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Micelles Formed by a Model Hydrogen-Bonding Block Copolymer
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ABSTRACT: A nearly monodisperse polystyrene-block-poly(p-hydroxystyrene) copolymer (PS—PSOH) was
synthesized by combining protected group chemistry with high-vacuum anionic polymerization. The
molecular weight of both blocks was 1.0 x 10%. Our objective was to study the effect of hydrogen bonding
on micelle formation in block copolymer solutions. The self-hydrogen-bonding capability of the
hydroxystyrene moieties is well established. Light scattering experiments were conducted on dilute
solutions of PS—PSOH in tetrahydrofuran (THF), a common solvent for both blocks, and toluene, a selective
solvent for the polystyrene block. Dynamic light scattering (DLS) measurements indicated that the block
copolymer was molecularly dispersed (or nearly so) in THF with a hydrodynamic radius R, = 3.8 nm.
However, large aggregates with R, = 76 nm were observed by DLS in toluene solutions. Static light
scattering (SLS) measurements on the PS—PSOH/toluene solutions confirmed the presence of large
aggregates with aggregation numbers of 104 chains/micelle. The micellar structure was determined by
enforcing simultaneous consistency with both SLS and DLS measurements. A rodlike structure, 300

nm in length and 40 nm in diameter, is consistent with both measurements.

Introduction

There is continuing interest in the thermodynamic
properties of block copolymers.!?2 These macromol-
ecules, which comprise two or more covalently bonded
sequences of chemically distinct monomers, self-as-
semble into well-defined microstructures, both in bulk
and in solution. Diblock copolymers form spherical
micelles in dilute solutions if the solvent is selective,
i.e., a good solvent for one block but poor for the other.3
The micelles represent a minimum free energy struc-
turet with a solvent-lean core of poorly solvated blocks
and a corona of well-solvated blocks extending into
solution, as depicted in Figure 1. In this respect block
copolymers are similar to other amphiphilic molecules
such as surfactants and phospholipids. A variety of
lamellar and cylindrical structures have been identified
in such systems.5~7 Cylindrical micelles can be either
rodlike or disklike, as depicted in Figure 1.

Previous studies on block copolymer micelles are
largely restricted to systems wherein the inter- and
intramolecular potentials are nonspecific and dominated
by dispersion forces.? Polystyrene—polyisoprene block
copolymers in hydrocarbon solvents are typical materi-
als used in such studies.> The driving force for micel-
lization in such systems is the repulsive interactions
between one of the blocks and the solvent. Micelles
formed under such circumstances are usually spherical 3
although cylindrical micelles are sometimes obtained.?10
Recently Eisenberg and co-workers have examined
micellization of ion-containing block copolymers in non-
ionic solvents such as toluene.!1~13 These molecules are
high molecular weight analogues of traditional surfac-
tants. In this case, the tendency for micellization is
augmented by ion pair associations that can occur in
the core of these micelles. Like typical nonionic block
copolymers, these systems also form spherical micelles.

In this paper we report on the characteristics of
micelles formed by a polystyrene-block-poly(p-hydroxy-
styrene) (PS—PSOH) copolymer in toluene, a selective
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Figure 1. Schematics of possible structures of micelles in a
selective solvent.

solvent for the polystyrene block. The hydroxystyrene
moieties are capable of specific interactions via hydrogen-
bonding. The formation of hydrogen bonds in the
micellar core is an additional driving force that is
expected to affect micelle formation and is the distin-
guishing feature of this investigation. Hydrogen bond-
ing plays an important role in both natural* and
synthetic!516 polymer materials. The PS—PSOH block
copolymer used in this study was synthesized by com-
bining protected group chemistry with high-vacuum
anionic polymerization.!” Consequently, it was nearly
monodisperse with respect to molecular weight and
composition. The structure of the micelles was deter-
mined from static and dynamic light scattering experi-
ments. Cylindrical micelles with a diameter of 30—40
nm and a length of about 300 nm were found to be
consistent with both measurements.

Synthesis of
Polystyrene-block-poly(p-hydroxystyrene)

The reaction scheme employed for the synthesis of the
polystyrene-block-poly(p-hydroxystyrene) copolymer is
summarized in Scheme 1.

