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ABSTRACT: The dilute solution properties of model graft copolymers of the H, S2IS2, and π type, (S,I)I-
(I,S), have been studied in common good (THF) and selective (n-decane and ethyl acetate) solvents. The
molecules have two trifunctional branch points and are composed of polyisoprene (PI) bridges and
polystyrene (PS) or polyisoprene branches. Three different methods were employed, low-angle laser light
scattering, dynamic light scattering, and viscometry, in order to extract information about the aggregation
number, the size, and the shape of the micelles formed in selective solvents for the PI backbones (n-
decane) and for the PS branches (ethyl acetate). Both graft copolymers form multimolecular micelles in
n-decane. Their hydrodynamic behavior resembles that of hard spheres. In the case of the H copolymer
in ethyl acetate, large, loosely bound aggregates are formed above the cmc which are transformed to
more compact micelles at higher concentrations. For the π copolymer, regions of existence of unimolecular
and compact multimolecular micelles were observed, together with a sharp and relatively high critical
micelle concentration. The behavior is in agreement with the closed association model. In both cases,
the aggregation numbers were lower than the ones observed for diblock and triblock copolymers in similar
solvents. The influence of macromolecular architecture on the micellization behavior of these model
compounds is discussed in view of the additional constraints and parameters imposed by the macromo-
lecular topology.

Introduction
Macromolecular association has been the subject of

many studies for more than 30 years1 now, since
aggregating systems are of great academic interest
(structure-property relations) and have potential for
applications in fluids science (i.e. viscosity modifiers).2
In addition, it has long been recognized that the
structure of polymer solutions can influence the proper-
ties of the final solid polymeric product.3
It is a well-established fact that block copolymers form

micelles in selective solvents.4 i.e. solvents that are good
for one of the blocks and precipitants for the other.
Experimental parameters such as molecular weight of
the copolymer or of each block, composition and archi-
tecture of the copolymer as a whole, solvent quality with
respect to both blocks, concentration, and temperature
can dramatically influence the aggregation number, the
size, and the shape of the micelles formed. So far, most
of the investigations have been concerned with the
micellization of linear diblock copolymers.5-15 Experi-
mental and theoretical studies dealing with the ability
of triblock copolymers to form micelles in selective
solvents for the middle or the outer blocks have also
been published.16-27 A few papers dealing with graft
copolymers, having randomly distributed branches along
the backbone,28-32 and a limited number of papers
dealing with more complex architectures (star and
super-H) have also appeared in the literature.33-36

More investigations on nonlinear block copolymers are
needed in order to elucidate the influence of the
architecture on the micellization behavior of block
copolymers.

In this paper, we report results from low-angle laser
light scattering, dynamic light scattering, and viscom-
etry experiments on two well-characterized model graft
copolymers of the H, S2IS2 and π (S,I)I(I,S) architectures
(Scheme 1) in dilute solutions of selective solvents for
the polyisoprene backbones (n-decane) and the polysty-
rene branches (ethyl acetate). Our primary goal is to
investigate the influence of the macromolecular topology
on fundamental properties of the micelles (aggregation
number, size, and shape) and compare their behavior
with the behavior of micelles formed by linear diblock
and triblock copolymers.

Experimental Section

A. Polymer Synthesis. Both model macromolecules were
synthesized by anionic polymerization high-vacuum tech-
niques,37 using methyltrichlorosilane as linking agent. The
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Scheme 1

S2IS2

(S,I)I(I,S)
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difunctional initiator derived from 1,3-bis(1-phenylethenyl)-
benzene (PEB) in nonpolar solvent (benzene) was used for the
preparation of the connecting parts of the backbones, ensuring
uniformity in polyisoprene microstructure (ca. 92% 1,4, ca. 8%
3,4). The reactions describing the synthesis of the H copoly-
mer, S2IS2, are shown in Scheme 2.
The synthetic route involves the reaction of living poly-

