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ABSTRACT: By using appropriate anionic polymerization high-vacuum techniques, novel triblock
copolymers of styrene and isoprene with normal tapered (TMB), inverse tapered (ITMB), and random
(RMB) middle blocks were synthesized. In addition, diblock copolymers (SI) as reference materials and
normal tapered (TBC) and random (RC) were prepared. All copolymers have practically the same
composition (∼50 wt % PS). Their micellization behavior was investigated in dilute solutions in n-decane,
a selective solvent for the isoprene part of the macromolecules, by static and dynamic light scattering as
well as viscometry. Experiments were directed toward the determination of the micelles fundamental
properties (average aggregation number, critical micelle concentration, critical micellization temperature)
and compared with those obtained for pure diblock copolymers. No considerable differences, compared to
the pure diblock copolymers, were observed for triblocks having a normal tapered middle block (TMB).
A considerable decrease in the aggregation number and a corresponding decrease in the critical
micellization temperature were found for the triblock copolymers having an inverse tapered middle block
(ITMB) with length comparable to the length of the outer pure blocks. A similar decrease in the aggregation
number was also observed in the case of a normal tapered copolymer. The differences in behavior are
attributed to the different arrangement of the segments, which seems to have a considerable effect on
the solubility characteristics of these copolymers.

Introduction

Micelle formation from block copolymers, dissolved in
a selective solvent for one of the blocks, has been the
subject of intense experimental and theoretical work in
recent years.1-4 These intensive studies were triggered
by the many possible uses of these self-organizing
systems in fields of academic and technological interest
like colloid stabilization and drug delivery, in coating
and microreactors applications, and in cosmetic technol-
ogy.3

Micelles formed by block copolymers are usually
multimolecular having a spherical core-shell structure.
The core, formed by the insoluble blocks, is stabilized
in solution by the presence of the soluble corona chains.
It has been experimentally verified that, in most cases,
the micellization of block copolymers obeys the model
of closed association characterized by an equilibrium
between molecular dissolved unimers and well-defined,
narrow size distributed, micelles.1 The core-shell mi-
crostructure of the micelles, their usually low critical
micelle concentration compared to low molecular weight
surfactants, their stability over a broad range of con-
centration and temperature, and their narrow size
distribution together with the ability to tailor micellar
properties by variation of the molecular characteristics
of the block copolymer chains are the main factors
leading to the numerous applications of polymeric
micellar systems.

It has been found that the structural parameters of
the micelles (overall size, core and shell dimensions,
microstructure) and their fundamental properties (ag-
gregation number and critical micelle concentration) are
influenced by many factors such as chemical nature and
molecular weight of the blocks, solvent-blocks interac-
tions, concentration, temperature, and architecture of
the copolymer.1-19 However, much experimental work
is still needed in order to elucidate the influence of the

different molecular characteristics of the block copoly-
mers on the fundamental parameters of the micelles and
on the micellization process in general. Such studies will
help in the understanding of the fundamental principles
governing the organization of block copolymers into
various types of micelles, giving great possibilities in
fine-tuning the final properties of the micellar systems
according to the desired application.

In this paper we extend the micellization studies to
novel copolymer architectures of styrene and isoprene
in n-decane, a selective solvent for the polyisoprene
blocks (Scheme 1). In the series of samples studied the
arrangement of the styrene and isoprene segments was
varied in a systematic manner, taking advantage of the
different reactivity ratios of the two monomers, in
hydrocarbon solvents, as well as using different addition
sequences of monomers during the polymerization pro-
cess. In this way, because of the synthetic capabilities

Scheme 1
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of the anionic polymerization of styrene and isoprene,
simple diblock and normal tapered diblock copolymers
and triblock copolymers with a normal or inverse
tapered and random middle block can be synthesized.

