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ABSTRACT: We study the effect of the cyclization of a linear poly(styrene-b-isoprene) PS-PI copolymer
on the morphology of the micelles formed in heptane (a selective solvent for PI). The linear and the cyclic
copolymers have exactly the same degree of polymerization, i.e. 290 for PS and 110 for PI, i.e., volume
fraction ΦPS ) 0.78. We use dynamic light scattering (DLS) and atomic force microscopy (AFM) techniques
to characterize the micellar morphology made from copolymer molecules, focusing on the effect of
cyclization. We also report the concentration effect on the micelle size and shape made from the linear
and cyclic copolymers. Our results show that the micelles made from linear PS-PI adopt a “classical”
spherical shape and keep the same morphology parameters over the range of investigated concentrations.
In contrast, the micelles arising from cyclic copolymer chains adopt a giant wormlike shape. In this later
case, both the size and the shape evolve when the concentration is increased, starting from small individual
“sunflower-like” micelles, at low concentrations, to giant wormlike micelles at higher concentrations. Our
results suggest also that these giant wormlike micelles made from cyclic copolymer chains result from
the self-assembly of “sunflower-like” elementary micelles.

Introduction

It is well documented that linear diblock and triblock
copolymers can form micelles when dissolved in selective
solvents (a solvent where only one of the blocks is
soluble). During the past few decades, a large number
of publications have been dedicated to the study of the
properties of micelles that have revealed a great interest
in both applied science and basic research. Conse-
quently, an increasing number of industrial applications
have been continuously discovered for these systems.1-8

Besides the important fundamental aspects, copolymer
micelles have been used, for instance, as drug carriers
in drug delivery systems,9,10 stabilizers in organic reac-
tions,11 and also as nanotemplates in nanotechnolo-
gies.7,8

Depending on the chemical nature of the copolymer,
the micelles can be either formed in water or in organic
solvents. In water, the micelles are formed from hydro-
philic-hydrophobic diblock copolymer chains, where the
core is constituted by the hydrophobic block and the
corona by the hydrophilic block. Most of the work
dealing with these micelles show that the micellar size,
and thereby the aggregation number, is independent of
the polymer concentration, but may evolve as a function
of the temperature or the block copolymer composi-
tion.1,2 Micelles were mainly described as having a
spherical shape with a clear partition between the core
and corona compartments. However, it has been dem-
onstrated in numerous studies that micelles made from

block copolymer chains can also adopt many other
different morphologies,3 such as cylinders,5 rodlike,1
wormlike,6 vesicles,11,12 hollow spheres,7 or even branched
tubules.9 In those systems, the morphology of the
diblock copolymer micelles strongly depends on the
sample preparation,12 the temperature,4 the volume
fraction,13 and the concentration.4

It is generally also recognized that amphiphilic block
copolymers can form micelles in organic media. Micellar
organizations, however, can also be obtained when
blocks are both hydrophobic, but chemically different.
This is due to the affinity of the two blocks toward a
common organic solvent. The most common systems are
constituted by aliphatic block attached to aromatic
block. For instance, polystyrene-polyisoprene diblock
copolymer is a good candidate to promote such micellar
organizations and has been widely described in the
literature. PS-PI copolymers can form micelles in
selective solvents for the PI block (e.g., n-alkanes,14 such
as heptane, decane, or dodecane) or for the PS segment
(e.g., small ketones, DMF,14 DBP5). As reported in the
literature, at relatively low concentrations of block
copolymer chains, the formed PS-PI micelles are usu-
ally spherical shaped2 and their size and morphology
are independent of the concentration. The core is very
compact, and because of the insolubility of the inner
block, these micelles are frozen and do not exchange any
unimers.10 In some cases, however, such as PS-PI in
decane, the micelles formed are mobile,15 implying that
the PS core is swollen.