© 1995 American Chemical Society
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Scheme 1
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Step 1. Synthesis and Purification of p-[(fert-
butyldimethylsilyl)oxylstyrene Monomer. p-Ac-
etoxystyrene (64.8 g, 0.4 mol) was mixed with 10%
KOH(aq) (560 mL, 1.0 mol) at 0 °C under an atmosphere
of nitrogen and stirred for 2 h, followed by neutralization
of the solution to a value of pH 8 Hexane was then
added to extract p-hydroxystyrene from the solution,
and the organic mixture was dried over MgSO,. After
filtration, hexane was evaporated to obtain a white solid.
The solid was recrystallized from hexane to yield
p-hydroxystyrene (34.7 g, yield 72%).

Mp: 68—70°C. 'H NMR (200 MHz, acetone-ds, TMS
as standard): é 5.02—5.65 (2d, 2H, CHy=), 6.73—6.58
(2d, 1H, CH=), 6.71—7.33 (2d, 4H, aryl—H), 8.45 (s, 1H,
OH). IR: 3400 cm™! (vs, OH).

tert-Butyldimethylsilyl chloride (48.2 g, 0.32 mol) in
dry DMF was added dropwise into a stirred solution of
p-hydroxystyrene (34.5 g, 0.29 mol) and imidazole (23.6
g, 0.35 mol) in dry DMF at 0 °C under an atmosphere
of nitrogen. After addition was complete, the solution
was allowed to warm up to room temperature and
stirred for 5 h. The product was extracted using
chloroform and HsO, washed with 5% NaHCOj3, and
dried over MgSQO,. After filtration and evaporation, a
pale yellow liquid (63.1 g, yield 91%) was obtained.

1H NMR (200 MHz, CDCls, SiCH;3 signal as stan-
dard): 0 0.00 (s, 6H, SiCHjy), 0.08 (s, 9H, SiCCHjs), 4.88—
5.45 (2d, 2H, CHy=), 6.37—6.54 (2d, 1H, CH=), 6.55—
7.10 (24, 4H, aryl-H). IR: 1280—1240 cm™! (vs, SiCHjy).
GC: mass = 234.

The crude product was distilled at 85 °C on a high
vacuum line (107* Torr) into an evacuated ampule
equipped with a break-seal. Prior to polymerization,
p-l(tert-butyldimethylsilyl)oxylstyrene was further puri-
fied under high vacuum, over benzylmagnesium chloride
(the mixture was stirred at room temperature for 2 h),
and then distilled into another ampule with a break-
seal. The purified p-[(tert-butyldimethylsilyl)oxy]lsty-
rene was colorless.

Step 2. Synthesis of Polystyrene-block-poly[p-
[(#ert-dimethylsilyl)oxylstyrene] Block Copoly-
mer. A polystyrene-block-poly[p-[(tert-butyldimethyl-
s1lyl)oxy]styrene] diblock copolymer was synthesized by
sequentlal anionic polymerization under high vacuum
in benzene, with sec-butyllithium as the initiator and
degassed isopropyl alcohol as the terminator. The
polystyrene block was synthesized first. After 12 h, an
aliquot of the reaction mixture containing the “living”
poly(styryllithium) anions was isolated and terminated.
The p-[(tert-butyldimethylsilyl)oxylstyrene monomer
was then introduced into the reactor. This resulted in
a change of color from bright yellow to orange. The
reaction was terminated by degassed isopropyl alcohol
after 4 h, at which point the orange color disappeared
instantly. All the operations were carried out at room

~CHp—CH}mCHp—CH® ~CHy—CH}=b—~{CHo—CH}= ~CHo—CH}=-b~CHy—CH}=
m;,—s|—cH3
@ tBu!NF
THF

CH3—?'\-—C H3
tBu

temperature, in a single, all-glass, sealed apparatus
under high vacuum. Appropriate amounts of the puri-
fied reagents were attached via break-seals to the
reactor. Standard high-vacuum procedures were used
for purification of benzene, styrene, sec-butyllithium,
and isopropyl alcohol.18

Step 3. Desilylation of Polystyrene-block-poly-
[p-[(tert-butyldimethylsilyl)oxylstyrene]. The poly-
[p-[(tert-butyldimethylsilyl)oxylstyrene] block was con-
verted to poly(p-hydroxystyrene) by reaction with tert-
butylammonium fluoride. The silyloxy-containing copoly-
mer was first dissolved in THF, and a 2 M tert-
butylammonium fluoride/THF solution was added. The
mixture was stirred at room temperature under an
atmosphere of nitrogen for 5 h. The polymer was
precipitated by pouring the mixture into HyO. The
product was washed with H»0, redissolved in THF, and
reprecipitated by hexane.