(styryllithium) with CH3SiCl3 in an 2.1:3 Li/Cl ratio. After
the formation of the difunctional living polyisoprene bridge,
by use of the difunctional initiator, and its end-capping with
the centrally functional PS dimer, the H copolymer is formed.
The desired product was separated from the excess arms by
fractionation in a toluene/methanol mixture.
The synthesis of the π-shaped copolymer, (S,I)I(I,S), with a

PI backbone and two equally spaced PS branches is decribed
in Scheme 3.
In this case, the outer PI part of the backbone is formed

first by reaction of living monofunctional PILi with excess CH3-
SiCl3. After the removal of excess CH3SiCl3, on the vacuum
line, the PS branch was added slowly until complete substitu-
tion of the second chlorine atom on the macromolecular
difunctional PI linking agent. The PS-PI diblock thus formed,
having a reactive Cl at the junction point, was reacted with
the difunctional living PI bridge in a 2.2:1 ratio. The π-shaped
copolymer was isolated after fractionation in toluene/methanol
mixture. The molecular characteristics of the graft copolymers
are shown in Table 1. More details concerning the sample
synthesis are given elsewhere.38
B. Solvent Purification and Solution Preparation.

Analytical grade THF was refluxed over sodium for 24 h and
fractionally distilled just prior to use. Both copolymers are
readily dissolved in this solvent at room temperature since this
is a good solvent for both blocks. Solutions for static low-angle
light scattering measurements were prepared by dilution of a
stock solution and were filtered through 0.22 µmNylon filters
directly into the scattering cell. For the dynamic light scat-
tering measurements and static light scattering measurements
at temperatures above ambient, clarification of the solutions
was accomplished through a closed-loop filtration system.
Dilutions were made in the filtering assembly in this case. For
the viscosity measurements 1.2 µm Nylon filters were used
and dilutions were made directly into the viscometer. The
same dilution methods were applied for the solutions made
with the selective solvents. However, 0.45 µm and 1.2 or 5
µm Nylon filters were used for the light scattering and the
viscosity experiments, respectively, on the micellar solutions.
n-Decane (analytical grade) was dried over CaH2 by reflux-

ing for at least 24 h and was fractionally distilled just before

use. The π-shaped copolymer was completely soluble in
n-decane after standing for 24 h, with occasional shaking of
the stock solutions. As a precaution, a final heating at 60 °C
for 2 h was done before dilutions in order to avoid sample
history effects related to the formation of nonequilibrium
structures in solution. For the dissolution of the H-shaped
copolymer, heating of the stock solutions at 60 °C overnight
was necessary, apparently due to the higher PS content. Both
polymers gave solutions having the characteristic bluish tint
due to the presence of micelles. No precipitation was observed
from these solutions after standing at room temperature for
weeks.
Ethyl acetate (analytical grade) was stirred over potassium

carbonate for 48 h and subsequently over phosphorus pentox-
ide for another 24 h. The solvent was fractionally distilled
just before use. The H copolymer was readily soluble at room
temperature, and although this temperature is higher than
the PI’s Tg of -65 °C(∼90 deg higher), a subsequent heating
at 45 °C was carried out. The stock solutions had the bluish
color of micellar solutions and were stable for weeks. The π
copolymer was insoluble at room temperature, probably due
to the low PS content. It could be solubilized (at concentrations
of 1-2% w/v) after heating at 45 °C for 2 h maximum, giving
clear transparent solutions. By cooling, a cloud point was
observed at around 37 °C for 1-2% w/v solutions. At ∼36 °C,
the stock solutions became “milky”, making light scattering
experiments impossible. Further standing at room tempera-
ture resulted in precipitation of the polymer. These heating-
cooling cycles could be repeated with reproducibility many
times. At last, it was decided to study this sample at 40 °C.
Ethyl acetate is still a precipitant for PI at this temperature,
as solubility experiments on a 75 000 molecular weight PI
homopolymer indicated. This homopolymer is insoluble in
ethyl acetate at 45 °C even after several days, and dissolution
is achieved only after standing for several hours at 55 °C. We
feel that this solvent-temperature combination is sufficient
to study the micellization properties of the π-shaped copolymer.
In addition, the solution preparation protocol outlined above,
for both selective solvents, ensured reproducibility and con-
sistency of the experimental results.
C. Methods. Static light scattering measurements were