From a synthesis point of view, the chain end func-
tionalities that are present at the two extremities of a
linear copolymer can be covalently bound in order to
form a copolymer ring. Theoretical studies predict
sensitive differences between the properties of the linear
and the cyclic copolymer16-21 in the disordered state.
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Some of these properties were already highlighted using
small-angle neutron scattering.22 To our knowledge,
there is no experimental data in the literature relating
the properties of the micelles formed with the topology
(cyclic vs linear) of PS-PI copolymer chains, except
some preliminary results23,24 that showed indeed sensi-
tive differences in both micellar systems. The purpose
of this work is to study the effect of the cyclization of
PS-PI copolymer chains, as compared to linear diblock
copolymers having exactly the same molecular weight
and block composition, on their micellar organization.
The average degree of polymerization (DPn) of the two
blocks is kept constant (290 for PS and 110 for PI). In
this study, we have used dynamic light scattering (DLS)
and atomic force microscopy (AFM) to characterize the
evolution of the geometrical parameters (the size and
shape) of the micelles both in solution (DLS) and in the
solid-state (AFM), by evaporating the solvent. We have
also investigated the effect of concentration on the
morphology in both linear and cyclic copolymer systems.

At this stage, one should emphasize more on the
importance and the motivations of this work. This study
intended to answer the question of the topological
constraints on the micelle formation in cyclic block
copolymers as compared to simple linear diblock or
triblock copolymers. In selective solvent for the B blocks,
ABA triblock copolymer chains form sunflower micelles
with A forming the core and B the outer loop. The same
ABA triblock copolymer form micelles with B forming
the core (i.e., the loop is in the core), such as in pluronics
systems 25-37 in selective solvent for the B block. Our
system, cyclic diblock AB copolymer, combines both a
“looped” core and a “looped” shell, thus investigating the
effect of a “double constraint” on micelle formation (see
Scheme 1). We will show in this paper that this “double
constraint” induces remarkable and sensitive changes

in the morphologies of the micelles made from linear
and from cyclic copolymer chains.

Experimental Section
The cyclic poly(styrene-isoprene) was prepared by direct

coupling of R-isopropylidene-1,1-dihydroxymethyl-ω-diethyl-
acetal-heterodifunctional linear poly(styrene-b-isoprene), pre-
viously prepared by living anionic polymerization (see Scheme
2). This method of synthesis permits to have exactly the same
DP for each block PS and PI for linear and cyclic copolymer
systems.38

As shown in Table 1, the average degree of polymerization
of the poly(isoprene) block is roughly one-third of the DP for
the poly(styrene) block for both the linear and cyclic copoly-
mers. The linear and the cyclic copolymers have exactly the

Scheme 1. Topological Constraints on the Micelle Formation in Cyclic Diblock Copolymers as Compared to
Simple Linear Diblock or Triblock Copolymersa

a A cyclic diblock AB copolymer combines both, a “looped” core and a “looped” shell, thus giving a “double constraint” effect on
micelle formation.

Scheme 2
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same degree of polymerization, i.e., 290 for PS and 110 for PI,
i.e., volume fraction ΦPS ) 0.78. At this molar weight and
volume fraction, the micelles made from the PS-PI copolymer
in a selective solvent for PI are expected to exhibit a large core
(PS) and a short corona13 (PI). In the case of linear PS-PI,
these micelles should be spherical, and the present work is
intended to discuss their morphology in the case of cyclic PS-
PI diblock copolymers.

A. DLS Experiments. Sample Preparation. All the
samples were prepared by adding the required amount of
heptane (a bad solvent for PS) to the copolymer chains and
then leaving them stirring for 72 h at 50 °C under inert
atmosphere. Each sample was prepared individually; i.e., no
dilution was made. All the solvents were HPLC grade and were
distilled and filtered through a 0.2 µm PTFE membrane prior
to use.

The light-scattering measurements were performed using
an ALV laser goniometer, which consists of a 22 mW HeNe
linear polarized laser with 632.8 nm wavelength and an ALV-
5000/EPP multiple τ digital correlator with 125 ns initial
sampling time. The samples were kept at an exact and
constant temperature of 25.0 °C during all the experiments.
The accessible scattering angle range is from 10 up to 150°.
However, all the scattering measurements were done at 90°.
The solutions were put in 10 mm diameter glass cells. The
minimum sample volume required for the experiment was 1
mL. The data acquisition was done with the ALV Correlator
Control software, and the counting time varied for each sample
from 300 up to 600 s.