Our synthesis procedure is based on the pioneering
works of Hirao, Nakahama, and co-workers.!?

Characterization of Polystyrene-block-poly-
(p-hydroxystyrene)

The chemical composition of the silyloxy-containing
block copolymer was verified by 1H NMR spectroscopy:
'H NMR (Figure 2a) (CDCl3) [(0.1 (SiCHs), 0.9 (SiCCHsy),
1.0-2.0 (CH and CHy), 6.1-7.2 (ArH)]. The 'H NMR
spectrum obtained after desilylation of the block copoly-
mer with fert-butylammonium fluoride is shown in
Figure 2b. The spectrum of the desilylated block
copolymer is essentially devoid of peaks corresponding
to the dimethylsilyl group at 0.1 ppm and tert-butylsilyl
at 0.9 ppm (<0.5% of the protecting group is left).
Instead, a peak at 9.0 ppm, corresponding to the OH
group is, obtained after desilylation. The IR spectra
from the silyloxy-containing block copolymer and the
desilylated product are shown in Figure 3. The peak
at 910 cm™! obtained from the silyloxy-containing block
copolymer corresponds to the Si—O bond. The spectrum
from the desilylated block copolymer does not show this
feature. Instead, a peak at 3450 cm~! is observed,
indicating the presence of the OH group.

The molecular weight of the styrene block was deter-
mined by gel permeation chromatography (GPC) on the
polystyrene precursor. THF was the mobile phase, and
the GPC was calibrated using polystyrene standards.
The My, of the polystyrene precursor was determined
tobe 1.0 x 104 The composition of the block copolymer
was determined from the relative intensities of the
aliphatic and aromatic protons in the 'H NMR spectrum
of the polystyrene-b-poly[p-[(tert-butyldimethylsilyloxy]-
styrene] copolymer (Figure 2a). The M, of the poly[p-
[(tert-butyldimethylsilyl)oxylstyrene] block was deter-
mined to be 2.0 x 10% The GPC trace obtained from
the block copolymer before desilylation is shown in
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Figure 2. 'H NMR spectra of (a) polystyrene-b-poly[p-[(tert-butyldimethylsilyl)oxylstyrene] and (b) polystyrene-b-poly(p-

hydroxystyrene) copolymers.
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Figure 3. IR spectra of (a) polystyrene-b-poly[pl(tert-bu-
tyldimethylsilyl)oxylstyrene] and (b) polystyrene-b-poly(p-hy-
droxystyrene) copolymers.

Figure 4. A single peak was obtained from the silyloxy-
containing block copolymer. The polydispersity index
(M/M,) of this copolymer was estimated to be 1.18
based on the polystyrene calibration. The calculated
molecular weight of the poly(p-hydroxystyrene) block
after desilylation is M, = 1.0 x 10% The GPC data
obtained from the PS—PSOH block copolymer after
desilylation are also shown in Figure 4. Pyridine was
added to the polymer solution prior to injection, to
minimize specific interactions between the hydroxyl
groups on the polymer and the stationary phase. It is
likely that the “high molecular weight shoulder” that
accounts for 2% of the GPC signal is due to our inability
to screen the polymer—stationary phase interactions
completely. Measurements without pyridine showed a
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Figure 4. Gel permeation chromatograms of (a) polystyrene-
b-polylp-[(tert-butyldimethylsilyl)oxylstyrene] and (b) polysty-
rene-b-poly(p-hydroxystyrene) copolymers.

shoulder of considerable height (acounting for 20% of
the signal), which decreased systematically with in-
creasing pyridine content. It is also possible that the
shoulder is also due to some inter chain hydrogen
bonding. Evidence for this was found in light scattering
results described below.

Static and Dynamic Light Scattering Results

Static and dynamic light scattering (SLS and DLS,
respectively) data from toluene and tetrahydrofuran
(THF) solutions of PS—-PSOH were obtained on an ALV-
5000 instrument at Polytechnic University. An argon
ion laser (A = 488.0 nm) and a HeNe laser (A = 632.8
nm) were used as sources for the incident light, Data
were obtained at several scattering angles between 30
and 150°,
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The SLS signals were converted to absolute intensi-
ties using pure toluene as a secondary standard. The
absolute calibration was verified by measuring Rayleigh
ratios of other solvents such as cyclohexane. The
angular independence of the measured scattering from
these low molecular weight solvents was also used to
verify alignment of the instrument.

