacrylate) diblocks an average y
value of 0.083 was calculated by SANS in the temper-
ature range 150—210 °C. Samples with molecular
weight as low as 30 000 were microphase separated at
temperatures lower than 200 °C. This effect is expected
to be more pronounced in the case of the PS-b-PSMA
diblocks.

As was predicted by Flory and observed experimen-
tally in other studies,?®~%1 the T, values for the copoly-
mers are lower than that of the homopolymer. In one
sample (SSMA 500/86) no crystallinity was found, due
to the very low PSMA content (13.8 wt %). This result
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Table 2. Molecular Characteristics of the PS-b-PSMA Diblock Copolymers

Az x 104 AP x 104
sample Mp2 (mL mol g~3?) (mL mol g~2?) wt % PS¢ 19 (Myw/Mp)
SSMA 47/55 43 500 5.79 47 300 5.00 55.2 1.10
SSMA 500/86 464 500 3.24 86.2 1.08
SSMA 90/83 88 100 4.66 88 800 5.07 83.1 1.04
SSMA 32/76 30 200 6.97 32 000 8.95 75.6 1.05
SSMA 62/11 51 700 4.88 62 400 3.21 10.8 1.18
SSMA 42/68 38 500 6.14 42 600 7.05 67.8 1.05
SSMA 30/74 28 600 10 30 200 9.15 74.2 1.06

a By membrane osmometry (MO) in toluene at 35 °C. P By low-angle laser light scattering (LALLS) in THF at 25 °C. ¢ By UV-SEC.

d By size exclusion chromatography (SEC).

Table 3. DSC Results of the PS-b-PSMA Diblock
Copolymers

Tg2°C Tm2°C AHn,2 J/g

sample PS PSMA SMA
SSMA 47/55 83.5 30.6 37.9
SSMA 500/86 101.0
SSMA 90/83 70.0 29.7 9.5
SSMA 32/76 86.0 24.7 13.8
SSMA 62/11 92.3 27.7 54.7
SSMA 42/68 89.0 21.8 14.2
SMAP 34.0 75.9

a Second heating results. P Linear PSMA with M,, = 17 000 by
SEC.
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Figure 3. Normalized enthalpy of melting, AHn,, vs the
composition in PS.

is in agreement with previous studies®263 and with the
observation that the normalized enthalpy of melting
decreases by increasing the PS content. These results
are plotted in Figure 3.

It is obvious that even for the sample with 10.8 wt %
PS an almost 28% enthalpy loss was calculated. This
effect can be attributed either to the existence of fuzzy
boundaries between the PS and PSMA regions and/or
to an irregular structure at the interface so that the
PSMA segments near the phase boundary are in a
disordered state, and only the segments in the interior
of its microphase take part in the crystallization.
Further study is required to clarify this phenomenon.

C. Micellization in Selective Solvents. The mi-
cellization properties of the PS-b-PSMA block copoly-
mers were studied in EAc and MAc. It is known that
propyl acetate is a #-solvent at 36 °C;%* EAc and MAc
are nonsolvents for PSMA. The solubility parameters
of EAc and MAc, o, are 9.1 and 9.6 (cal/cm3)Y2, respec-
tively, whereas the corresponding values for the PS and
the PSMA homopolymers are 9.3 and 7.8 (cal/cm3)1/2,
respectively.5® From the above it is concluded that both
solvents are selective solvents for PS. Consequently,
micelles are expected to be formed in these solvents
consisting of PSMA cores and PS coronas. The micellar
properties were studied by static and dynamic light
scattering and by viscometry.