The presence of a middle block with variable composi-
tion, between the pure styrene and isoprene blocks, in
the case of triblock copolymers is expected to alter the
micellization behavior (aggregation number and size of
the micelles formed as well as the critical micelle
concentration) of the system in a way analogous to the
changes observed in the microphase separation behavior
in the bulk state.20-26 All samples have the same
composition and overall molecular weights. In this way
conclusions about the influence of architecture on the
micellizing properties are more straightforward, and
some understanding of the fundamental laws that
govern micelle formation can be gained. Differences in
the fundamental properties of the micelles formed by
different copolymers are discussed.

Experimental Section
Synthesis of Block Copolymers. All copolymers of sty-

rene (S) and isoprene (I) have been prepared by anionic
polymerization high-vacuum techniques.27 sec-Butyllithium
was the initiator and benzene the solvent in all cases.
Polymerizations were terminated with degassed methanol. In
each step of the synthesis samples were withdrawn from the
reaction medium and characterized. The targeted composition
of the copolymers was 50 wt % PS.

The various synthetic schemes followed in order to obtain
the different block copolymer architectures are outlined in the
following:

(a) Pure Block Copolymers (SI). These materials, used
as reference, were synthesized by sequential addition of
styrene (S) and isoprene (I) to a sec-BuLi solution in benzene.
Two samples having different molecular weight of the two
blocks were prepared.

(b) Normal Tapered Diblock Copolymer (TBC). For the
preparation of this architecture advantage was taken from the
different reactivity ratios of S and I, toward anionic polymer-
ization, in hydrocarbon solvents (rI ) 14.6, rS ) 0.046).28

Isoprene is polymerized first until its concentration becomes
relatively low. At this point S starts incorporating in the
polymer chain in increasing amounts as the reaction continues.
After complete consumption of I, a pure PS block is formed.
The part of the chain between the pure blocks has a gradient
of composition in either monomer.

(c) Triblock Copolymer with a Normal Tapered Middle
Block (TMB). This material was prepared by a procedure
involving a three-step addition of monomers. Polymerization
has been initiated by addition of isoprene to sec-BuLi followed
by addition of a mixture of the two monomers (S and I in a
50:50 weight ratio) and then addition of styrene. The molecular
weight of each pure block and that of the tapered part in the
copolymer can be controlled by the amount of the initiator and
the quantity of the monomers added.

(d) Triblock Copolymers with an Inverse Tapered
Middle Block (ITMB). A similar strategy with the one in (c)
was followed with the only difference being the inversion of
the order of monomer addition; i.e., S was polymerized first
followed by the addition of the S/I mixture and finally the I.
Using this procedure, the gradient of the composition in the
middle block is inverted. In this case an amount of blocky PI
is connected to the PS block whereas an amount of blocky PS
is next to the PI block. This inversion can produce some
frustration in the organization of block copolymer chains into
micelles. Three copolymers with different length of the middle
block but having outer blocks of the same length were
synthesized.

(e) Random Copolymer (RC). Random copolymers of
styrene and isoprene can be obtained if a small amount of a
polar compound is added to the system.29 Unfortunately, the

polar compounds result in formation of PI having a high vinyl
content (1,2 or 3,4 microstructure). Recently, it has been
reported that the random copolymerization of S/I mixtures via
anionic polymerization will be successful by using a potassium
alkoxide additive.20b The potassium alkoxide used in this case
was generated by the reaction of excess pure potassium metal
with 2,3-dimethyl-3-pentanol. It was found that a 30:1 ratio
of Li:OK gives very good results in terms of polydispersity.
The random copolymer was synthesized by simultaneous
polymerization of a S/I (50:50 wt) mixture in the presence of
the alkoxide at the above Li:K ratio.

(f) Triblock Copolymer with a Random Middle Block
(RMB). The synthetic course is also based on a three-step
anionic polymerization procedure. The first step was the
addition of styrene, followed by an addition of the two
monomers and the alkoxide and then the addition of isoprene
in the third step. By this way in the obtained triblock
copolymer the first block was PS, the middle was a random
P(S/I) copolymer, and the third block was PI.