The time autocorrelation function of the scattered
intensity, g(r), was accumulated in the homodyne mode
and used to obtain the intensity-weighted distribution
of mobilities, G(I'), by solving the following integral
equation,1920

g(0) = Bla{ [, G exp(-Tn dI'}*+11 (1)

The solution was obtained using CONTIN, a software
package developed by Provencher.?!

Samples were made by encasing predetermined
amounts of polymer and filtered solvents in heat-sealed
glass cuvettes. Most of the samples were made using
freshly opened, HPLC-grade toluene and anhydrous
THF bottles, to minimize atmospheric contamination.
A few THF samples were also made under high vacuum,
to ensure the absence of water. Anhydrous THF was
vacuum distilled, first into calcium hydride, then into
a sodium dispersion, and finally into a 1:1 molar ratio
of sodium and benzophenone. Scattering cells contain-
ing predetermined amounts of PS—PSOH were attached
to the vacuum line by glass-blowing, and purified THF
(from the THF—sodium benzophenone flask) was dis-
tilled into the cells. The scattering cells were isolated
by heat-sealing. Vacuumd-line integrity was maintained
during all stages of sample preparation.

Toluene samples were routinely annealed at 60 °C for
48 h and then cooled to room temperature. The light
scattering signals obtained from these solutions, at room
temperature, a few hours after annealing, were identical
to those obtained after 6 months. The exact annealing
history did not appear to be important. Varying the
annealing temperature from 50 to 80 °C and the
annealing time from 5 to 48 h had no effect on the light
scattering results. We also made a few PS—PSOH/
benzene solutions, and the light scattering results were
nearly identical to those obtained from the PS—PSOH/
toluene solutions. The lack of time and thermal history
dependence is a necessary, but not sufficient, condition
for equilibrium. Thus, whether or not the imposed
thermal history leads to an equilibrium state at room
temperature remains an open question. We can only
state that heating the samples to 50 °C or higher leads
to a reproducible state at room temperature. The THF
solutions were not annealed. The static and dynamic
light scattering measurements reported in this paper
were made on the same samples, at 25 + 0.2 °C.

In Figure 5 we compare DLS signals obtained from
typical THF and toluene solutions of PS—-PSOH. Both
autocorrelation functions were measured at a scattering
angle of 110° [¢ = 2.96 x 1072 nm~! in THF and q =
3.15 x 1072 nm™! in toluene; ¢ = 47n sin(6/2)/A, where
6 is the scattering angle, n is the refractive index of the
solution, and A is the wavelength of the incident beam].
The distribution of mobilities obtained from CONTIN
also is shown in Figure 5. A single peak dominates this
distribution in both solutions. The characteristic decay
rate associated with a relaxation mode, I, is assumed
to be equal to the ratio of the first and zeroth moments
of the peak.

In Figure 6a we show the dependence of I, of the THF
solutions on g and the polymer weight fraction in

Model Hydrogen-Bonding Block Copolymer 1975

s

sl i
710t 10 10t 10 w0t 10
T(sec)

10° 10° 10
T (1/sec)

Figure 5. CONTIN results for the distribution of mobilities,
G(I), obtained from (a) THF (w = 1.3 x 1072 and (b) toluene
(w = 8.7 x 107*) solutions of PS~PSOH at a scattering angle
of 110°. Insets: Normalized autocorrelation functions, g(z)/
B, obtained from (a) THF (w = 1.3 x 10~2) and (b) toluene (w
= 3.7 x 107*) solutions of PS—PSOH at a scattering angle of
110°.

solution, w. We have included data obtained from one
of the PS—PSOH/THF samples that was prepared under
high vacuum. The data obtained from this sample are
identical to those obtained from solutions made under
atmospheric conditions. The relaxation mode is dif-
fusive (T'; ~ q2), and the value of I'. at a given q is nearly
independent of polymer concentration (within experi-
mental error). The diffusion coefficient associated with
this relaxation mode, D, is given by the slope of the I’
versus g2 plot and is equal to 1.24 x 107% cm?%s. The
Stokes—Einstein relationship can be used to estimate
the hydrodynamic radius of the diffusing species, .