performed with a Chromatix KMX-6 low-angle laser light
scattering photometer, equipped with a 2 mW He-Ne laser,
operating at λ ) 633 nm. At temperatures above ambient, a
laboratory-built temperature control system was used. Ap-
parent weight-average molecular weights, Mw,app, and second
virial coefficients, A2, were determined from the concentration
dependence of the reduced scattering intensity by use of the
equation

where K is a combination of optical and physical constants,

Scheme 2

Scheme 3

Table 1. Molecular Characteristics of Model Graft
Copolymers in THF

sample
S2IS2

(H polymers)
(S,I)I(I,S)
(π polymers)

Mw × 10-5 a 1.74 1.47
Mn × 10-5 b 1.71 1.33
Mw/Mn

c 1.08 1.09
wt % PSd 42 24
Mn(PS arm) × 10-4 b 2.03 1.91
Mn (PI arm) × 10-4 b 3.72
Mn (PI bridge) × 10-4 b 10.2 3.33
[η] (mL/g) 101 85.3
kH 0.39 0.41
Rv (nm) 14.1 12.6
D0 (cm2/s) × 107 3.88 4.34
kD 58 44
Rh (nm) 12.2 11.0
Rv/Rh 1.16 1.15
a Low-angle laser light scattering. b Membrane osmometry in

toluene at 37 °C. c Size exclusion chromatography. d UV spectros-
copy at 260 nm.

Kc/∆Rθ ) 1/Mw, app + 2A2c + ... (1)
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including the differential refractive index increment, dn/dc, c
is the concentration, and ∆Rθ is the difference between the
Rayleigh ratio of the solution and the solvent. The dn/dc
values required for the light scattering measurements were
obtained by a Chromatix KMX-16 laser differential refracto-
meter, operating at 633 nm and calibrated with NaCl solu-
tions, in the appropriate solvent and temperature.
Dynamic light scattering experiments were carried out on

a Brookhaven system composed of a BI200SM goniometer, a
BI2030AT correlator with 72 channels, a ca. 28 mW Ar+ laser
operating at λ ) 488 nm, and a thermostated bath (temper-
ature stability (0.1 °C). The temperature control of the closed-
loop system was achieved by the aid of the same unit used in
high-temperature static light scattering measurements. The
scattering intensity was measured at forward scattering angles
between 37.5 and 90°. Correlation functions were analyzed,
to second order, by the method of cumulants. Apparent
translational diffusion coefficients at zero concentration,D0,app,
were calculated, after extrapolation at zero angle, by aid of
the equation

where Dapp is the apparent diffusion coefficient at each
concentration at zero angle and kD is the coefficient of the
concentration dependence of Dapp. Appparent hydrodynamic
radii, Rh,were determined using the equation

where kB is the Boltzmann constant, T is the absolute
temperature, and ηo is the viscosity of the solvent.
For the viscosity measurements, Cannon-Ubbelohde dilution

viscometers were used in a temperature-controlled bath (tem-
perature stability (0.02 °C). Flow times were measured with
a Schott-Geräte automatic flow timer and were always greater
than 150 s. Kinetic energy corrections were made for the lower
flow times (less than 200 s). Data were analyzed by using the
Huggins

and Kraemer

equations, where [η] is the intrinsic viscosity and kH and kK
are the Huggins and Kraemer constants, respectively. Visco-
metric radii, Rv, were calculated via the equation

where NA is the Avogadro number andMw,app is the molecular
weight determined by static light scattering. In all cases,
measurements were extended over the largest accessible
concentration range, defined by instrumental accuracy.