Molecular Characterization. All samples were character-
ized by a variety of methods. The molecular weight distribution
and compositional homogeneity of the final and intermediate
products were obtained by size exclusion chromatography
(SEC) at 30 °C in THF at a flow rate of 1 mL/min, using a
Waters system composed of a Waters 600 pump controller, a
set of four Styragel columns (continuous porosity range 103-
106 Å), a Waters 410 differential refractometer, and a Waters
996 photodiode array UV detector interfaced with a computer.
The instrument was calibrated with nine linear polystyrene
standards having molecular weights in the range 4000-
900 000. Number-average molecular weights and second virial
coefficients were determined by membrane osmometry (MO)
in toluene, refluxed over CaH2 and distilled prior to use, at 37
°C, using a Jupiter Instruments Co. model 231 membrane
osmometer. Weight-average molecular weights and second
virial coefficients were obtained by low-angle laser light
scattering (LALLS) using a Chromatix KMX-6 low-angle laser
light scattering photometer equipped with a He-Ne laser
operating at 633 nm. THF, refluxed over sodium metal and
distilled just prior to use, was the solvent at 25 °C. The
required specific refractive index increments, dn/dc, were
determined with a Chromatix KMX-16 laser differential re-
fractometer operating at the same wavelength/temperature
and calibrated with aqueous NaCl solutions. The average
composition of the copolymers was determined by 1H NMR
spectroscopy using a Varian 200 MHz instrument in CDCl3

at 30 °C. The molecular characteristics of the copolymers are
given in Table 1. The characterization results indicate a high
degree of molecular weight and compositional homogeneity for
all samples.

Micellization Studies. Analytical grade n-decane was first
dried over CaH2 under reflux for 24 h, and it was fractionally
distilled just before use. Stock solutions were prepared by
dissolving a weighted amount of sample in the appropriate
volume of dried solvent with occasional stirring. The stock

Table 1. Molecular Characteristics of the Different
Copolymers of Styrene and Isoprene

precursors Mn
a (× 10-3) final copolymer

samplee
first
block

second
block

third
block

Mw
b

(×10-3)
Mn

a

(×10-3) Mw/Mn
c

wt %
PSd

SI-1 8.0 8.7 18.7 16.7 1.03 49.8
SI-2 12.4 17.2 33.3 29.6 1.04 50.9
TBC 26.5 23.1 1.03 51.9
TMB 7.8 5.5 9.5 27.1 22.8 1.02 56.8
ITMB-1 8.6 2.0 7.9 22.5 18.5 1.02 50.8
ITMB-2 7.8 5.2 9.8 25.7 22.8 1.03 51.4
ITMB-3 8.5 8.7 9.2 31.9 26.4 1.03 51.8
RC 26.7 24.3 1.03 53.6
RMB 9.7 5.6 9.7 29.2 25.0 1.03 52.0

a By membrane osmometry in toluene at 37 °C. b By low-angle
laser light scattering in THF at 25 °C. c By size exclusion chro-
matography in THF at 30 °C. d By 1H NMR spectroscopy in CDCl3
at 30 °C. e For the structures of each sample see Scheme 1.
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solutions were heated at 70 °C overnight before the measure-
ments to ensure complete dissolution of the samples and
removal of possible memory effects. The characteristic bluish
tint related to the presence of micelles was present in the stock
solutions. No polymer precipitation was observed from these
solutions after standing at room temperature for several
weeks. Solutions of lower concentrations were obtained by
subsequent dilutions of the stock solutions. Before light
scattering measurements the solutions were filtered through
0.45 µm nylon filters whereas for viscosity measurements 1.2
µm nylon filters were used. Measurements by the different
methods were carried out in the broader concentration range
possible determined by experimental accuracy (in the case of
low concentrations).

Apparent weight-average molecular weights, Mw, of the
micelles and second virial coefficients, A2, in n-decane, were
obtained from linear part of the concentration dependence of
the reduced scattering intensity at high concentrations, using
a Chromatix KMX-6 low-angle laser light scattering photom-
eter.