Low-Angle Laser Light Scattering. The LALLS
data of the PS-b-PSMA diblocks in EAc are given in
Table 4. These results show that the weight-average
degree of association, N, defined as the ratio of the My,
measured in the selective solvent over the M,, of the
diblock in the common good solvent THF is equal to
unity in most cases. Only when the PSMA content is
higher than 45 wt % (sample SSMA 47/55) poly-
molecular micelles are formed. It is characteristic that
the sample SSMA 62/11 with almost 90 wt % PSMA is
insoluble in EAc. Since EAc is a nonsolvent for PSMA,
promoting the micellization of the block copolymers with
high contents of PSMA and A has low values even for
the samples with Ny ~ 1; unimolecular micelles are
formed in the case of samples with low PSMA contents,
and only by increasing the polymethacrylate content
multimolecular micelles are formed. The formation of
unimolecular micelles has been previously observed
in the literature in the case of multiblock copolymers
and graft copolymers in selective solvents for the
branches.55-67 Unimers of diblock copolymers have been
observed especially when they are in equilibrium with
polymolecular micelles. More evidence about the forma-
tion of unimolecular micelles will be provided in sub-
sequent sections.

The LALLS plot for sample SSMA 47/55 is linear over
the concentration range examined; i.e., the critical
micelle concentration, cmc, is much lower than the
lowest experimentally accessible concentration (~5 x
10~* g/mL), and stable micellar structures exist in that
concentration regime.

Table 4. Low-Angle Laser Light Scattering Data of the PS-b-PSMA Diblock Copolymers in Ethyl and Methyl Acetate

ethyl acetate

methyl acetate

sample My Az x 10* (mL mol g~2) Ny? Mw A, x 108 (mL mol g~2) Ny?
SSMA 47/55 1415 000 0.028 29.5
SSMA 500/86 467 000 1.1 1.0 625 000 —8.3 1.34
SSMA 32/76 32200 7.4 1.0; 966 500 3.7 30.2
SSMA 42/68 43 200 1.7 1.01 549 000 —6.4 12.9
SSMA 30/74 30 500 1.2 1.04 800 000 2.4 26.5

a Weight-average degree of association.
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Figure 4. LALLS plots for samples SSMA 500/86 (M) and
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A different situation was observed when MAc was
used as selective solvent. Multimolecular micellar solu-
tions with the characteristic blue color were obtained
in almost all cases. The LALLS data are presented in
Table 4, whereas characteristic plots are given in Figure
4. It is characteristic that diblocks with higher PSMA
contents (SSMA 47/55 and SSMA 62/11) were insoluble
in this solvent even after thermal treatment at 50 °C.
Only the sample with the lowest PSMA content, SSMA
500/86, shows a small tendency for the formation of
multimolecular micelles. It seems that the large PS
block solubilizes the PSMA core so that the system
forms mostly unimolecular rather than multimolecular
micelles. The characteristic LALLS plot (Figure 4) and
the negative A, value are indicative of the presence of
strong intramolecular interactions and consequently
unimolecular micelles. The degrees of association for the
other diblocks are of the same order of magnitude and
seem to be sensitive to both the PSMA content and the
total molecular weight of the sample. As in the case of
EAc, no cmc value could be detected, despite the fact
that the characteristic concentration region where the
micelles are organized could be observed in all cases.

Viscometry. Dilute solution viscometry measure-
ments were performed in the common good solvent THF
at 25 °C. The results are reported in Table 5. The rather
high ky values obtained are due to the comblike
structure of the PSMA block and are consistent with
the data reported for the PSMA homopolymers.%

The data collected in EAc are presented in Table 5
and confirm the conclusions drawn by LALLS. The
formation of multimolecular micelles from sample SSMA
47/55 is evident by the large increase in the viscometric
radius and the much higher ky value, which indicates
the existence of strong hydrodynamic interactions. The
Huggins and Kraemer plots are given in Figure 5.

The existence of unimolecular micelles in EAc for the
samples with the lower PSMA content is manifested
from the higher ky values and the lower [y] and Ry
values compared to the corresponding results in THF.
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Figure 5. Huggins (®) and Kraemer (M) plots for sample
SSMA 47/55 in EAc.

Especially the Ry values are 10—12.5% lower than those
in THF. This difference is systematic for all the samples
and cannot be attributed to experimental errors or the
difference in quality of the two solvents (EAc and THF)
for the PS blocks, since both have the same solubility
parameter.

The viscometry results in MAc are presented in Table
5. In all cases the ky values are very high, indicating
the existence of strong hydrodynamic interactions, even
in the case of sample SSMA 500/86, where the degree
of association is almost unity. The viscometric radius
is 28% lower for this sample compared to the value
obtained in THF, indicating that mostly unimers exist
in MAc, in agreement with the LALLS data.

