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By means of light scattering, unimolecular-micelle formation is investigated for poly(methyl methacrylate)-
graft-poly(styrene)s with different graft-chain densities in a dilute solution of a selective solvent. Molecular
welghts of the poly(methyl methacrylate) (PMMA) backbone and the branch poly(styrene) (PS) are about
6 x 10°% and 9 x 10°, respectively, and the graft-chain density is relatively low, ranging from 6 to 17 of PS
composition in wt%. The solvent used is iso-amyl acetate, which is a thermodynamically good solvent for
PS and a poor solvent (f-temperature: 60°C) for PMMA. Radius of gyration, hydrodynamic radius, and the
second virial coefficient are measured as a function of temperature ranging from 10 to 70°C. At a branch PS
composition of 6 wt%, with decreasing temperature, the copolymer chain shrinks in the same manner as the
PMMA chain with no PS branches, although the f-temperature decreases by about 25°C. This indicates that
no particular order structure is formed. At higher branch densities, rod-like unimicelles are strongly
suggested to be formed by intramolecular segregation between the PMMA backbone and PS branches, with
the shrunken PMMA backbone forming the core rod covered with PS chains. With decreasing temperature,
the dimension of the unimolecular micelle decreases probably due to decreasing contour length of the
micelle core. Copyright © 1996 Elsevier Science Ltd.
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INTRODUCTION

Micelle formation of polymer chains in solutions of selec-
tive solvents have been studied extenswely from the
theoretical and experimental points of view' '®. Diblock
and triblock copolymers form rather simple assoc1ated
micelles similar to low-molecular-weight surfactants in
aqueous solution. On the contrary, multi-block copoly-
mers including graft copolymers may form a variety of
micellar structures depending upon sequence and length
of block chains and solvent quality by either intra- or
intermolecular association. In particular, the capability of
unimolecular micelle formation of the multi-block copoly-
mers with the intramolecular association is a unique
property that cannot be seen in low molecular weight
surfactants, but is very common in biological macro-
molecules, although the structure formed is usually not a
simple micelle but a more complex globule structure. For
its importance, very few studies on unimolecular micelles
and the association structure of multi- block copolymers
or graft copolymers have been reported'®”

Most experimental studies on unlmolecular micelles
have been reported for graft copolymers. Selb and
Gallot'®?* have demonstrated that poly(styrene)-graft-
poly(4-vinyl-N-ethylpyridium bromide) forms unimole-

*To whom correspondence should be addressed

cular micelles in methanol/water mixtures containing
hydrogenated lithum, with the structure changing from
comb-like to star-like as the water content increases.
Price and Woods?>? have reportedly observed forma-
tion of unimolecular micelles for poly(styrene)-grafi-
poly(lsoprene) in methylcyclohexane and other graft
copolymers in selective solvents. Benoit et al. have
also observed formation of unimolecular micelles for
poly-(methyl methacrylate)-graft-poly(styrene), poly(3,3-
diphenylpropene-1)-graft-poly(styrene) and poly(3,3-
diphenylpropene-1)-graft-poly(methyl methacrylate% in
mixed solvent of methylcyclohexane and 1,4~ dioxane?

In any of the above studies, the solvents are good for
branched chains, the grafted chains are rather long, for
instance, one fifth of the backbone chain in the polym-
erization index, and the composition of the branch is
larger than 50wt%. Breslar er al. have reported
unimolecular micelle formation of a multi-block copoly-
mer consisting of about nine blocks of poly(styrene) and
poly(isoprene)®®. Diblock copolymers have also been
reported to form unimolecular micelles'*'=3*

As for theoretical studies, Halperin predicts that a
copolymer of multi-blocks connecting alternatively form
a flower-like or strmg of flowers unimolecular micelle in
selective solvent®. de Gennes also predicts unimolecular
micelle formatlon of the flower type for a statistical
copolymer’. Joanny®’ and Khokholov® predict uni-
molecular micelle formation for a polyelectrolyte.
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Figure 1 Schematic presentation of possible micellar structures of the
graft copolymer with short branches of a low branch density as a
function of solvent quality. See text for details
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Figure 2 Scheme for preparation of PMMA-g-PS by coupling
reaction

Micellization by intermolecular association of graft
copolymers have not been so extensively studied.
Dondos et al.28’29, and Price and Woods®?® have
reported associations of graft-copolymers, but not pre-
sented detailed discussion on the structure of associates.