Dynamic light scattering experiments were carried out at
25 °C, using a Series 4700 Malvern system composed of a
PCS5101 goniometer interfaced with a PCS7 stepper motor
controller, a Cyonics variable power Ar+ laser, operating at
488 nm. A 192-channel correlator was used for accumulation
of the data. Correlation functions were analyzed by the
cumulant method, and the Contin software was provided by
the manufacturer. The correlation functions were collected at
angles between 45° and 135°. The viscosity of the solvent was
determined at different temperatures using a Cannon-Ubbe-
lohde viscometer.

For the viscosity measurements Cannon-Ubbelohde dilution
viscometers were used in a temperature-controlled bath (at
25 ( 0.02 °C). Flow times for the solvent and the micellar
solutions were measured with a Scott-Gerate AVS 410 auto-
matic flow timer. Data were analyzed by means of the Huggins
and Kraemer equations. More details on the procedures and
methods used have been given elsewhere.19

Results and Discussion

The results obtained by static light scattering are
given in Table 2. It is clear that all the copolymers
investigated form multimolecular micelles in n-decane
as evidenced by the increase in the molecular weights
compared with the ones obtained in THF a nonselective
and good, for both components, solvent. This is also
supported by the low values of the second virial coef-
ficient, A2, due to the increase in the molecular weight
and the unfavorable core-solvent interactions. An
exception is the random copolymer which forms unimo-
lecular micelles since the molecular weight determined
in n-decane is similar to the molecular weight deter-
mined in THF.

The value of the weight-average aggregation number,
Nw (the number of polymer chains per micelle), for
sample TMB is practically equal to that of sample SI-2
(Table 2). These samples have similar molecular weights

and composition. It turns out that the normal tapered
middle block of TMB does not make any difference in
the way micelles are formed by the two copolymers.
Experimental results for sample RMB lead to the same
conclusion. Comparison with sample SI-2 shows no
difference in the aggregation number. Again, the ran-
dom middle block in sample RMB does not seem to alter
the characteristics of the micelles formed.

In the case of sample TBC Nw is lower than that of
SI-1 and considerably lower than that of SI-2. One
would expect at least in terms of molecular weight, since
all samples have the same overall composition, that
TBC would form micelles having an aggregation number
intermediate between the two pure block copolymers.
Generally, Nw depends primarily on the length of the
insoluble block, i.e., increases as the length of the
insoluble block increases.1-4 Its dependence on the
length of the soluble block is the opposite but much
weaker. Obviously, the tapered nature of the copolymer,
i.e., the existence of shorter pure blocks in the chain,
enhances the solubility of the whole molecule.

The behavior of the ITMB copolymers, i.e., the ones
having an inverse tapered middle block, deserves special
attention. Samples ITMB-1 and ITMB-2 have similar
aggregation numbers with the corresponding pure diblock
copolymers SI-1 and SI-2 within experimental error.
Apparently even an inverse tapered middle block of
5000 molecular weight is not enough to impart any
changes in micelle formation of the block copolymer.
However, when the inverse tapered middle block be-
comes about 10 000 in molecular weight, the aggrega-
tion number decreases considerably, below the values
for ITMB-1 and ITMB-2, despite the fact that total
molecular weight increases and composition remains the
same. Direct comparison with the diblock sample SI-2,
which has similar molecular weight and composition
with ITMB-3, leads to the same conclusion.

A comparative plot of Kc/∆Rθ for samples SI-2 and
ITMB-3 is given in Figure 1. For sample SI-2 the
concentration dependence of the reduced scattering
intensity in the whole concentration range studied is
linear, and the extrapolated value at zero concentration
leads to the determination of the molecular weight of
the micelles. The corresponding plot for sample ITMB-3
shows an upward curvature at the low concentration
range, indicative for the approach to a cmc. In the
concentration range from 5.6 × 10-4 to 4 × 10-3 g/mL
obviously micelles and unimers coexist. At concentra-

Table 2. Static Light Scattering Results for the Different
Copolymers of Styrene and Isoprene in n-Decane at 25

°C

samplea Mw,mic × 10-6 A2 × 106 Nw (Mw,Dec/Mw,THF)

SI-1 0.43 136 23
SI-2 2.1 8.6 63
TMB 1.9 1.5 70
ITMB-1 0.63 23.3 28
ITMB-2 1.7 34.1 66
ITMB-3 0.51 39.1 16
RMB 1.84 13.5 63
TBC 0.45 64.3 17

a For the structures of each sample see Scheme 1.