The results from the other samples show that the
intrinsic viscosities are lower and the viscometric radii
higher than in THF meaning that more compact struc-
tures occur in this solvent.

Dynamic Light Scattering. The dynamic light
scattering (DLS) results in THF for the PS-b-PSMA
copolymers are presented in Table 6. Positive kp values
were observed in all cases.

As is expected, the Ry values are similar to the
corresponding Ry values obtained by viscometry in THF.

The corresponding DLS data for the diblock copoly-
mers in EAc are given in Table 6. The samples with the
lower PSMA content have Ry values which are lower,
up to 12%, compared to those measured in THF, and
their kp values are negative in all cases. This result is
in agreement with the low A; values obtained in EAc,
since kp and A; are related through the equation:

ko =2A,M + ki —u 1)
where M is the molecular weight, ks the coefficient of
the concentration dependence of the friction coefficient,
and u the partial specific volume of the polymer.
Because of the similar molecular weights in both
solvents, THF and EAc, a decrease in A, is accompanied

Table 5. Viscometry Results of the PS-b-PSMA Diblock Copolymers in THF, Ethyl Acetate, and Methyl Acetate

THF ethyl acetate methyl acetate
sample [7],dL g™t Kn Ry, nm [7],dLg™? K Ry, nm [7],dL g™t Kn Ry, nm
SSMA 47/55 0.248 0.49 5.70 0.148 1.16 14.9
SSMA 500/86 1.35 0.39 215 0.370 1.34 15.4
SSMA 32/76 0.177 0.57 4.46 0.127 0.84 3.96 0.105 1.16 11.7
SSMA 42/68 0.171 0.50 4.78 0.121 0.71 4.18 0.100 1.27 8.82
SSMA 30/74 0.155 0.55 4.20 0.114 0.74 3.78 0.094 1.35 10.6
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Table 6. DLS Data for the PS-b-PSMA Diblock Copolymers in THF, Ethyl Acetate, and Methyl Acetate

THF ethyl acetate methyl acetate
Do x 107 Do x 107 Do x 107

sample (cm?/s) kg (mL/g) Rn(nm)  (cm?s) kg (mL/g)  Rnh(nm) (cm?/s) Kq (ML/g) Rh (nm)

SSMA 47/552 3.79 10.97 6.41 0.16 —21.13 315
15.3,37.8
SSMA 500/86 1.22 93.24 194 - - - 4.10 —53.67 14.6
SSMA 32/76° 5.15 22.52 4.66 1.28 —13.60 4.01 1.14 79.38 52.39
19.7,72.8
SSMA 42/68°¢ 4.80 6.41 5.05 1.07 —9.66 4.77 7.539(5.45) —106.99 (—32.11) 7.964 (11.0)
4.48, 21.0

SSMA 30/74 5.27 14.69 4.56 1.26 —24.79 4.08 3.83 —-9.29 15.6

a CONTIN analysis in ethyl acetate showed the existence of bimodal distribution. The first peak (15.3 nm) corresponds to the micellar
structure and the second (37.8 nm) to the formation of clusters. > CONTIN analysis in methyl acetate showed the existence of bimodal
distribution. The first peak (19.7 nm) corresponds to the micellar structure and the second (72.8 nm) to the formation of clusters. ¢ CONTIN
analysis in methyl acetate showed the existence of bimodal distribution. The first peak (4.48 nm) corresponds to unassociated polymer
chains and the second (21.0 nm) to the micellar structure. 4 The plot in methyl acetate is not linear. The first results correspond to the
lower concentration regime, whereas the results given in parentheses to the higher concentration regime.
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Figure 6. Intensity weighted size distribution by DLS and
CONTIN analysis in EAc: (left) sample SSMA 47/55, u,/T? =
0.23; (right) sample SSMA 30/74, u,/T? = 0.05.

by a decrease in kp as well. In addition, the Ry values
are in very good agreement with the R, values obtained
by viscometry in EAc. These results provide a further
indication that unimolecular micelles are formed in this
solvent. Furthermore, these structures are monodis-
perse as evidenced by the second moment values u,/T'2
of the cumulant analysis, which were considerably lower
than 0.1 for all samples.