B. AFM Experiments. Samples (thin films) for AFM
analysis were prepared by solvent casting at room tempera-
ture, starting from a solution in heptane (from 0.1 to 5 mg/
mL). Typically, 20 µL of the solution was cast on a 1 × 1 cm2

piece of freshly cleaved mica. Samples were analyzed after
complete evaporation of heptane at room temperature.

The AFM microscope has been operated in tapping mode
(TM), a procedure that is known to minimize the sample
distortion due to mechanical interactions between the AFM
tip and the surface. To further optimize the imaging, the ratio
between the set point amplitude and the amplitude of the free-
oscillating cantilever (Asp/A0) was adjusted to avoid an exces-
sive loading force applied to the sample and possible squeezing
of the material between the tip and the substrate. Under these
conditions, TM-AFM can provide three-dimensional imaging
of the surface morphology with very accurate lateral and
vertical resolution without damaging the surface.39,40 All TM-
AFM images were recorded in ambient atmosphere at room
temperature with a Nanoscope IIIa (Veeco, Santa Barbara,
CA). The probes are commercially available silicon tips with
a spring constant of 24-52 N/m, a resonance frequency lying
in the 264-339 kHz range, and a typical radius of curvature
in the 10-15 nm range. In this work, we present topography
images that are recorded with the highest sampling resolution,
i.e., 512 × 512 data points.

Results and Discussion

From the DLS experiments, the autocorrelation func-
tions measured in both systems (micelles made from
linear and cyclic PS-PI) at θ ) 90° are shown in Figure
1, for two solutions at the same copolymer concentration
(2 mg/mL) in heptane. The relaxation time for the cyclic
PS-PI is higher than the one for the linear copolymer,
reflecting a lower diffusion coefficient for the cyclic
diblock. The values of the hydrodynamic radii were

calculated from the decay times using the Stokes-
Einstein equation. The CONTIN analysis41 of the DLS
correlation functions for the linear and the cyclic PS-
PI copolymer solutions are shown at different concen-
trations in Figures 2 and 3, respectively. In Figure 2 is
illustrated CONTIN analysis from the DLS correlation
functions of linear PS-PI copolymers at (A) 0.01, (B)
0.5, (C) 2.0, and (D) 5.0 mg/mL solutions in heptane. In
Figure 3 is shown the CONTIN analysis from the DLS
correlation functions of cyclic PS-PI copolymers at (A)
0.01, (B) 0.5, (C) 2.0, and (D) 5.0 mg/mL solutions in
heptane. On one hand, for the linear PS-PI copolymer,
CONTIN peaks always appear at the same hydrody-
namic radius (RH) value, meaning that the size of the
linear PS-PI micelles does not change with the con-
centration. Moreover the peaks always exhibit the same
narrow profile, which means that the formed micelles
have a low polydispersity. On the other hand, the
CONTIN profiles for the cyclic PS-PI micelles show
that both the size and the polydispersity are concentra-
tion dependent.

From the Stokes-Einstein equation, the hydrody-
namic radius (RH) can be calculated from the DLS
correlation function cumulant analysis.42,43 Figure 4
shows the variation of the hydrodynamic diameter (2RH)
as a function of the concentration for the cyclic and the
linear PS-PI micelles. The results show that the size
of the linear PS-PI micelles remains constant for the
whole investigated range of concentration (∼50 nm)
whereas the size of the cyclic PS-PI micelles undergoes
an important increase when the copolymer concentra-
tion is increased. For micelles made from linear copoly-
mers, the reported RH values as a function of the
concentration correspond to the unique narrow relax-
ation mode that does not change with the concentration.
As for the micelles made from cyclic copolymer chains,
at very low concentration, RH is the value deduced from
the unique relaxation mode, and at higher concentra-
tions we have taken an average of the multimodal
distribution. This is justified since the AFM experiments
have shown a polydisperse micellar morphologies (see
Discussion below). Along the same line, this evolution
of the size with the concentration has been also revealed
when using static light-scattering experiments. Indeed,
the apparent aggregation numbers Nagg