D = kT/67nR,, (2)

where k is the Boltzmann constant, T is the absolute
temperature, and # is the viscosity of the solvent. The
value of Ry, for PS—PSOH in THF thus obtained is 3.8
+ 0.6 nm. According to Huber et al.,22 Ry, of a 20K PS
in a good solvent—in their case, toluene—is 3.3 nm. The
measured Ry from the PS—PSOH/THF solutions are
thus within experimental error of that expected from
individual chains of the block copolymer in a good
solvent. We thus conclude that the PS—PSOH is
molecularly dispersed in THF. This is expected because
THF is a good solvent for both PS and PSOH.

The data shown in Figure 6a were obtained several
months after the samples were made. Initial DLS data
from the PS—PSOH/THF solutions (obtained from
samples that were prepared a week earlier) revealed a
slow mode at all scattering angles, and these data were
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Figure 6. (a) Plot of T, versus g2 for PS—PSOH/THF solutions
of various concentrations [squares, w = 2.0 x 1073, circles, w
= 4.0 x 107% hatched squares, w = 1.8 x 1072 diamonds,
sample prepared under high vacuum, w = 1.62 x 1072]. (b)
Plot of T versus g2 for PS—PSOH/toluene solutions of various
concentrations [triangles, w = 6.0 x 1075; squares, w = 3.0 x
1075 diamonds, w = 1.5 x 1074 circles, w = 3.7 x 10741

reported in a preliminary publication.23 This slow mode,
which we believe to be due to self-association of the
hydroxyl groups, represents transient aggregates that
eventually dissolve (over a period of months). The data
shown in Figure 6a are limited to w < 1.6 x 1072, In
these solutions, the free-chain diffusion accounted for
80—100% of the DLS signal. We attribute the rest of
the signal to artifacts such as dust and other difficulties
due to the low scattering intensities from the THF
solutions. However, the slow mode in the most concen-
trated solution (w = 8.8 x 10~2) persisted for 6 months
and was detected consistently at all scattering angles.
The main purpose of performing the DLS experiments
on THF solutions was to obtain the R}, of the free chains.
Hence, the w = 3.8 x 1072 data were not used in this
study. Whether equilibrium aggregates occur in THF
solutions at w > 1.6 x 1072 remains unresolved.

In Figure 6b we show the dependence of I'. of the PS—
PSOH/toluene solutions on concentration and ¢2. This
relaxation mode is also diffusive and nearly independent
of polymer concentration. The diffusion coefficient
associated with these solutions is 5.18 x 1078 cm?/s,
with a corresponding Ry = 76.4 £ 2.6 nm. This value
is considerably larger than the size of the free chains
and is evidence for micelle formation. This is expected
because toluene is a selective solvent for the PS block.
However, the fully extended length of the PS—PSOH
molecule is 24 nm. The fact that the measured Ry, in
toluene is significantly greater than 24 nm rules out the
possibility of spherical micelles with architecture de-
picted in Figure la. We therefore consider other pos-
sible structures such as cylindrical micelles.
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Table 1. Dimensions of Ellipsoidal Particles Which,
Based on Perrin’s Theory,2528 Yield a Hydrodynamic

Radius of 76.4 nm
minor major semiaxes (nm) radius of
semiaxes (nm) prolate oblate sphere (nm)

4 405 117

10 326 114

15 275 112

20 253 109

25 220 104

76.4

The theory of scattering from ellipsoids was used to
determine the structure of the micelles. A similar
approach was used to determine the structure of bio-
logical macromolecules.* The rodlike and disklike
micelles shown in Figure 1 may be approximated as
prolate and oblate ellipsoids, respectively. The hydro-
dynamic radius of ellipsoids obtained by revolving an
ellipse with semiaxes ¢ and b about the a axis was
obtained by Perrin.19.24-26

R, = a/fibla) (3)
where
1+ (1 - b¥a®HM?
In bla
flbla) = 1= YD for a > b (prolate)
- b/a
4)
and
—1r/3.2/.2 _ 112
Aoy =28 1O~ V] < b (oblate)

b2/ 2 __ 1)1/2
(ba 5)