A different situation was observed for the sample
SSMA 47/55, where multimolecular micelles were ob-
served. Using the CONTIN analysis, a bimodal distri-
bution was obtained. An example from the intensity
weighted distributions for samples SSMA 47/55 and
SSMA 30/74 is provided in Figure 6. In the concentra-
tion range used, the analysis showed the existence of
two peaks corresponding to Ry values equal to 15.3 and
37.8 nm. Both values are higher than the one observed
in THF (6.41 nm). A possible explanation is that the
first peak corresponds to micellar structures, whereas
the second one to clusters. Formation of clusters has
been observed many times in micellar solutions. In cases
where the cores are not very compact and are close to
each other, i.e., at increased concentrations, there is a
possibility that they start to interpenetrate, giving rise
to micellar clusters. The thermal treatment of the
samples at 50 °C probably causes a swelling of the cores,
thus giving them the opportunity to interact leading to
the formation of clusters that remain in the solution
after the temperature is lowered to 25 °C.

A similar behavior was obtained in the case of PS-b-
PEO diblock copolymers in cyclopentane, a solvent
selective for the PS blocks.38 Upon heating the sample
to 68 °C, above the melting temperature of the PEO only
single chains were observed. Subsequent cooling to 23
°C resulted in the formation of very large aggregates
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Figure 7. Diffusion coefficient vs concentration plot for
sample SSMA 500/86 in MAc.

after 24—48 h, which were in equilibrium with micellar
structures.

The CONTIN analysis revealed that the solution
contains ~60% of clusters. Since the intensity weighted
distributions are very much influenced by the large
scatterers, it is obvious that the content of clusters is
highly overestimated by this method. The micelles were
found to be monodisperse, whereas the clusters were
polydisperse as judged by the high values of the second
moment results of the cumulant analysis (u2/T? > 0.2).
This is another evidence that the two peaks correspond
to micelles and clusters, respectively.

The micellar hydrodynamic radius is in good agree-
ment with the viscometric radius, indicating that the
shear forces applied in the capillary tube of the viscom-
eter are able to break the clusters. Similar behavior has
been reported in other micellar®® and aggregating®®
systems and provides evidence that the forces leading
to the formation of the clusters are very weak compared
to those that are responsible for the formation of the
micelles.

The DLS data concerning the hydrodynamic behavior
of the PS-b-PSMA diblocks in MAc are given in Table
6. As was concluded by LALLS and viscometry, the
sample SSMA 500/86 tends to form unimolecular mi-
celles. Figure 7 shows that the kp value is strongly
negative and also the structures are monodisperse (u2/
I'?2 < 0.1 for all concentrations and angles), as shown in
Figure 8, and the hydrodynamic radius is almost 25%
lower than that measured in THF. A similar reduction
in size was observed by viscometry going from the
common good solvent, THF, to the selective solvent,
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Figure 9. Hydrodynamic radius of micelles (®), clusters (a),
and average values (M) vs concentration for sample SSMA
32/76 in MAc.

MAc. The Ry value is in very good agreement with the
Ry value in MAc.

More complicated results were obtained for the samples
with the lower PSMA content. The sample SSMA 32/
76 displays a bimodal distribution, as shown by the
CONTIN analysis, in Figure 8. Both peaks and the
average signal give Ry values that scale linearly with
concentration and positive kp values, as shown in Figure
9, indicating that the decrease in the A, values is
overbalanced by the increased molecular weights in
MAc (eq 1). The first peak is near monodisperse corre-
sponding to the micellar structures. The second peak is
polydisperse with a much higher Ry value and can be
attributed to the formation of clusters. As was pointed
out in the case of sample SSMA 47/55 in EAc, these
clusters are connected through weak forces and thus can
be disrupted by the shear forces developed during the
flow in the capillary tube of the viscometer.