Figure 1. Kc/∆Rθ vs concentration plot for sample SI-2 (9)
and sample ITMB-3 (b) in n-decane at 25 °C.
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tions higher than 4 × 10-3 g/mL micelles dominate the
scattering profile, and the concentration of the unimers
is low as indicated from the linear concentration de-
pendence of Kc/∆Rθ. This difference in the light scat-
tering plots also indicates that sample ITMB-3 must
have a higher cmc than SI-2. We will return to this point
later.

The experimental results from dynamic light scatter-
ing, aiming to the determination of the hydrodynamic
size of the micelles and their size polydispersity, are
given in Table 3.

The results show the same general trend as those
from static light scattering. Hydrodynamic size in-
creases as the aggregation number increases in all
cases. The small values of kD must be a result of the
predominance of hydrodynamic friction factors over
thermodynamic ones as well as a result of the low A2
values obtained for these systems.18,19

A characteristic diagram depicting the concentration
dependence of the apparent diffusion coefficient, Dapp,
for a number of samples is shown in Figure 2. For all
samples, except sample ITMB-3, there is a linear
dependence of Dapp on concentration leading to the
conclusion that micelles are predominately present in
the solutions of these samples at the concentration
range studied. This conclusion is supported by the low
size polydispersity values (µ2/Γ2 < 0.1), through the
second cumulant, determined for the same concentra-
tion range.

On the other hand, the concentration dependence of
D for sample ITMB-3 is not linear. Furthermore, size
polydispersity decreases as concentration increases and
acquires values typical for the other samples (µ2/Γ2 <
0.1) at concentrations higher than about 5.5 × 10-3

g/mL. Unfortunately, because of the small difference in

hydrodynamic sizes between micelles and unimers, two
separate peaks could not be resolved by Contin. Appar-
ently, for c < 5.5 × 10-3 g/mL there is a coexistence of
micelles and molecular dispersed chains according to
the model of closed association.1,2 This observation is
in agreement with the results from static light scatter-
ing for sample ITMB-3 and supports the conclusion that
this sample may has a higher critical micelle concentra-
tion than the rest of the samples and specifically from
the corresponding pure diblock (sample SI-2).

Complementary information concerning the size and
structure of the micelles was obtained by dilute solution
viscometry. The results are given in Table 4. A repre-
sentative plot is given in Figure 3.

Measurements were conducted in the same solvent
in order to determine the intrinsic viscosity of the
micellar systems, a parameter associated with the
rheological characteristics of these systems, the visco-
metric radius of the micelles, Rv, and the Huggins
coefficient, kH, a parameter connected to the hydrody-
namic interactions between polymeric chains. The varia-
tion in [η] reflects the variation in the aggregation
number and consequently the variation in size of the
micelles, determined by light scattering. [η] increases
as Nw and size increase. The kH values are high and
reflect the increased hydrodynamic interactions in the
system due to the incorporation of copolymer chains into
micelles and the unfavorable interactions between
solvent and styrene segments that form the core of the
micelles. The kH values are higher from the theoretical
value of 0.99 calculated for hard spheres,30,31 indicating
that the micelles have compact structures. The visco-
metric radii calculated by aid of the equation

Table 3. Dynamic Light Scattering Results for the
Different Copolymers of Styrene and Isoprene in

n-Decane at 25 °C

samplea D0 × 10-7 (cm2/s) kD Rh,0 (nm)

SI-1 1.95 0 13.0
SI-2 1.41 8 18.0
TMB 1.33 6 19.1
ITMB-1 1.53 5 16.6
ITMB-2 1.49 0 17.0
ITMB-3 1.86 0 13.6
RMB 1.40 11 18.1

a For the structures of each sample see Scheme 1.