For micellar aggregates, the minor semiaxis is re-
stricted to molecular dimensions (see Figure 1). The
lower and upper bounds for the minor semiaxes are thus
4 nm (the size of the free chains) and 25 nm (the fully
extended chain length), respectively. It is well-known
that block copolymer chains in micellar aggregates
adopt stretched configurations, due to their proximity
to each other.}* Theoretical calculations and experi-
mental observations on spherical micelles formed by
block copolymers indicate that the radius of a micelle
is about 4—5 times larger than the radius of gyration
of the free chains.3427 The exact degree of stretching
depends on the geometry and aggregation number.
Since we do not know this for the PS—PSOH micelles,
we assume that the degree of stretching is similar to
that obtained in spherical micelles. The minor semiaxes
of the micelles are thus expected to lie between 15 and
20 nm.

The major semiaxes of oblate and prolate ellipsoids
that would obtain an Ry, of 76.4 nm were computed from
eqs 2—5, constraining the minor semiaxes to molecular
dimensions. The results obtained are summarized in
Table 1. For completeness, we also include the degen-
erate result that is obtained for a sphere (b/a = 1). We
use SLS data to determine which of these structures is
realized in toluene solutions of PS—PSOH.

The static scattering function, I(g), of a solution
containing randomly distributed ellipsoids is also well-
known.28

a2l 2
Ig) = %’Z 7 /ZE_WL(;ﬂ. cos B dB (6)
u
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Figure 7. (a) SLS intensity, I(g), versus q for PS—PSOH/
toluene solutions at various concentrations [squares, w = 6.0
x 1075; triangles, w = 3.0 x 1075 diamonds, w = 1.5 x 107%
circles; w = 3.7 x 1074]. (b) Scattered intensity normalized
by the weight fraction of polymer in solution, I(q)Yw, versus ¢
of PS—PSOH solutions in toluene [squares, w = 6.0 x 1075
triangles, w = 3.0 x 107%; diamonds, w = 1.5 x 1074 circles,
w = 3.7 x 1074] and THF [hatched squares, w = 1.3 x 1072].
Inset: THF scattering data shown in detail. The normalized
scattered intensity from the toluene solutions is 4 orders of
magnitude larger than that from the THF solutions.

where
b2 12
u= qa(cos2 B+= sin? ,B) (7)
a

and J39(x) is the 3/5-order Bessel function:

(8)

Iynlts) = (2u)1/2(sin u _ cos u)

m u2 u

In Figure 7a we show the absolute scattered intensity,
I(g), versus ¢ from toluene solutions of PS—PSOH. In
Figure 7b we plot the ratio I(g)/w versus q and find that
the data from all the solutions collapse on to a single
curve. This collapse indicates that the size and shape
of the aggregates do not change with concentration. This
is consistent with the DLS results. For purposes of
comparison, we also report absolute I(q)/w values ob-
tained from a typical THF solution (w = 1.3 x 1072),
Note that the normalized scattered intensity from the
toluene solutions is 4 orders of magnitude larger than
that obtained from the THF solutions. This suggests
that the number of chains per aggregate is of the order
of 10 (neglecting small differences such as scattering
contrast in the two solutions). Conventional, spherical
micelles formed by block copolymers usually contain 102
chains per aggregate.3427 The large aggregation num-
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Figure 8, Comparison between experimentally measured SLS
data and theoretical calculations for ellipsoids that give Ry =
76.4 nm (see Table 1). Prolate ellipsoids, i.e., rodlike particles,
are most consistent with the experimental data. Solid
curves: oblate ellipsoids with ¢ = 25 nm and b = 104 nm,
spheres with ¢ = b = 76.4 nm, and prolate ellipsoids witha =
326 nm and b = 10 nm. Dashed curves: oblate ellipsoids with
a = 10 nm and b = 114 nm and prolate ellipsoids with ¢ =
220 nm and b = 25 nm. Symbols represent data obtained from
the PS—PSOH/toluene solution with w = 3.7 x 1074,

ber is thus also consistent with extended, nonspherical
aggregates.