app for the mi-
celles estimated at c ) 2 mg/mL in heptane are Nagg

app )
847 for linear and Nagg

app ) 1001 for cyclic ones. These
values correspond to an apparent molecular weight of
Mw

app ) 3.2 × 107 in the case of linear and Mw
app ) 3.8 ×

Table 1. Characteristics of the Copolymers Used in This
Work

copolymer DPPS DPPI Mw/103 g/mola

linear PS-PI 290 110 37
cyclic PS-PI 290 110 37
a The molar mass was determined by MALS-GPC analysis. The

polydispersity index is less than 1.1 for both copolymer chains.

Figure 1. DLS autocorrelation functions on micelles formed
from (b) linear PS-PI and (O) cyclic PS-PI at 2 mg/mL
solutions in heptane.
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107 in the case of cyclic. While the aggregation number
Nagg

app in spherical micelles made from linear copolymer
is constant, that of micelles made from cyclic copolymer
is an increasing function of the concentration. Both
results obtained from static and dynamics scattering
experiments clearly show that the size of the formed
micelles is changing as a function of the copolymer
concentration in the case of the cyclic PS-PI, whereas
it is insensitive to the concentration in the case of
micelles made from the linear diblock.

Another way to promote the growth of cyclic PS-PI
micelles, other than increasing the copolymer concen-
tration, is to decrease the solubility of the inner block
toward the solvent. In our case, the solubility of PS
increases with the number of carbons in the alkane
chain used as a selective solvent, PS being more soluble
in decane than in heptane. Indeed, we do not observe
any substantial change in the size of the linear PS-PI
micelles for a homologous alkane series. In contrast, the
size of the cyclic PS-PI micelles should depend on the
length of the alkane chain. This was indeed experimen-
tally confirmed, as illustrated in Figure 5. The dimen-
sions of the cyclic PS-PI micelles strongly increase with
a decreasing number of carbons in the alkyl chain. The
effect of decreasing the solvent quality for the inner
block is thus comparable to the effect produced by
increasing the copolymer concentration. For this reason,
the dependence of the cyclic PS-PI micelle size with

the copolymer concentration is less pronounced in
decane than in heptane, as shown in Figure 6. One notes
that the micelles made from linear PS-PI micelles have
the same size in both solvents and does not show any
dependence with the copolymer concentration.

It is well-known that for this range of molecular mass
(Mw ) 37 × 103) and volume fraction ΦPS ) 0.78, the
micelles made from linear PS-PI are spherical44 and
that their size is mostly conditioned by the length of
the inner block. Since the average degree of polymeri-
zation of the constitutive segments is the same for the
linear and the cyclic systems, the rapid increase of the
size for the cyclic copolymer micelles can only be
explained in terms of a nonspherical morphology: longer
objects (wormlike micelles) are formed when more
copolymer chains are added to the solution. Under these
conditions, the wormlike micelles would originate from
the self-assembly of elementary “nonspherical” micelles
termed hereafter “sunflowers”. This is also supported
by the polydispersity in size highlighted in the CONTIN
analysis (see Figure 3) that shows the coexistence of
objects having different lengths within the micelles
made from cyclic PS-PI chains.