Figure 2. Comparative plot of Dapp vs concentration for (a)
sample SI-2 (9), (b) sample TMB ([), (c) sample ITMB-2 (0),
(d) sample ITMB-3 (4), and (e) sample RMB (O) in n-decane
at 25 °C.

Table 4. Viscometric Results for the Different
Copolymers of Styrene and Isoprene Studied in

n-Decane at 25 °C

samplea [η] (mL/g) kH Rv (nm) Rv/Rh

SI-1 13.2 1.3 9.6 0.73
SI-2 15.3 1.3 17.2 0.96
TMB 13.5 1.2 16.0 0.84
ITMB-1 14.1 1.2 11.2 0.67
ITMB-2 14.1 1.3 15.6 0.92
ITMB-3 15.8 1.2 10.8 0.79
RMB 15.2 1.5 16.6 0.92
a For the structures of each sample see Scheme 1.

Figure 3. ηsp/c (9) and ln ηr/c (b) vs concentration plots for
sample ITMB-3 in n-decane at 25 °C.

Rv ) (3/10πNA)1/3([η]Mw)1/3
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where Mw is the molecular weight of the micelles
calculated from static light scattering show a trend
similar to that of Rh. They increase as the aggregation
number increases. The ratio Rv/Rh is close to unity as
expected for hard spheres.30,31 Therefore, the shape of
the micelles formed by these copolymers must be
spherical. Some deviations from unity may be under-
stood on the basis that the micelles in a capillary tube
experience shear forces that may sometimes disrupt
partially or totally them, leading to lower Rv experi-
mental values. It has to be noted that the larger
deviations from unity are observed in the case of
micelles of low aggregation number. This can be at-
tributed to a looser structure of smaller micelles that
can be disrupted more easily by a shear field than more
compact micelles of larger aggregation number.

One of the questions that have to be answered,
especially for micellar systems with cores containing
high-Tg material, like in the case of PS, is whether the
micelles formed by direct dissolution of the material in
the selective solvent are the equilibrium ones.3-5,32 To
avoid the presence of thermodynamically nonequilib-
rium or kinetically frozen superstructures in the inves-
tigated solutions, the solutions were heated overnight
at 70 °C to ensure complete dissolution of the material
and erase any sample history effects associated with
nonequilibrium structures before the measurements.
Additionally, solutions of certain concentrations were
subjected to continuous heating and cooling cycles,
within the light scattering cell, with simultaneous
measurements of the scattered intensity as a function
of temperature. Measurements were obtained in the
range 25-55 °C. A representative example is given in
Figure 4 for sample ITMB-3.

The intensity measurements were reproducible at the
same temperature within subsequent heating-cooling
cycles. Since the scattering intensity is analogous to the
molecular weight of the micelles, the variation of the
number of chains within the micelles as a function of
temperature can be followed, i.e., micelle formation,
during cooling, and micelle decomposition, during heat-
ing can be observed. At the same time measurements
of Rh at each temperature where conducted which where
also reproducible. The fact that the intensity and Rh
values are reproducible shows that one can arrive to the
same micellar state either by cooling or by heating. This
in turn leads to the conclusion that the structures
formed in the solutions of these copolymers are equi-
librium ones and interconversion between different
species is possible and can be accomplished reversibly
by changing temperature.