It is our purpose to determine which of the proposed
micellar structures listed in Table 1 is most consistent
with the measured I(g). The g-dependence of the
scattered intensity from the ellipsoidal structures listed
in Table 1 was computed from eqs 6—8. The results are
shown in Figure 8 along with data obtained from one
of the PS—PSOH/toluene solutions. The experimental
data were multiplied by a constant to force agreement
between theory and experiment at the low scattering
angles. We find qualitative consistency between experi-
ment and theory for the case of prolate ellipsoids. On
the other hand, spherical and disklike micelles are
qualitatively inconsistent with the data. Note that
spherical micelles could also be ruled out on the basis
of the fully extended length of the PS—PSOH molecules.
Prolate ellipsoids, i.e., rodlike structures, are thus the
only structures that are consistent with both the static
and dynamic light scattering data. We thus conclude
that the micelles are most probably rodlike with length
L ~ 500 nm and diameter d ~ 40 nm.

A more detailed description of the Brownian motion
of rigid rods was obtained by Broersma.?®-3! According
to this theory, the hydrodynamic radius of these par-
ticles is given by:

L

= 35— g0 ®

where 6 = In(2L/d) and function g(d) is given by

g(6) =0.73 — 3.7(1/6 — 0.34)* — 2.1(1/6 — 0.39)
(10)

In the limit L/d > 1, eqs 9 and 10 reduce to Perrin’s
results for long, prolate ellipsoids (eqs 3 and 4 with b/a
<« 1) and Reisman and Kirkwood’s results®? for rigid
rods. Using Broersma’s results with Ry, = 76.4 nm and
d = 40 nm, we obtain L ~ 300 nm. The agreement
between theoretical I(g) for these cylinders and experi-
ment is qualitatively similar to that shown in Figure 8.

It is important to note that the actual micellar
structure is far more intricate than the models that have
been considered. The lack of quantitative agreement
between theory and experiment seen in Figure 8 is



1978 Zhao et al.

perhaps a manifestation of this fact. We have assumed
that the micelles can be approximated as uniform, rigid
bodies. The micelle, however, is a composite structure
with a core that is much more rigid than the corona.
The rigidity of the core will depend on the extent to
which solvent is excluded from it. It is unlikely that
cylindrical micelles with L/d ~ 8 are truly rigid.
Furthermore, eqs 3—5, 9, and 10 were derived assuming
the no-slip boundary condition; the velocity is assumed
to be a continuous function across the fluid—particle
interface. This is sometimes referred to as the “stick”
boundary condition. This assumption may not be
strictly valid due to the presence of mobile coronal
chains at the particle—solvent interface. Additional
effects, such as polydispersity in aggregate size, have
not been considered. These factors may have a sub-
stantial effect on our estimate of L.1933.3¢ There is also
some concern that the measured dynamic light scatter-
ing signal from such large micelles may contain contri-
butions due to rotation of the cylinders.!® Such effects
are predicted to be important at high scattering angles
(gL > 6). If our estimate of L (300 nm) were exact, then
only DLS data obtained at scattering angles below 90°
(g < 6/L) would yield the “true” translational diffusional
coefficient. Departures from the I'; versus g2 scaling are
predicted at larger scattering angles (g > 6/L).1® The
fact that we do not observe such effects (see Figure 6b)
suggests that the physical dimensions of the micelles
may be somewhat smaller than that estimated on the
basis of rigid, sticky cylinders.

Concluding Remarks

A nearly monodisperse polystyrene-block-poly(p-hy-
droxystyrene) block copolymer was synthesized using
anionic polymerization techniques. We have used this
model polymer to study the effect of hydrogen bonding
on micelle formation in block copolymers. The charac-
teristics of the micelles were studied by static and
dynamic light scattering. The theory of scattering from
ellipsoids was used to determine the shape of the
aggregate. A cylindrical micelle with length L ~ 300
nm and diameter d ~ 40 nm is consistent with both
static and dynamic light scattering measurements. Our
current experiments are aimed at obtaining the struc-
ture of the micelle by other means such as electron
microscopy. These studies may reveal other aspects of
the micellar structure such as polydispersity.

Another factor that motivated this study is the
“compatibilizing” capability of block copolymers.®s In
many systems, such as high-impact polystyrene, the
addition of block copolymers to blends of immiscible
polymers leads to improved properties. The copolymers
serve as interfacial agents (or compatibilizers), improv-
ing the adhesion between the coexisting phases and
preventing coalescence of the dispersed phase. We
believe that it is possible to use molecules such as PS—
PSOH to improve the properties of blends containing
polymers with hydroxyl groups and other hydrogen-
bonding groups such as ethers, amides, and esters.
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