Results and Discussion
A. Hydrodynamic Properties in THF. From the

molecular weight and compositional characterization of
the model graft copolymers, it is evident that the
samples possess high degrees of molecular weight and
compositional homogeneity. The hydrodynamic proper-
ties of the model graft copolymers in THF, a good
solvent for both PS and PI segments, are also listed in
Table 1. The experimental kH values are typical of
flexible polymeric chains in good solvents and close to
the theoretical good solvent limit, kH ∼ 1/3, for flexible
homopolymers. Additionally, the Rv/Rh ratio is equal
to 1.16 and 1.15 for the H and π copolymers, respec-
tively, somewhat higher than the the theoretical limit
for rigid spheres (Rv/Rh ) 1.039), but lies in the upper
range of experimentally determined values for linear

homopolymers in good solvents. 40-46 It has to be kept
in mind that the ratio Rv/Rh may reflect changes in the
shape of the polymer coil since the intrinsic viscosity
contains static and dynamic contributions ([η] ∝ RhRG

2),
where Rh is a purely hydrodynamic quantity. Addition-
ally, in copolymers comprised of incompatible segments,
partial segregation on the molecular level may influence
to a greater extent the static properties of the molecule.
Conclusions about the shape of the effective hydrody-
namic ellipsoid, describing the hydrodynamic behavior
of the samples in THF, can be deduced by using the
Mandelkern-Flory-Scheraga47 parameter, âMFS, de-
fined by the equation

in a more quantitative fashion. âMFS depends strongly
on the p ) a/b axis ratio for prolate ellipsoids (a is the
major semiaxis and b the minor semiaxis), while for
oblate ellipsoids, âMFS is almost independent of the axis
ratio. The ratio has the values of 2.12 × 106 and 2.19
× 106 for spheres (p ) 1) and random coils, respectively.
For prolate ellipsoids with p ) 20, âMFS ) 2.64 × 106.
The âMFS values for the H and π copolymers are equal
to 2.43 × 106 for both samples, considerably larger than
the hard sphere and random coil values, indicating a
more elongated shape for these macromolecules.
B. Micellar Properties in n-Decane. The results

from the experiments in n-decane, a selective solvent
for the PI segments, are given in Table 2. The concen-
tration dependence of the reduced scattering intensity
is a classical example of systems presenting associa-
tion48 (Figure 1). The Kc/∆Rθ values, after a very steep
decrease at lower concentrations, show an upturn with
a positive slope. This indicates that in this high-
concentration region the equilibrium is shifted in favor
of the micelles and the properties of the solution are
dominated by the presence of associates made of several
copolymer chains. However, even for the lower concen-
trations studied, the region of molecularly dissolved
unimers was never reached and no cmc (critical micelle
concentration) was detected for either sample, indicating
that its value must be very low (lower than 8 × 10-6

g/mL for the H copolymer and <4 × 10-5 g/mL for the
π copolymer), in accordance with previous observations
on similar systems. Judging from the occurrence of the
inflection point on the curves and the lower aggregation
number for the π copolymer, one would expect that the
cmc value for this sample would be larger than for the
H copolymer. The apparent weight-average molecular
weights determined by linear extrapolation from high
concentrations are considerably larger than the ones
determined for the isolated molecules in THF, and the
values of the second virial coefficients are extremely
small but positive. Due to the high dn/dc value for these
samples in n-decane (0.141 and 0.134 mL g-1 for the H
and π, respectively), their low degree of heterogeneity,
and the low A2 values, the experimental Mw,app values
must be very close to the true ones. Definitely these
samples form multimolecular micelles in n-decane, with

Dapp ) D0,app (1 + kDc + ...) (2)

Rh ) kBT/6πηoD0,app (3)

ηsp/c ) [η] + kH[η]
2c + ... (4)

ln ηr/c ) [η] + kK[η]
2c + ... (5)

Rv ) (3/10πNA)
1/3(Mw,app[η])

1/3 (6)

Table 2. Micellar Properties of Model Graft Copolymers
in n-Decane at 25 °C

sample
Mw,app× 10-6

A2× 106 Nw
a

[η]
(mL/g) kH

Rv
(nm)

D0,app
(cm2/s)
× 108 kD

Rh
(nm) Rv/Rh

S2IS2 14 7.5 80 58.4 0.93 50.6 5.38 94 47.1 1.08
(S,I)I(I,S) 1.81 6.2 12 44.8 1.15 23.4 10.7 60 23.7 0.99

a Degree of association Nw ) (Mw,app)/(Mw,copol in THF).