The sample SSMA 30/74 also displays a bimodal
distribution at lower angles, but at higher angles (>90°)
the two peaks merge to one at concentrations higher
than 1.5 x 1072 g/mL as shown in Figure 10. The first
peak is near monodisperse and can be attributed to the
formation of micelles. The second peak is polydisperse,
has a much higher Ry value, and corresponds to micellar
clusters. As the two peaks merge, at higher angles the
polydispersity factor, u»/T?, is reduced from 0.22 to 0.1
by further increasing the concentration. This behavior
suggests that the difference in size between micelles and
clusters is not as big as in the case of the sample SSMA
32/76 and that by increasing concentration more stable
structures are observed. The total kp value is negative,
but higher than the value obtained for the same polymer
in EAc, due to the higher molecular weight in MAc.

Figure 10. Intensity-weighted size distribution by DLS and
CONTIN analysis for sample SSMA 30/74 in MAc: (left) c =
0.641 x 1078 g/mL, uo/T? = 0.32; (middle) ¢ = 1.539 x 1073
g/mL, u2/T? = 0.22; (right) ¢ = 7.439 x 1073 g/mL, u»/T? = 0.10.

DLS data for the sample SSMA 42/68 show that the
values of the apparent diffusion coefficient are reduced
by increasing concentration. This means that gradually
species of lower mobility are formed, which correspond
to the development of the micellar structures. The Ry
value derived from the high concentration regime is
close to the corresponding viscometric radius. CONTIN
analysis showed that a bimodal distribution also exists
in this case. The first peak has a Ry value very close to
the one found for the diblock in THF and is monodis-
perse. Consequently, it can be attributed to unassociated
unimers. The second peak has a much higher Ry, value
and is polydisperse, thus corresponding to the micellar
structures (Figure 8). The Ry, values for both the unimer
and the micelles scale linearly with concentration, but
the content in micelles increases with increasing con-
centration. The reason for the unimer—micelle equilib-
rium for this specific copolymer against the more
common micelle—cluster equilibrium developed for the
other diblocks may be the higher molecular weight of
this copolymer and/or the existence of a small amount
of PS homopolymer in the sample. The contamination
of the final product with a small quantity of PS
homopolymer due to partial deactivation of the living
PSL.i solution upon the addition of the second monomer
cannot be ruled out, but it is very difficult to be detected
with conventional techniques, because of the low PSMA
content.

Micellar Structure. Comparison of these results
with other PS-b-polymethacrylate copolymers or copoly-
mers consisting of PS and crystalline blocks is not
straightforward, due to the differences in solvent quality
and the nature of the two blocks. In general, lower
aggregation numbers are observed in the system under
investigation compared to the PS-b-PMMAZ9-32 or PS-
b-poly(methacrylic acid)’® systems in different selective
solvents. Similarly, micellization studies performed
using PS-b-PEO diblocks in cyclopentane,3® a selective
solvent for the PS block, showed the existence of large
aggregates, due to the crystallizability of the PEO blocks
and the vicinity to the ® point of the system PS—
cyclopentane. In our case the lower degrees of associa-
tion can be explained considering on the one hand the
different quality of the solvents and on the other hand
the long alkyl side chains of PSMA, which probably
sterically prevent the main chains to approach each
other, thus favoring the formation of micelles with low
degrees of aggregation.

Several models have been proposed to describe the
micelle structure. The case of micelles consisting of
small cores and large coronas can be well described by
the star model. If Na and Ng are the lengths of the
corona and core forming blocks A and B, respectively,
the star model will be valuable when N > Ng. Accord-
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Table 7. Structural Parameters of Micelles

dry core swollen core
sample Rp, nmM Rn/(Ng#25N 3/5) Rn/Ng3/5 MA/[7] Rc, nm Ac, nm? R, nmM Ac, nm?2
SSMA 47/552 15.3 0.29 0.97 0.27 6.35 17.2 8.00 27.2
SSMA 32/76P 19.7 0.45 2.4 0.34 4.57 8.7 5.76 13.8
SSMA 42/68P 21.0 0.40 1.8 —0.35 4.15 16.8 5.23 26.6
SSMA 30/74b 15.6 0.38 1.9 0.20 4.37 9.0 551 14.4

an ethyl acetate. ? In methyl acetate.