In this series of studies, we focus our attention on
unimolecular micelles and intermolecular associates
formed from graft-copolymers with low grafted-chain
densities in selective solvents.
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In Figure 1, the predicted structures of unimolecular
micelles possibly formed by such a graft copolymer are
presented schematically as a function of solvent qualities
to backbone chain and branch chains which are
represented by excluded volume parameters 4y, =
1/2 — Xobs and v = 1/2 — x5, respectively, where x
is the monomer—monomer Iinteraction parameter.
Change of non-selective solvent quality is presented by
the line v = 4,5, Where the coil-globule transition
observed in ordinary linear polymers will occur. If
solvent quality to backbone polymer changes from
nearly ©-condition (v, 22 0) to non-solvent quality
(b5 <0) keeping solvent quality to branch chains good,
unimolecular worm-like chain or rod micelle, where the
backbone is covered with branch chains, will appear,
followed by cylindrical and spherical unimolecular
micelles as shown along the line A in region 1. In
contrast, in region 2, as the solvent quality of branches
becomes poorer from nearly ©-condition (14, s 22 0) at a
fixed vy (> 0) solvent, as illustrated by line B, a
unimolecular micelle of flower-connecting type will be
formed via petals of random coil structure with a centre
core of shrunken branch chains. In the non-solvent
quality limit (¢4, ; < 0), a unimolecular micelle made up
of one flower will be formed. Detailed structures of
unimolecular micelles, such as petal number per flower,
may depend on branch density and length ratio of
branch chain to backbone chain as well as solvent quality
including selectivity.

In addition to the case of unimolecular micelles, in
the formation of multimolecular micelles, a variety of
structures can be supposed depending on the method
of intermolecular association.

To reveal the predicted behaviour mentioned above
and other behaviours of graft-copolymer with low
grafted-chain densities in selective solvents, we require
systematic experimental studies. For this purpose, we
synthesized neat samples of poly(methyl methacrylate)-
graft-poly(styrene) (PMMA-g-PS) consisting of a long
backbone and short branches, where the branches are
1/600 shorter in molecular weight than the backbone,
having different branch densities in the range of 6-—
17 wt% of branched chains in a copolymer chain.

In this study, we investigate unimolecular micelles of
PMMA-g-PS formed in iso-amyl acetate (i-AA) which is
a thermodynamically good solvent to branched PS and a
theta (@) solvent to the PMMA backbone to reveal
micelle-forming conditions and the structure as a func-
tion of solvent quality (i.e. temperature) and branch
density. That is, we study the unimolecular micelle
formation in region 1 shown in Figure 1.

In the following section, we will first describe details of
PMMA-g-PS sample preparation, and then method and
analysis of light-scattering experiments, and present the
experimental results of molecular weight, radius of
gyration, hydrodynamic radius, and the second virial
coefficient, followed by estimated unimolecular micelle
structures.

EXPERIMENTAL
Materials

Graft copolymers used were newly synthesized (CL-1,
CL-2) and one (RS-8) previously made using macro-
monomers™ .



Unimolecular-micelle formation: A. Kikuchi and T. Nose

Table 1 Characteristics of PMMA-g-PS samples (CL-1, CL-2 and RS-8)

Backbone (CL-b) Branch
M, M, /M M M, /M Average PS composition®
Sample (10° gmol ™) (10° gmol ™) ()
CL-1 5.58 (6.02b) <1.10 8.77 1.07 0.0614
CL-2 5.58 (6.02%) <1.10 9.19 1.04 0.128
RS-8 5.96 — 8.52 1.10 0.175

¢ Measured by SLS
Measured by s.e.c.
¢ Measured by 'H n.m.r.