âMFS ) (Dηo/kBT)(M[η])1/3 (7)
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the weight-average aggregation number being larger for
the H copolymer, which also contains more PS.
Viscosity plots at relatively higher concentrations

than the ones used for light scattering experiments show
linearity (Figure 2). This may be a result of the shift
of equilibrium completely in favor of the micelles and

to a constant number of chains, independent of concen-
tration, per micelle. The [η] values are smaller than
the ones obtained in the good solvent. kH values are
found to be increased and very close to the theoretical
value for hard spheres (kH ) 0.9949). However, the kH
calculated for the π copolymer is larger than the one
determined for the H sample. The difference (about
20%) is outside the estimated experimental error (about
10%). Experimental Rv values are larger than the ones
attributed to the unimer, supporting the static light
scattering results for the presence of multimolecular
aggregates in n-decane solutions.
The concentration dependence of Dapp (Figure 3) is

similar to the one found in static light scattering plots.
The D0,app values are lower than the ones obtained in
THF, reflecting the decreased mobility of the supramo-
lecular structures in solution. The angular dependence
of the diffusion coefficient is negligible. The second
moment values, µ2/Γ2, are small (considerably lower
than 0.1 at high concentrations), indicating low poly-
dispersity of the micelles. The kD values are increased
in comparison to the THF solutions, despite the low A2
values, due to the increase in the molecular weight
during the association process (kD ) 2A2M + kf - v,
where kf is the coefficient of the concentration depen-
dence of the friction coefficient and v is the partial
specific volume of the polymer). The Rh values are also
increased and are in good agreement with the Rv values.
The Rv/Rh ratio is very close to unity (closer in the π
copolymer case). Repetition of the experiment gave the
same results. This latter result, in conjuction with the
low [η] values and the increased kH values, indicates
that the micelles of the graft copolymers, in n-decane,
are very compact and behave in solution like hard
spheres. The âMFS values for the H and π copolymers,
2.27 × 106 and 2.09 × 106, respectively, point to the
same conclusion.
Despite the fact that the difference (9%) of the âMFS

values is near the upper limit of estimated error (about
10%), duplication of the experiments allows us to
conclude that the π copolymer seems to be more compact
and seems to closely resemble hard spheres. This can
be understood if we take into account the differences in
architecture. The lengths of the insoluble branches
(PS), which primarily determine the micellization be-
havior, are the same in each case. Also the lengths of
the PI backbones are almost the same. However, the π

Figure 1. Static light scattering plots for (a) sample S2IS2
(top) and (b) sample (S,I)I(I,S) (bottom) in n-decane at 25 °C
(θ ) 4.6°).

Figure 2. Viscosity plots for sample S2IS2 (top) and sample
(S,I)I(I,S) (bottom) in n-decane at 25 °C.

Figure 3. Apparent diffusion coefficient vs concentration for
sample S2IS2 (top) and sample (S,I)I(I,S) (bottom) in n-decane
at 25 °C.
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copolymer has only two branches, equally spaced on the
backbone, where the H copolymer has four branches
located at the ends of the backbone. The experimental
results point to the picture of spherelike micelles with
polystyrene cores and poyisoprene coronas in n-decane
for these polymers. In the case of the π copolymer, for
each collapsed PS block there exist two PI blocks (one
loose backbone end and half of the bridge), whereas for
the H copolymer case, there is one half of the bridge for
each pair of end branches. Taking into account the
greater entropy penalty that the H’s bridge has to pay
in the looped configuration, in comparison to the π’s
smaller bridge, and the steric hindrance exercised by
two neighboring collapsing branches, one must expect
that the H copolymer should form less compact micelles.
The same arguments can lead to the conclusion that
micelles of the π copolymer can be stable even if they
have lower aggregation numbers. Of course, in the
present case the lower experimental aggregation num-
ber for the π-shaped copolymer can also be due to the
lower PS content of this sample.
A comparison of the aggregation numbers for the