To have a more accurate description of the micellar
morphology, we studied thin films of both the linear and
the cyclic copolymers by direct imaging technique such
as AFM. The first collection of AFM images corresponds
to the morphology of the micelles made from linear

Figure 2. CONTIN analysis from the DLS correlation functions of linear PS-PI copolymers at (A) 0.01, (B) 0.5, (C) 2.0, and (D)
5.0 mg/mL solutions in heptane.
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copolymer illustrated in Figure 7. As expected, we see
that the micelles are spherical; they have a very narrow
size dispersity and exhibit an average diameter equal
to 40 ( 0.6 nm. One notes that this value is slightly
smaller than the diameter 2RH obtained from the DLS
measurements (∼50 nm). This difference originates
probably from the presence of the solvent in the case of
the DLS experiments, inducing the swelling of the
micelle corona. A cross-sectional analysis of the micelles
is shown in inset D; it shows that the micelles are not

perfect spheres. Modifying the ratio between the set
point amplitude and the amplitude of the free oscillating
cantilever (Asp/A0) does not modify the height of the
micelles. An important observation is that the size and
the shape of the micelles are independent of the
concentration of the copolymer solution, as illustrated
in Figure 7. Indeed, at low concentration (0.1 mg/mL,
Figure 7A), individual spherical micelles or small as-

Figure 3. CONTIN analysis from the DLS correlation functions of cyclic PS-PI copolymers at (A) 0.01, (B) 0.5, (C) 2.0, and (D)
5.0 mg/mL solutions in heptane.

Figure 4. Hydrodynamic diameter (2RH) for linear PS-PI (O)
and cyclic PS-PI (9) copolymer solutions in heptane. The solid
lines are guide for the eyes.

Figure 5. Hydrodynamic diameter from DLS measurements
as a function of the number of carbon in n-alkane solvents
(CnH2n+2), for the cyclic PS-PI copolymer (9) and the linear
PS-PI copolymer (0). The concentration of all solutions is 1.0
mg/mL. The solid lines are guide for the eyes.
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semblies of micelles are formed and are dispersed on
the mica surface. Local analysis of their packing shows
that the packing is mostly hexagonal. As the concentra-
tion of the solution is increased (from part A to part C),
the micelles are found to be more and more densely
packed, and in the extreme case, an homogeneous
monolayer is formed, in which micelles can locally pack
into different patterns (Figure 7C). As an illustration,
areas marked #1 and #2 highlight two locations where
the micelles adopt either hexagonal or cubic packing,
respectively (Figure 7C).

It is important to note here that these observations
are in good agreement with the DLS data, since the
effect of adding more copolymer chains only promotes
the formation of more micelles and increases their
compactness. The size and the shape of these micelles
remain constant over all the studied concentration
range.

The results obtained for the cyclic copolymer micelles
are interestingly different and illustrated in Figure 8.

Figure 6. Hydrodynamic diameter from DLS measurements
as a function of the copolymer concentration, for the cyclic PS-
PI copolymer in decane (9), the cyclic PS-PI copolymer in
heptane (b); the linear PS-PI copolymer in decane (+), and
the linear PS-PI copolymer in heptane (O). The solid lines
are guide for the eyes.

Figure 7. TMAFM topography images (1 × 1 µm2) of linear PS-PI micelles obtained from solutions in heptane: (A) 0.1, (B) 1.0,
and (C) 5 mg/mL. (D) Sectional analysis across the micelles. (E) 2D-Fourier transforms of the two selected areas in part C,
illustrating the local hexogonal and cubic packing, respectively. The Z scale is 50 nm for all the images.
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At very low concentration (0.1 mg/mL), one observes
isolated micelles that present a “spherical” shape (Fig-
ure 8A). Depending on the deposition conditions, these
micelles can be found as isolated objects (Figure 8A) on
the surface45 or as small clusters (not shown here). The
cluster formation is controlled by the rate of evaporation
of the solvent during the sample preparation. Interest-
ingly, the size of these micelles is smaller than that of
the linear copolymer (33 nm vs 40 nm, respectively).
Along the same line, the height of the micelles is smaller
as compared to the one made from the linear copolymer
(20 nm vs 30 nm); this is shown in the cross-sectional
analysis (D) of Figure 8. With identical degrees of
polymerization for the linear and the cyclic copolymer,
this result confirms the existence of a different organi-
zation of the cyclic copolymer molecules within the
micelles. One may here speculate that these elementary
micelles have discoidal shape and are the so-called
“sunflower”. Another interesting observation is the
disappearance of a regular organization in the clusters,
which tends to demonstrate that the intermicellar
assembly is also affected by the cyclization.