Preparation of graft copolymers CL-1 and CL-2

Poly(methyl methacrylate)-graft-polystyrene (PMMA-
g-PS) was prepared by the processes with coupling
reaction as illustrated schematically in Figure 2. In
process (1), poly(methyl methacrylate) (PMMA) was
made by radical polymerization using azobisisobutyro-
nitrile (AIBN) as initiator in toluene, followed by mole-
cular weight fractionation by a preparative size exclusion
chromatography. The PMMA sample obtained was
named CL-b and used as the backbone chain. Living
polystyrene (PS) to be grafted to chains was anionically
polymerized in tetrahydrofuran (THF) with sec-butyl
lithium as initiator [process (2)]. The fractionated
PMMA and living PS were reacted in THF at —78°C
to form graft copolymers, PMMA-g-PS, and the living
ends of the unreacted PS were killed by adding a small
amount of methanol [process (3)]. The coupling reaction
was performed for two different PMMA/PS composi-
tions to obtain PMMA-g-PS with different branch
densities. The product of coupling reaction was purified
by removing unreacted PMMA and PS by means of
extraction using acetonitrile and cyclohexane and
repeated precipitations by toluene/cyclohexane solvent
systems [process (4)].

Pre-treatment and stability

As-synthesized PMMA-g-PS in solutions of THF and
some other solvents showed molecular weights 23 times
larger than the expected one, and a broad molecular
weight distribution, suggesting intermolecular associa-
tions due to insufficient dissolution. This problem was
not solved by using other solvents, leaving for a long
time with stirring, and/or heating up to about 60°C, but
disappeared using methyl ethyl ketone and ethyl acetate.
Once the sample was dissolved molecularly, then no such
‘association’ was observed even in a solution of other
solvents. In view of this fact, the as-synthesized graft
copolymers were first dissolved in ethyl acetate, followed
by complete evaporation of the solvent, and dried by the
freeze-dry method with benzene.

The graft copolymer was stable, showing no degrada-
tion in solution for more than 10 days around 60°C. All
the experiments were performed watching the sample
stability.

Characterization

Weight-average molecular weight M, and polydisper-
sity index M,/M, of PMMA backbones and PS
branches for two PMMA-g-PS (sample codes CL-1 and
CL2) used in this study were determined by light scat-
tering and analytical size exclusion chromatography

(s.e.c.). Chemical composition was determined from 'H
n.m.r. spectra in deuterated methylene dichloride measured
by a 500MHz n.m.r. spectrometer, JEOL GSX 500
(Table 1). CL-1 and CL-2 consist of the same backbone-
chain length and almost the same branch length with
narrow molecular-weight distributions, but have differ-
ent branch densities.

Molecular weight distribution (MWD) and chemical
composition distribution (CCD) of PMMA-g-PS were
characterized by light scattering using three solvents: 1-
ethyl naphthalene (1-EN), chloroform (CHF), and i-
amyl acetate (i-AA) with different refractive indices n
(n=1.61, 1.44, and 1.35, respectively, while n = 1.5 and
1.6 for PMMA and PS, respectively). The three solvents
gave the same apparent molecular weight within experi-
mental error, as shown in Figure 3, consistent with the
one calculated from molecular weights of backbone
PMMA and branch PS and average chemical composi-
tions. This implies that both MWD and CCD are
reasonably narrow*®*’. That is, the apparent molecular
weight M, (apparent) observed by light scattering does
not give the true My in the case of the copolymer, but
depends on the refractive index of solvent following the
relation®

M, (apparent) =M, (true) (1 +2Pb + Qb?) (1)

Here, bis given by b = (va — vg) /vy, where va, vg and v
are the refractive index increment of the polymers form-
ing the two types of block and the copolymer mixture,
respectively. The two parameters P and Q are related to
the heterogeneity of composition of the sample. The
results of Figure 3 show that P and Q almost vanish,
indicating very narrow MWD and CCD.

The narrow molecular weight distribution was also
confirmed by s.e.c. measurements, which gave
M, /M, = 1.08 for CL-1 and 1.15 for CL-2.