Another important parameter of micellar systems
following the model of closed association is the existence
of a critical micelle concentration (cmc).1-3 Below this
concentration only unimers (unimolecular dissolved
chains) exist whereas beyond cmc micelles and unimers
can be found in the block copolymer solution. Con-
versely, the observation of a cmc is evidence that the
system follows the closed association model of micelli-
zation. Unfortunately, a cmc observation was not pos-
sible although measurements where extended to the
lowest concentrations possible as determined by the
accuracy of the techniques used. Apparently all systems
studied have a very low cmc, outside the experimentally
accessible concentration range. Indirect evidence of the
existence of a cmc was observed only in the case of
sample ITMB-3 based on the upward curvature of the

static and dynamic light scattering plots at lower
concentrations, typical for systems following the closed
association model, as mentioned earlier. Although the
upward curvature in Figures 1 and 2 for sample ITMB-3
does not necessarily indicate a closed association mech-
anism (this pattern can be also observed in systems
following the open association model), an open associa-
tion mechanism is highly improbable in this case, if one
takes into account the experimental results on other
block copolymer systems.1,2 The observation of a cmt
also supports the assumption of a closed association
mechanism being operative in the systems under study,
as explained below.

Alternatively, the critical micellization temperature
(cmt) can be determined. The cmt can be defined as the
temperature at which micelles no longer exist at a
certain concentration. In principle, if the cmts for two
samples are determined at the same concentration and
the cmt for the first is larger than that of the second, it
is expected that the cmc for the first is lower than the
cmc of the second.1-3 The determinations of cmt for
samples SI-2 and ITMB-3 are shown in Figures 5 and
6, respectively. It can be seen that the micelles of the
normal diblock copolymer show a cmt of ∼46 °C whereas
the cmt for ITMB-3 is ∼40 °C although the concentra-
tion is almost 3 times higher in the second case. This is
another experimental evidence that the cmc of ITMB-3
must be larger than the cmc of SI-2. This finding
supports the conclusions drawn from the static and
dynamic light scattering diagrams vs concentration.

Figure 4. (a) Intensity vs temperature plot for sample
ITMB-3 in n-decane: (9) heating, (4) cooling. (b) Rh vs
temperature plot for the same sample: (9) heating, (4) cooling.
The concentration of the solution is 1 × 10-2 g/mL.
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The observations reported so far lead to the conclusion
that the differences in the monomer arrangement of the
linear copolymers studied can induce differences in the
micellization behavior. The way styrene and isoprene
segments are arranged in the macromolecular chain
produces, when these chains are dissolved in a selective
solvent, micelles with different aggregation numbers
and sizes. However, no change in the shape of the
micelles formed is supported by the results presented.
The micelles remain spherical in all cases. Presumably,
the existence of a middle block with variable composi-
tion between the pure PS and PI blocks makes the
interfacial region between the core and the shell of the
micelles more diffuse in comparison with pure PS-PI
micelles. This enables solvent molecules to penetrate
easier in this region and alter the solubility behavior of
the whole chain. This in turn has a noticeable effect on
the characteristic properties of the micelles, i.e., de-
creases the aggregation number and their size. The
phenomenon is more pronounced in the case of block
copolymers with a long inverse tapered middle block due
to the dissymmetry in the placement of segments. In
this case long sequences of styrene monomers are close
to pure PI block, and long sequences of isoprene
monomers are close to the PS pure block. A similar effect
must be present in the case of sample TBC. However,
despite the fact that the aggregation number is lower
in the latter case, the increase in cmc is not found to be

so much different as in the case of ITMB-3. In the case
of triblock copolymers with a normal tapered middle
block the composition variation is more gradual, causing
less frustration to the chains in the micelles.

Coming back to the case of inverse tapered block
copolymer micelles, one would wonder about the specific
conformation of an individual chain within a micelle.
Although drawing direct conclusions about this question
from the experimental evidence at hand is not possible,
we will try to come to a semiqualitive conclusion by
comparing the data on SI-1, SI-2, and ITMB-3 micelles.
In principle, two different conformations are possible
for an ITMB chain: either an extended conformation
(Scheme 2a) or the one where the middle block forms
loops at the core-corona interfacial region (Scheme 2b).
In the first case the blocky sequences of styrene are
brought in contact with n-decane, a situation that is
energetically unfavorable due to the fact that n-decane
is a bad solvent for PS. In the second case the formation
of loops increases the free energy of the system, due to
loss in configurational entropy, but the incorporation
of the blocky styrene sequences into the micellar core
may compensate for at least some of this free energy
increase. Using this simple way of thinking, the second
possibility (Scheme 2b) seems more probable.