model graft copolymer micelles with the ones observed
for linear diblock copolymers of styrene and isoprene
(or butadiene) in aliphatic solvents5,6,8,10 (more or less
similar systems with respect to thermodynamic interac-
tions) shows that the model graft copolymers possess
lower aggregation numbers. This may be attributed to
the differences in topology. The influence of the topol-
ogy can be viewed either as through the increase of
steric hindrance of the soluble or insoluble blocks with
increasing complexity of the architecture or through the
solubilization effect of multiple soluble blocks connected
to the insoluble ones (stabilization of micelles with lower
aggregation numbers due to increased number of soluble
blocks). As far as the triblock copolymer behavior is
concerned, we cannot make any direct comparisons,
since we could not find similar systems (molecular
weight, composition, solvent, temperature) in the lit-
erature with which to compare. From the general trend
of triblocks in solvents selective for the middle block, it
seems that the π copolymer micelles have lower ag-
gregation numbers but the ones formed by the H sample
have comparable values of Nw.
C. Micellization in Ethyl Acetate. The behavior

of the graft copolymers in ethyl acetate is more interest-
ing. Micellar characteristics for the samples under
investigation are given in Table 3. Static light scatter-
ing measurements (Figure 4) show that the H copolymer
associates into micelles formed by 52 chains on average.
The initial decrease of the reduced scattering intensity
at low c is very steep, and the values for the apparent
molecular weight of the micelles are almost constant for
2 × 10-4 e c e 4.3 × 10-3 g/mL. No cmc could be

detected for c as low as 6.5 × 10-6 g/mL. The A2 value
is very small. The dynamic light scattering data present
a more complex picture (Figure 5). The change in slope
in the concentration dependence of Dq)0,app occurs in
approximately the same range as for the static light
scattering plots (Figure 5). The angular dependence of
Dapp is large in the transition region, becoming very
small at the highest concentration studied (Figure 5).
A parallel decrease of the second moment values by
increasing concentration is also observed. Additionally,
extrapolated values for D0,app from the high-concentra-
tion region are extremely small, leading to extremely
large values for theRh of the aggregates. The calculated
kD is also extremely large (Table 3). However, taking
the Dapp value at the highest concentration, where its
angular dependence is negligible, a more realistic value
of Rh ) 155 nm is calculated. The viscosity data on the
other hand (Figure 6) show an upturn at low concentra-
tions and at c > 4 × 10-3 g/mL the kH becomes positive.
The extrapolated values of [η] from different concentra-
tion regions are different but considerably smaller than

Table 3. Micellar Properties of Model Graft Copolymers
in Ethyl Acetate at 25 °C for Sample S2IS2 and at 40 °C

for Sample (S,I)I(I,S)

sample
Mw,app× 10-6

A2× 106 Nw
a

[η]
(mL/g) kH

Rv
(nm)

D0,app
(cm2/s)
× 108 kD

Rh
(nm)

S2IS2 9.13 0.47 52 25.3 0.24 33.2 0.46 9110 1126
(S,I)I(I,S) 2.16 - 27 15 30.2 0.97 8.7 43.9 -18 13.2

a Degree of association. Note: Extrapolation of viscosity data
at low concentrations for sample S2IS2 gives [η] ) 29.9 mL/g, kH
) -2.1, and Rv ) 35.1 nm. From the value of Dq)0 ()3.31 × 10-8

cm2/s) for the highest concentration, Rh ) 155 nm. The Rv value
for sample (S,I)I(I,S) has been calculated from viscosity measure-
ments by extrapolation at zero concentration, and the Rh value
has been calculated using data above cmc.

Figure 4. Static light scattering plot for sample S2IS2 in ethyl
acetate at 25 °C.