Characteristics of RS-8 prepared in the previous
study® are listed in Table 1. The branch density is
higher than those of CL-1 and CL-2. For the three graft
copolymers, backbone length and branch length are

Table 2 Average number, m, of branches and average molecular
weight, M., between nearest neighbour branching points

Sample m’ ME(10* gmol™")
CL-1 42.6 134
CL-2 93.2 6.26
RS-8 137 4.03

9 Calculated from MW(Ws)/Mw (branch). M,, of CL-1, CL-2 and RS-8
are 6.09 x 10, 6.69 x 10° and 7.22 x 10® gmol™!, respectively
b Calculated from My, (1 — (W))/m
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Figure 3 Plots of apparent molecular weight, M, vs b for CL-1 and
CL-2. Solvents are 1-EN, i-AA, CHF from left to right.
b = (vps — Vpmma)/Vo, Where vps, vpmma and vy are refractive-index
increments of PS, PMMA, and copolymer, respectively. The solid line is
the average value of M, in the three solvents

almost the same. It should be noted that the MWD and
CCD of RS-8 are not as narrow as those of CL-1 and
CL-2. The true M,, listed in Table I was evaluated using
equation (1), where P and Q were 0.44 and 0.51,
respectively. In Table 2 are listed values of average
numbers, m, of branches and average molecular weight,
M., between nearest neighbour branching points for
graft copolymers. The branch number m ranges from 40
to 140, and the molecular weights, M, are 4—14 times
larger than the molecular weight of branches indicating a
low grafted-chain density.

Light scattering measurements

Light scattering measurements were carried out in iso-
amyl acetate (i-AA). Purchased i-AA was dried over
calcium hydride, and purified by distillation. Sample
solutions were filtered through a Millipore filter into light
scattering cells, followed by dilution with dust-free
solvent to the desired concentration. The optical cells
were subsequently flame-sealed under vacuum.

The light scattering apparatus was specially designed
with Ar-ion lasers of wavelength 488 nm as light source,
using the photon-counting method. Details of the light
scattering spectrometer have been described elsewhere™!.
The excess Rayleigh ratio [R,,(0)] for vertically polarized
incident and scattered light was extrapolated to zero
concentration (C) and zero angle (6) by Zimm plots or
Berry plots to determine molecular weight A, radius of
gyration Ry, and the second virial coefficient A,
following the equation

2

R
148
+3q

KC 1
R.(6) M,

2

fol 424,04 Q)
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where the constant K is given by K =4r°n’
(0n/AC)? /(NaA]), with n being the refractive index of
solvent, N, the Avogadro constant, (9n/8C) the
refractive index increment, and )\, the wavelength of
the incident beam in vacuum, and the momentum
transfer g is given by ¢ = (4wn/Xy)sin(6/2). The
concentration C is in weight per volume of solution.
The value of R, is the refractive-index-increment
weighted in copolymers. In the present case, however,
the scattered light intensity of the PMMA backbone
dominates over that of PS branches because of the low
branch composition, so that the obtained R, can be
practically regarded as a true radius of gyration of z-
average (estimated discrepancy was about 5% in the case
of core-corona sphere micelle).

The values of R, and A4,, as well as M,,, thus obtained
are apparent depending on the refractive indices of
solvents for a copolymer solution with polydispersity in
chemical composition. Although this is the case for the
copolymer RS-8, the apparent values of R, and 4, were
used without any correction because the polydispersity
was not so large. The apparent values may reflect the
components with larger PS compositions having the
larger refractive index increment. In this sense, the
meaning of the values of R, and 4, is not so clear for
RS-8 as for the other samples.

Since, in the measurements of CL-b solution at low
temperature (<40°C), the extrapolation to the dilute
limit was not available because of aggregation, we
evaluated apparent values of M, and R, without the
extrapolation, which are defined as

R (0
M, = ——»K(C ) (3)
M (initial slope)
R:I="V 4
g q2/3 ( )

where KC/R,,(0) and (initial slope) are the intercept and
the initial slope of KC/R,(6) vs 4> plot at finite
concentration. Since the polymer concentration was
low [2.55x 107%g (g of solution)™'], the apparent
values were treated as true ones.