As the concentration is increased to an intermediate
value (c ) 1 mg/mL), a new morphology starts to
develop. Indeed, both spherical micelles and longer
objects (cylinders or wormlike) are found to coexist on
the surface (Figure 8B). Since the diameter of these
cylinders is equal to the diameter of individual micelles
(33 nm), we may reasonably conclude that these par-
ticles are wormlike micelles formed by the self-assembly
of individual elementary discoidal or “sunflower” mi-
celles.

At high concentration (5.0 mg/mL), only wormlike
micelles are found on the surface (Figure 8C). These
micelles are entangled and their extremities are hardly
discernible. Although the wormlike micelles seem to
exhibit a wide range of lengths, their cross-section
diameter is always equal to ∼33 nm, i.e., smaller than
the diameter of the micelles made from linear PS-PI
copolymer.

One observes here that, contrary to micelles made
from linear PS-PI copolymer, the size of the wormlike
micelles measured by AFM cannot directly be compared
to the size value obtained from DLS experiments, since

Figure 8. TMAFM topography (1 × 1 µm2) images of cyclic PS-PI micelles obtained from solutions in heptane: (A) 0.1, (B) 1,
and (C) 5 mg/mL. (D) Sectional analysis across the micelles. The Z scale is 50 nm for all the images.
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the determination of RH in principle applies to hypo-
thetical spheres and not to anisotropic objects. Instead,
the RH value extracted from the correlation function
cumulant analysis corresponds to average dimensions
(equivalent sphere) of the cyclic PS-PI micelles.

In this work, DLS and AFM results were found to be
in excellent agreement, demonstrating the strong evolu-
tion of the micellar organization as a function of both
the cyclization of the copolymer molecules and the
concentration of the copolymer solution. All the results
converge to the same conclusion: asymmetric cyclic PS-
PI copolymer molecules do not self-assemble under the
form of “classical” spherical micelles. Instead, they
organize within what we have called elementary “sun-
flower-like” micelles. They are promoted by the cycliza-
tion of the blocks, which introduces a loop in the
copolymer chain (see Scheme 1 and Figure 9, top). As
illustrated, the PI segments are forced to loop back to
the core because of the cyclization and are, at the same
time, exposed to the solvent in order to minimize the
PS-solvent interface. Since the PI blocks are shorter
than the PS segments (110 vs 290 corresponding to a
volume fraction ΦPS ) 0.78), the looping of the PI blocks
in the micelle corona and the presence of a dense PS
core form a “sunflower-like” micelle. Considering this
morphology, it becomes clear that both the core and the
corona length of the cyclic copolymer micelles are
shortened compared to spherical micelles obtained from
the corresponding linear PS-PI copolymer. The top of
Figure 9 illustrates the two different types of morphol-
ogies for the micelles; on this basis, the observed
differences between the micelle diameters can be un-
derstood. At very low concentrations, these sunflower-
like micelles are present in solution as isolated objects.
However, at relatively high concentrations, the cyclic
copolymer molecules organize within an energetically
more favorable wormlike morphology. As opposed to the
spherical micelles formed from linear copolymers, the
wormlike micelles result from the self-assembly in one
direction of the “sunflower-like” elementary micelles
whose architecture strongly favors the core-core at-
traction. In this self-assembled structure, the PS seg-
ments are still confined in a core unexposed to the
solvent, allowing the microphase separation between the
PS segments and the solvent (the driving force for the

micelle formation) to occur. The bottom scheme in
Figure 9 illustrates this morphology by showing a
growing wormlike micelle and the sunflower-like micelle
as the elementary unit.

The evolution from elementary sunflower-like to
wormlike micelles as a function of the concentration is
induced by a higher number of cohesive collisions
between neighboring micelles. At high concentrations,
all the sunflower micelles are stacked together to form
giant wormlike micelles (see Figure 8C).