Figure 5. Apparent diffusion coefficient vs concentration for
sample S2IS2 in ethyl acetate at 25 °C, at various angles (9)
37.5°; (b) 45°; (2) 60°; (1) 90°). For the first two lower
concentrations, the light scattering intensity was very low in
order to obtain a reasonable correlation function at angles
higher than 45°. Notice the approach to angular independence
of Dapp at the highest concentration (see text for discussion).
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the value determined in THF in any case. The calcu-
lated Rv is also smaller than the Rh determined by
dynamic light scattering (Table 3). This may be a
consequence of the different concentration range studied
in the two methods (because of experimental accuracy
and instrumental limitations in light scattering meth-
ods, the viscosity measurements cover a higher concen-
tration region) and also their different sensitivities to
the presence of supramolecular structures in solution.
The increase in ηsp/c might also be attributed to the
decrease in the micelle density ([η] ∝ 1/Fmicelle). It is also
relevant to note that the concentration dependence of
Dapp at 90°, where the contribution of the larger particles
is minimal, shows a negative slope (negative kD indi-
cates intermolecular attractive interactions), and theRh
calculated from the extrapolated value of Dapp is equal
to 31.8 nm (in better agreement with the viscosity data).
Taking into account the available data from the

different methods, we can explain the behavior of H
copolymer in ethyl acetate as follows. At c lower than
∼5 × 10-4 g/mL, both unimers and multimers exist,
with the equilibrium shifting in favor of the micelles as
concentration increases. At c greater than 5 × 10-4

g/mL, micelles exist predominantly in solution as indi-
cated from the constancy ofMw,app values. However, the
size (and maybe shape) of the aggregates still changes
until c ∼ 4 × 10-3 g/mL. In the low limit of this region,
large and loose aggregates are formed since the micellar
dimensions are large (although decreasing with increas-
ing c) and the molecular weight remains constant, which
tend to increase the viscosity of the solution (upturn in
Figure 6). Dynamic light scattering results show that
their polydispersity is large. No definite conclusions
about the shape of these aggregates can be drawn with
the data at hand. Their compactness and uniformity
in size seem to increase with concentration (second
moment values decrease and kH becomes positive,
taking a normal value for flexible polymers). The
discrepancy in the Rh and Rv values may also indicate
that the loose aggregates dissociate, to some extent,
under shear. Large aggregates with loose structures
near the cmc were also observed in other micelle-
forming systems involving diblock and triblock
copolymers.5-8,16-18

In one particular case, Price et al.16 observed worm-
like aggregates of a poly(styrene-b-butadiene-b-styrene)

copolymer in ethyl acetate, using light scattering and
electron microscopy (a more or less similar system to
our case). However, in our experiments the transition
through the “anomalous” region is relatively “smooth”.
Additionally, the H copolymer shows “anomalies” only
with respect to the size and polydispersity of the
aggregates, where Price et al. also observed increased
aggregation numbers in the “anomalous” region. This
statement is made under the assumption that our static
light scattering measurements extend beyond the anoma-
lous concentration region. The assumption is supported
by the last data point of the DLS measurements, where
the angular dependence of Dapp is negligible and µ2/Γ2

values are equal to ∼0.1 (indicating spherical micelles
with relatively low polydispersity). From a different
point of view, one can postulate that the system, on
going from unimers to monodisperse micelles, in the
classical sense passes through the intermediate forma-
tion of loosely bound aggregates, which are then trans-
formed in the spherical monodisperse micelles, with no
appreciable change in the aggregation number during
this “transition”. An analogous situation may also have
been observed on the poly(styrene-b-isoprene-b-styrene)
sample studied by Raspaud et al.23 in heptane (although
in this case the solvent is selective for the middle block).
Whether this behavior depends on macromolecular
architecture or not remains an open question.
Surely the solvent quality, with respect to the in-

soluble and maybe the soluble block, plays some role.
From the solubility behavior of PS and PI homopolymers
in n-decane and ethyl acetate, respectively, we conclude
that n-decane is a much stronger precipitant for PS than
ethyl acetate is for PI. From this result alone one would
expect that micelles with a PS core in n-decane should
be more compact than micelles with PI cores in ethyl
acetate, since greater swelling is allowed in the latter
case. Furthermore, ethyl acetate seems to be a good
solvent for PS whereas n-decane is a marginal solvent
for PI (solubility parameter values,50 δ: for PS, δ ) 8.6-
10.3 (cal/cm3)1/2; for PI, δ ) 7.4-8.4 (cal/cm3)1/2; for
n-decane, δ ) 6.6 (cal/cm3)1/2; for ethyl acetate, δ ) 9.1
(cal/cm3)1/2). Finally, comparison of the aggregation
number for the H copolymer with the ones found for the
sample studied by Price et al. shows that the H
copolymer forms micelles with a smaller average num-
ber of chains, despite its higher PS content and molec-
ular weight, probably due to the larger number of
soluble blocks per molecule (four instead of two for a
triblock copolymer).
The situation is somewhat different for the π copoly-