The refractive indices and densities of the solvents
were obtained by extrapolation of the reported values to
the desired wavelength and temperature***. For the
refractive index increment of PS, PMMA, and the graft
copolymers, reported values® and measured values
using a differential refractometer (Union Giken RM-
102) were used.

The correlator used for dynamic light scattering was a
multiple tau digital correlator ALV-5000. The correla-
tion function of electric field obtained from the
autocorrelation function of scattered light intensity
approximately followed a single exponential decay and
allowed us to obtain the decay rate I" by the second order
cumulant method**. The I'-value showed a g-square
dependence as all the experimental conditions satisfied
R,q < 1. The diffusion coefficient D was evaluated by
D =T/q", and extrapolated to zero concentration to
obtain the diffusion coefficient D at the infinitely dilute
limit. The obtained D, was transformed to the hydro-
dynamic radius Ry, by the Einstein—Stokes equation

kT
b 67T’I7D0

(5)



Table 3 R, and 4, of CL-b, CL-1, and CL-2 in non-selective good
solvents, chloroform (CHF) and 1-ethyl naphtharene (1-EN)

R, (nm) A, (107 em® molg™?)
Sample 1-EN CHF 1-EN CHF
CL-b 115 — 20.7 —
CL-1 124 135 18.9 21.3
CL-2 134 121 16.4 20.7
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Figure 4 Changes of M,, (O), R, (®) and 4, (W) of Cl-b in i-AA with
decreasing temperature

where k, T and 75 are the Boltzman constant, absolute
temperature and solvent viscosity. The viscosity 1 was
measured by an Ubbelohde-type viscometer as a func-
tion of temperature.

In the measurements of Cl-b solution at low tempera-
tures, the apparent Ry, was evaluated using the diffusion
coefficient D at finite concentration directly to the
Einstein—Stokes equation. The apparent values were
regarded as true ones.

RESULTS AND DISCUSSION

R, and A; in non-selective good solvents

Values of R, and A4, for CL-1, CL-2, and PMMA
backbone, CL-b, in non-selective good solvents, 1-ethyl
naphthalene (1-EN) and chloroform (CHF) are listed in
Table 3. As expected from low branch densities and short
branches of the copolymers, changes in R, and 4, with
grafting of branched chains are not so large.

Solvent quality of i-AA to the PMMA backbone

Figure 4 presents R, and 4, of CL-b in the selective
solvent, i-AA, along with M,, as a function of
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Figure 5 Change of M, for the graft copolymers in i-AA with
decreasing temperature. (a) CL-1; (b) CL-2; (c) RS-8

temperature. The 6 temperature is located around
60°C, which is consistent with a reported result**. The
chain dimension is much smaller than that in a good
solvent around the 8 temperature, and decreases rapidly
with decreasing temperature to be that of the collapsed
state. The constancy of M, implies that, during this
change, no detectable intermolecular association takes
place.

R,, R, and A, of graft copolymers as a function of
temperature and branch density

Figure 5 presents the temperature dependence of M.,
for the copolymers CL-1, CL-2 and RS-8 in the selective
solvent, i-AA, which shows that no appreciable associa-
tion took place in any of the graft copolymers.

R,’s of CL-1, CL-2, RS-8, and CL-b in i-AA as a
function of temperature are shown in Figure 6. Ry’s of
the graft copolymers are larger than that of CL-b with no
PS branches, as expected, because the presence of PS
branches, which have repulsive interaction in i-AA, i.e.
positive excluded volume, may expand the chain dimen-
sion whatever the chain-conformational structure is. At
higher temperatures around 60°C, R, of Cl-1 with the
lowest branch density is the largest and R, seems to
decrease with increasing branch density (BD) in the
present range of BD. The temperature dependence of R,
of Cl-1 is very similar to that of CL-b, while those of CL-
2 and RS-8 are weaker than that of CL-b and the
dependence becomes weaker as BD increases. This
means that the higher BD is larger at lower temperature.
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Figure 7 Change of A4, with decreasing temperature for the graft
copolymers and the backbone polymer in i-AA. (O) CL-1; () CL-2;
(A) RS-8; (@) CL-b

It is noteworthy that the R,-behaviour does not seem to
change monotonously with increasing BD, but those of
CL-2 and RS-8 are different from that of CL-1.