ing to Halperin’s star model,”* the following scaling
relationships between the parameters of interest for
diblock copolymers can be obtained:

aggregation number: N ~ Ng*°
core radius: R, ~ Ng¥*

micelle radius: R ~ Ng**°N,¥°

The other limiting case, the situation of micelles
consisting of a large core and a relatively thin corona,
i.e., when Ng > Nj, can be described by mean density
models.”275 According to these models, the volume
fraction of the A segments in the corona is assumed to
be independent of the distance from the core. The
following scaling relationships are obtained:

aggregation number: N ~ Ng
core radius: R, ~ Nz**

micelle radius: R ~ Ng2°

The low PSMA content of the diblocks examined in
this work favor initially the star model. To test these
models for the micellar solutions in ethyl and methyl
acetate, the ratios Rp/(Ng*2°Na3%) and Rn/Ng?3 were
calculated. The calculations, performed for the samples
that form polymolecular micelles, using the Ry, values
found for the micellar structures are given in Table 7.

From these results it is obvious that the star model
is more appropriate to describe the micellar structures.
Nevertheless, the ratio Rn/(Ng*¥2°Na%%) is not very
constant. These deviations may indicate that the mi-
cellar core is not very compact. To further test this
assumption, the radius of the core was calculated using
the equation:

_ /
R.= (3Mw,mithPSMAM'nNAdPSMA(pPSMA)l ° (2

where My, mic is the micellar molecular weight, wtpsma
the weight fraction of the core forming block, dpsma the
density of PSMA, and ¢psma the volume fraction of
PSMA in the core. The density of PSMA was calculated
using group contribution methods, according to Van
Krevelen’ (dpsma = 0.982 4 0.05). Two limiting cases
were considered: the dry core (gppsma = 1) and the
swollen core (ppsma = 0.5). The results for both cases
are given in Table 7. It is obvious that even in the case
of the dry core, the core size is relatively large consider-
ing the low PSMA content. The micellar core radii are
between 20% and 30% compared to the total Ry, values
for triblocks containing 26—32% PSMA. This is a direct
evidence that that the cores are rather swollen and not
very compact.

A rather surprising result is the dependence of R; on
the PSMA block length, Ng. Although the Ng range is

rather narrow, it was found in the case of methyl acetate
that R, ~ Ng~%25; i.e., by increasing the length of the
PSMA block, the core radius decreases in contrast to
the predictions of the model. This behavior can be
attributed to the limited range of the Ng values and to
the increased tendency for crystallization by increasing
the length of the PSMA chains, leading to small
contraction of the micelle cores.

It was concluded that for impermeable spheres the
following expression is valid:

MA,/[5] = 1.6 3)

The values of MAy/[y] for the micellar solutions are
included in Table 7. In almost all cases the values are
lower than unity, meaning that these micellar struc-
tures cannot be described as impermeable spheres. This
result is in agreement with our previous observations
that the micelles are not very compact having rather
swollen cores.

The area of the core—corona interface, A, occupied
per copolymer chain is given as

A. = 47R?IN,, (4)

The A; values for the dry and swollen core cases are
reported in Table 7. All of them fall in a relatively
narrow range and are similar to those calculated for the
micelles formed by the PS-b-PMAA copolymers in di-
oxane/water mixtures 80/20 v/v.

Conclusions

Narrow molecular weight distribution block copoly-
mers of styrene and stearyl methacrylate were prepared
by anionic polymerization high-vacuum techniques.
Their micellization properties were studied in ethyl and
methyl acetate, which are selective solvents for the PS
blocks. Unimolecular micelles (intramolecular side group
association) are formed in EAc for samples having low
PSMA contents. Only when the PSMA content is higher
than 45% are multimolecular micelles formed (inter-
molecular side group association). A similar situation
was also observed in MAc. Rather low degrees of
aggregation were found in all cases. There is a general
trend for the formation of clusters. These structures are
not very stable and are disrupted under the influence
of the shear forces developed in the capillary viscometer.
The micelles are near monodisperse and spherical and
have a rather swollen core.
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