In terms of micellar characteristics (aggregation
number and size of the micelles formed in each case)
the experimental data are in summary Nw,ITMB-3 <
Nw,SI-1 < Nw,SI-2 for the aggregation numbers (Table 2)
and Rh,ITMB-3 ∼ Rh,SI-1 < Rh,SI-2 in terms of micellar
radii (Table 3), while from the molecular characteriza-
tion and synthesis Mtotal,ITMB-3 ∼ Mtotal SI-2 and MPI,ITMB-3
∼ MPI,SI-1 and MPS,ITMB-3 ∼ MPS,SI-1 (i.e., SI-1 equals
the molecular weight of ITMB-3 without the middle
tapered block, Table 1). One can assume that both chain
conformations are associated with a smaller aggregation
number, compared to the case of a pure diblock (SI-2).
In the case of Scheme 2a, the situation resembles that
of a diblock copolymer with a PS core forming block
equal to the PS block of ITMB-3 and a corona forming
block (soluble part) equal to the sum of the tapered
middle block and the pure PI block of ITMB-3. According
to the scaling laws,2 this copolymer would form micelles
having a lower aggregation number than those of SI-2.
In the case of Scheme 2b, the aggregation number
should be smaller due to the additional constrains
imposed by the looped conformation (similar to the case
of triblock1-3 and H and π-shaped copolymers14). There-
fore, the relation for aggregation numbers found by
experiment maybe fulfilled for both situations. At this
point one should also have in mind the similarity
between star polymers and starlike spherical micelles.
In the case of star polymers with high functionality (f
> 6) the overall size depends on the length of the arms

Figure 5. Intensity vs temperature plot, during heating, for
sample SI-2 (c ) 3 × 10-3 g/mL in n-decane).

Figure 6. Intensity vs temperature plot, during heating, for
sample ITMB-3 (c ) 1 × 10-2 g/mL in n-decane).

Scheme 2
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comprising the star molecule and not the number of
arms.30,33 Consequently, one would expect that the
overall size of starlike spherical micelles would be
primarily determined by the length of the unimer chain
(to be more exact, by the length of the soluble block,
i.e., the thickness of the corona) and to a lesser extent
by the aggregation number. (Of course, in the case of
micelles the size of the core also contributes to the
overall size, but its dependence on the number of
monomers in the chain is weaker.2) In light of these
arguments, one arrives at the rough conclusion that the
size of the micelle where the ITMB-3 chains form loops
should be smaller than that of SI-2 micelles and actually
closer to the size of SI-1 micelles, where the middle block
is absent. This is truly the case (Table 3). In other words,
if the middle block of ITMB-3 forms loops, it would not
contribute significantly to the size of the micelles. The
size of these micelles should be close to the size of the
pure diblock SI-1 micelles having the same length of
pure blocks. Therefore, it seems likely to us that the
preferred conformation of an individual chain in an
ITMB-3 micelle is that depicted in Scheme 2b.

Conclusions
A series of tapered block copolymers of styrene and

isoprene with different arrangement of the segments
were synthesized by anionic polymerization high-
vacuum techniques. Molecular characterization of the
materials showed their low degree of molecular weight
and compositional heterogeneity. The experimental
results on the micellization behavior of these block
copolymers in n-decane, a selective solvent for the
polyisoprene blocks, tend to the conclusion that ag-
gregation number and size of the micelles decrease in
the case of a triblock copolymer having an inverse
tapered middle block (sample ITMB-3) and of a tapered
copolymer (sample TBC) compared to a pure diblock
copolymer of similar molecular weight and composition
(sample SI-2). The cmt for ITMB-3 was also found to
be increased compared to the SI-2 case. Undoubtedly,
by altering the sequence of the segments in the macro-
molecular chains, control over the size, and possibly the
microstructure of the micelles formed, can be exercised.
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