mer. LALLS measurements show that the molecular
weight of the solute remains constant (Mw,app ) 137 000),
and equal to that of the unimer (Table 1) for concentra-
tions up to c ) 2 × 10-3 g/mL (Figure 7). The A2 has a
lower value than in THF, a result that reflects the
reduced thermodynamic quality of the solvent. For
concentrations larger than 2 × 10-3 g/mL, the reduced
scattering intensity decreases steeply, indicating the
presence of a cmc at this concentration range. The
molecular weight calculated from the high-concentration
range corresponds to micelles containing 15 chains on
average. In this region, although only three solutions
have been studied due to the limited amount of the
sample, it seems the second virial coefficient is negative,
meaning that the equilibrium is not completely shifted
in favor of the micelles. The dependence of the diffusion
coefficient on concentration (Figure 8) is linear for c <
2 × 10-3 g/mL and kD is negative (kD ) -58). The Rh

Figure 6. Viscosity plots for sample S2IS2 in ethyl acetate at
25 °C; (9) Huggins plot; (b) Kraemer plot. Notice the upturn
at c lower than ∼4 × 10-3 g/mL (see text for discussion).
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calculated from the extrapolated D0 value is smaller
than the one found in THF and equal to 8.4 nm. A cmc
is evident also in this plot at almost the same concen-
tration with the static light scattering measurements.
At the high-concentration region the experimental
values are shown in Table 3. The negative kD is
consistent with the negative A2 value. Similarly, the
[η] value is lower than in THF but the kH value is close
to the theoretical prediction for hard spheres. The
calculated Rv is lower than the one in THF and close to
the Rh value determined by dynamic light scattering by
extrapolation to zero concentration from the low-
concentration region. The ratio Rv/Rh ) 1.04 is very
close to the theoretical value for hard spheres, indicating
the compactness of the unimolecular micelles. These
experimental facts point to the conclusion that the
copolymer forms monomolecular micelles in ethyl ac-
etate at concentrations lower than 2 × 10-3 g/mL.
Multimolecular micelles with a more or less spherelike
structure are present at higher concentrations. The
micellization behavior is more consistent with a closed
association model. The relatively low aggregation num-
ber and the presence of a cmc at high concentrations,
compared with the SBS sample studied by Price et al.,
can be attributed to the differences in macromolecular
architecture, which produces additional constraints in

the organization of the chains in multimolecular mi-
celles.

Conclusions

The two well-defined graft copolymers of styrene and
isoprene of the H and π architecture form multimolecu-
lar micelles in n-decane, a selective solvent for the
polyisoprene backbones. The aggregation numbers of
both copolymers were found to be lower than the ones
determined for similar systems of diblock and triblock
copolymers in selective solvents. Analysis of the hy-
drodynamic properties shows that their micelles behave
like hard spheres, the similarity being greater for the
π copolymer micelles. In ethyl acetate, a selective
solvent for the polystyrene branches, multimolecular
micelles are also present. In the H copolymer solutions,
the formation of multimolecular micelles is accom-
plished through the transient formation of large, loosely
bound aggregates above the critical micelle concentra-
tion. In the π copolymer case, the whole concentration
region, from the existence of unimolecular micelles to
the formation of multimolecular micelles, was observed,
indicating that its micellization behavior can be de-
scribed by the closed association model. The influence
of the macromolecular architecture on the micellization
behavior can be described mainly through the lower
aggregation numbers, due to the additional constraints
imposed to the organization of complex macromolecular
chains in a micelle containing many unimers and to the
presence of an increased number of soluble blocks per
insoluble one.
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