Along the same line, this wormlike morphology also
supports the evolution of the size of the cyclic PS-PI
micelles as a function of the solvent quality, which was
highlighted by the DLS measurements (Figure 5).
Indeed, let us recall that larger micelles of the cyclic
copolymer are formed when the number of carbons in
n-alkane solvents is decreased: e.g., from decane to
pentane. This is explained by the fact that the thermo-
dynamic stability of isolated sunflower-like micelles is
reduced when the solubility of the PS segments toward
the solvent is decreased, leading these objects to stack
more readily into longer wormlike micelles. The stack-
ing is allowed since the sunflower-like micelles present
a more-opened (discoid) morphology compared to the
spherical micelles of the linear system. According to the
wormlike model, the ratio between the amount of
wormlike and sunflower-like micelles is thus higher in
heptane than in decane at intermediate concentrations
(c ) 1.0 mg/mL), which explains the evolution of the
micelle dimensions depicted in Figure 5.

Conclusion

This work intended to answer the question of the
topological constraints on the micelle formation in cyclic
block copolymers as compared to simple linear diblock
copolymers PS-PI system, in selective solvents for the
PI block. This was achieved using DLS and direct
imaging technique AFM. Micelles made from linear
A-B diblock copolymer do not present any constraint
(no loops in the core or in the shell), and micelles made
from A-B-A triblock copolymer do present one con-
straint (loops in the core or the shell). Our system, cyclic
diblock PS-PI copolymer, combines two constraints, a
“loop” in the core and a “loop” in the shell, thus
investigating the effect of a “double constraint” on
micelle formation. It is established that the morphology
of the micelles made from linear block copolymers can
be controlled by the temperature, copolymer composition
and concentration, method of sample preparation and
the solvent quality. In this work, we have shown that
the micellar morphology can also be changed by the
cyclization of a linear diblock copolymer. The cyclic PS-
PI micelles have a very different morphology as com-
pared to micelles made from the analogous linear PS-
PI copolymer. On the basis of the present results we
can summarize some evidences as follows. (a) The
micellar morphology of the micelles made from a diblock
copolymer is drastically changed by the chemical bond-
ing of its extremities in order to form a cyclic diblock
copolymer. It is noteworthy that both the linear and the
cyclic copolymers have exactly the same molar mass and
block composition. (b) The size and the polydispersity
of the linear PS-PI micelles do not change with the
copolymer concentration whereas both parameters are
strongly concentration dependent for the micelles made
from cyclic PS-PI. (c) The cyclic PS-PI micelles are
spherical or discoidal (sunflower-like micelles) at very

Figure 9. Sketch showing the core and corona of a wormlike
micelle and the proposed morphology for the elementary
sunflower-like micelle made of the cyclic PS-PI copolymer. The
drawing also shows the structure of a spherical micelle made
of the linear PS-PI copolymer.
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low concentrations and start to form wormlike as-
semblies as more copolymer chains are added. The same
effect on the size can be reached by decreasing the
quality of the solvent for the inner block. (d) At low
concentrations of cyclic PS-PI copolymer, there is
coexistence of sunflower-like and wormlike micelles. (e)
The cross-section diameter of the cyclic PS-PI micelles
does not change with the copolymer concentration and
is smaller than the diameter of the linear PS-PI
micelles. (f) While the size of the cyclic PS-PI micelles
strongly depends on the number of carbons of a n-alkane
solvent series, the size of the linear PS-PI micelles is
the same in all the investigated solvents. (g) The
wormlike micelles are very polydisperse and lengthy.
According to the AFM pictures, the wormlike micelles
length can be longer than 1 µm.

We propose a hypothesis for the particular morphol-
ogy of the cyclic PS-PI micelles: the elementary units
for the wormlike micelle formation are the “sunflower-
like” micelles. These micelles (discoid shape) start to
self-assemble to avoid the PS-solvent contact, leading
to their stacking, and form giant and flexible cylindrical
micelles (>1 µm). Other ongoing experiments highlight-
ing the substantial differences between linear and cyclic
block copolymers properties are under investigation,
particularly at different volume fractions in disordered
(solutions), ordered (films) and micellar phase. Those
results will be published in forthcoming papers.
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