This characteristic for the changes in Ry-behaviour with
BD is more clearly seen in the behaviour of the second
virial coefficient 4,, which is shown in Figure 7, where A4,
is plotted against temperature 7. The most characteristic
feature is the difference between CL-1 and CL-2 or RS-8.
Namely, the magnitude and temperature-change of A, in
CL-1 are similar to that of CL-b, although the 4,—T plots
shift to lower temperatures from those for CL-b, having a
0 temperature around 35°C, whereas A4, of CL-2 and RS-8
have larger positive values in the whole temperature
range. Compared with CL-2, the copolymer RS-8 exhibits
smaller A, values at higher temperatures, and a weaker
temperature dependence to have similar values of 4, at
lower temperatures.

Figure 8 shows the Ry, results. The hydrodynamic radii
of the graft-copolymers are much larger than that of the
backbone, and have very weak depend on the BD

5894 POLYMER Volume 37 Number 26 1996

60
55 o © 0o
50 -
45| ozon® P

40F
= Doo

R / nm

35+ o000 ° *
30

25+ e b

20

I I I 1 ] 1 i
0 10 20 30 40 50 60 70 80
Tempereture / °C
Figure 8 Change of R, with decreasing temperature for the graft

copolymers and the backbone polymer in i-AA. (O) CL-1; (O0) CL-2;
(A) RS-8; (@) CL-b

2.5
2 -
DDD
e 8
=] a Q0 L 2
~ 1.5 a o o o Dgggag
0 O ¢
M 0 o o A
a A
L] A 06
] 00 goo® L
. ° R
0.5 1 L 1 L ] ) 1
0 10 20 30 40 50 60 70 80

Temperature /°C

Figure 9 Change of R,/R, with decreasing temperature for the graft
copolymers and the backbone polymer in i-AA. (O) CL-1; () CL-2;
(A) RS-8; (@) CL-b

including the temperature dependence, which is different
from the R, behaviour.

The ratio R,/R;, decreases with decreasing tempera-
ture in all samples, reflecting the shrinkage of chains, and
details of the change with temperature depend on the
BD, as shown in Figure 9. The R,/R;, of CL-1 shifts to
lower temperature with the presence of branches. CL-2
has larger R,/Ry, ratios than CL-1. The ratios of RS-8
are lower than those of the others, showing a weak
temperature dependence.

At a branch PS composition of 6 wt% (CL-1), with
decreasing temperature, the copolymer chain shrinks in
the same manner as the PMMA chain with no branches,
although the #-temperature is shifted by the presence of
PS branches. This indicates that no particular order
structure is formed in CL-1. The differences between the
lower BD (CL-1) and the higher BD (CL-2) copolymers,
in particular, in R, and 4,, suggest an essential structural
change, that is, a change from a random coil to a
unimolecular micelle with intramolecular segregation. In
CL-2 and RS-8, the polymer molecule as a whole (in
larger scale) has a large excluded volume, while attractive



intramolecular segregation

Figure 10 Schematic illustration of intramolecular segregation of graft
copolymers induced by increasing branch density. States b and d are
unstable and change to more stable states ¢ and e, respectively, which
are actually realized. See text for details
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Figure 11 Change of the penetrating function i for the graft
copolymers and the backbone polymer in i-AA. (O) CL-1; (J) CL-2;
(A) RS-8; (®) CL-b. Broken line indicates the ¥ of CL-b in the non-
selective good solvent, 1-EN

interactions between backbone-PMMA segments may
be localized in short range interaction, and shielded by
PS chains with repulsive interaction surrounding the
PMMA backbone. The intramolecular segregation is
more pronounced in the higher BD sample RS-8 as
suggested by the smaller values of R, and R, /Ry, even at
higher temperatures. A tentatively predicted structure
will be presented in the following.

Formation of a unimolecular-micelle by intramolecular
segregation

As illustrated in Figure 10, overlapping of clouds of
PMMA and PS would increase with increasing BD if the
random coil state was kept (a to b or ¢ to d), and
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Figure 12 Schematic illustration of estimated structures of PMMA-g-
PS in i-AA as a function of branch density and solvent quality to the
backbone. At lower branch densities, with poorer solvent quality, the
graft copolymer chain shrinks in the same manner as the backbone
polymer. At higher branch densities, intramolecular segregation occurs
to avoid the overlapping of clouds of backbone and branches, which
leads to the formation of unimolecular micelles. The intramolecular
segregation proceeds more distinctly as the density and the solvent
quality becomes poorer

intramolecular segregation may occur to avoid the
overlapping (b to ¢ or d to e). As the branch density
BD increases further, the separation between backbone
and branches may become more distinct by intramole-
cular segregation (c to e).

The intramolecularly segregated structure must have a
characteristic length that is the same as the dimension of a
segmental chain between the nearest-neighbour branch
points, whatever the structure is. If the unimolecular
structure is of a spherical core-corona type, the core size
has to be comparable to the segmental-chain dimension.
If the structure is rod- or disk-like, then the thickness of
the core should be the characteristic length. In the present
graft copolymers, the number of PMMA-segmental
chains in a molecule is so large (see Table 2) that the
copolymers may not form a spherical micelle with the
core of the segmental-chain, but rather a rod-like micelle
to realize intramolecular segregation. The size of the rod-
like micelle as a whole depends on another length scale,
i.e. the contour length of the whole PMMA-backbone
chain. This may lead to shrinkage of the core size
(thickness and contour length) with increasing BD and
decreasing temperature. This can also explain the weaker
temperature dependence of R, at the higher BD. The
intramolecular segregation starts to take place at a BD
between those of CL-1 and CL-2, i.e. 6 and 12wt%,
resulting in the formation of a unimolecular micelle. As
the attractive interactions between backbone segments
increases with decreasing temperature, the intramolecular
segregation proceeds more distinctly and the coverage of
PMMA backbone chain with PS branches becomes more
perfect, which leads to enhancement of the intermolecular
repulsion. This is supported experimentally by the
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penetrating function for the second virial coefficient, as
shown in Figure 11. Here, the penetrating function ) is
defined by the equation
3
NaR,
Ay = ——
M,

The functions of CL-b and CL-1 have the same
magnitude, changing positive to negative with decreasing
temperature, whereas those of CL-2 and RS-8 are much
larger than those of CL-b and CL-1 and even that of
CL-b in good solvent, and greatly increase with
decreasing temperature. No difference between CL-2
and RS-8 is found, indicating that the smaller size of the
RS-8 chain is responsible for the smaller value of 4, for
RS-8 compared with CL-2.

The above speculations for the chain structure are
consistent with the observed differences in R,/R, ratio
between the different BD copolymers CL-2 and RS-8§, i.e.
RS-8 has the smaller ratio and weaker temperature
dependence because RS-8 may have the more compact
rod-like core due to stronger intramolecular segregation.

From the above considerations, the following sugges-
tions are made for the ordered structure of unimolecular
micelles. At higher branch densities (CL-2 and RS-8),
rod-like unimicelles are formed by intramolecular
segregation between the PMMA backbone and PS
branches, with the shrunken PMMA backbone making
the rod-like core covered with PS chains. With decreas-
ing temperature, the size of the unimolecular micelle
decreases, probably with the decrease of the contour
length of the micelle core. At the higher branch density,
the intramolecular segregation is the stronger and the
contour length is the shorter. The rod is not necessarily
rigid, but may be flexible in the weakly segregated one
and become more rigid as the contour length decreases
with stronger segregation.

In Figure 12, we summarize these predicted structures
of graft copolymers as a function of branch density and
solvent quality to the backbone chain.

v (6)
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