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ABSTRACT: The micellization properties of two star block copolymers, of the type (PSPI)8, where PS )
polystyrene and PI ) polyisoprene, with PI inner blocks, were investigated, in dilute solutions in two
selective solvents for the PS block, namely, dimethylacetamide (DMA) and ethyl acetate (EA), by means
of static and dynamic light scattering and viscometry. For comparison purposes the linear diblock arms
of the star copolymers, as well as a linear diblock with composition and molecular weight similar to
those of one of the stars, were also studied. The carefully designed set of copolymers, as well as the
different solvent selectivity toward the two blocks, allowed the elucidation of differences in behavior
concerning both the structure of the micelles formed and the kinetics of the micellization process. In
DMA the star block copolymers were found to form micelles of smaller size, having lower aggregation
number and shorter coronas compared to the diblock case. In comparison with the diblock arm case, star
block copolymers formed micelles of essentially the same structure. Star and linear copolymers of low
molecular weight formed unimolecular micelles in EA, whereas multimolecular micelles were observed
for the higher molecular weight star and linear copolymers. Micelle-unimer equilibrium could be shifted
to either side by changes in temperature. Kinetics of micelle formation in EA were faster for the star
block case.

Introduction

The behavior of the block copolymers is an interesting
field in polymer science, especially due to their ability
to self-assemble when they are dissolved in a selective
solvent,1 i.e., a solvent that is good for one of the blocks
but poor or precipitant for the other. The macromolecu-
lar association has been studied for more than 35 years2

because of the application potential of this phenomenon
in drug delivery, in microreactor applications, or in
manipulating the properties of a solid polymeric prod-
uct.3 The main parameters that characterize a micellar
system are the aggregation number and micellar size
and shape. The aforementioned parameters can be
influenced by the molecular characteristics of the poly-
mer (overall molecular weight of the copolymer and of
each block, composition, architecture), solvent quality
(i.e., how selective is the solvent), polymer concentration,
and temperature of the solution. The kinetics of micelle
formation has received less attention.4-6

So far, the majority of the studied micellar systems
consist of linear diblock1,7-13 and triblock14-18 copoly-
mers. In the past few years, due to the developments
in the field of polymer synthesis, the effect of polymer
architecture in the fundamental micellization properties
of complex macromolecules has started to be
investigated.19-35

In this paper, we report results on the micellization
properties of two carefully synthesized star block co-
polymers, of the type (polystyrene-b-polyisoprene)8,
(PSPI)8, where PI is the inner block, having different
molecular weights and similar compositions (Scheme 1).
These results are compared with data on two linear

diblocks, the arms of these stars, and a linear diblock
which has almost the same molecular weight and
composition as one of the stars. Our primary goal is to
investigate the influence of the architecture, topology,
and molecular weight of this type of copolymer on its
micellization properties, i.e., the structure of the mi-
celles formed in this case and also the kinetics of micelle
formation where possible. The data are collected from
static light scattering, dynamic light scattering, and
viscometry experiments in dilute solutions of two sol-
vents with different selectivities for the block of poly-
styrene, dimethylacetamide (DMA), and ethyl acetate
(EA). The solubility parameters values,36 δ, for the above
solvents, as well for the blocks of styrene and isoprene,
are, for PS, δ ) 17.5 MPa1/2, for PI, δ ) 15.8 MPa1/2, for
DMA, δ ) 22.1 MPa1/2, and, for EA, δ ) 18.6 MPa1/2.
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Scheme 1. Formation of Micelles by a Star Block
Copolymer (Top) and a Linear Block Copolymer

(Bottom)
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According to the above values, ethyl acetate is more
selective (a better solvent) than dimethylacetamide
toward PS. On the other hand PI is insoluble in DMA,
even at 60 °C, and in EA at room temperature.

Experimental Section

Polymer Synthesis. All samples were synthesized by
anionic polymerization high-vacuum techniques,35 using a
chlorosilane having eight outer reactive chlorine atoms as
linking agent. The diblock samples were synthesized by
sequential polymerization of the two monomers. Initially
styrene was polymerized using sec-BuLi as initiator, followed
by the addition of isoprene and deactivation with degassed
methanol. The star-type polymers were prepared by reaction
of the living diblock arms (PS-b-PI-Li+) with the linking agent.
The desired (PSPI)8 eight-arm stars, having PI inner blocks,
were isolated from the reaction mixture by solvent/nonsolvent
fractionation (toluene/methanol). The fractionated final prod-
uct (pure star block copolymers) were rigorously characterized
by size exclusion chromatography, membrane osmometry, low-
angle laser light scattering, dynamic light scattering, and 1H
NMR to provide the molecular characteristics of the materials
and confirm the high degree of compositional, molecular
weight, and architectural homogeneity of the copolymers as
well as to determine the structural parameters of the isolated
macromolecules. The molecular characteristics of the samples
under study are given in Table 1. The code names that have
been used in this paper for the samples are composed of three
numbers indicating the number of arms (first number; in the
case of linear polymers this number is omitted), the molecular
weight of the arms in thousands (second number), and, finally,
the percentage of the polystyrene in the macromolecule (third
number). For example, samples 8-40/50 and 8-80/50 are
different only in molecular weight, and 8-80/50 and 600/50
have almost the same molecular weight and composition but
different architectures. In this way, conclusions about the
influence of architecture are more straightforward, and some
understanding of the fundamental laws that govern micelle
formation can be gained. Finally, comparison between the stars
and their arms (8-40/50 with 40/50 and 8-80/50 with 80/50)
indicates the influence of the macromolecular topology on the
properties of the micelles.

Solvent Purification and Solution Preparation. Ana-
lytical grade DMA was dried over CaH2 by reflux for 24 h and
was fractionally distilled just prior to use. Stock solutions were
prepared by dissolving a weighed amount of sample in the
appropriate volume of dried solvent. Heating of the stock
solution at 60 °C was necessary for complete dissolution of the
polymers. All the samples were dissolved in DMA after 24 h,
with the exception of 8-80/50 and 600/50, which dissolved after
two or more days (the dissolution time depended on the
concentration of the solutions, due to their high molecular
weight). Stock solutions had the characteristic blue tint related
to the presence of micelles. No precipitation was observed from
any solution after it was allowed to stand at room temperature
for several weeks. By dilution of the stock solutions, solutions
of lower concentration were prepared. For the light scattering
experiments the solutions were filtered through 0.45 µm nylon

filters, whereas for viscosity measurements 1.2 µm nylon filters
were used.

In the case of EA the same solution preparation protocol
was followed as in the case of DMA. The only difference was
the fact that all the samples were dissolved in less than 24 h,
when they were heated at 60 °C. This is because ethyl acetate
is a better solvent for the polyisoprene block compared to DMA.
Additionally, the characteristic blue tint was apparent only
in the solutions of 600/50 and 8-80/50 at room temperature,
i.e., in the solutions of polymers with the higher molecular
weights.

Methods. The static light scattering measurements were
performed with a Series 4700 Malvern system composed of a
PCS5101 goniometer with a PCS7 stepper motor controller, a
Cyonics variable-power Ar+ laser, operating at 488 nm and
with 10 mW power, a PCS8 temperature control unit, and a
RR98 pump/filtering unit. Toluene was used as a calibration
standard. Additional measurements were also performed with
a Chromatix KMX-6 low-angle laser light scattering photom-
eter (θ ) 6-7°), equipped with a He-Ne laser operating at λ
) 633 nm. Apparent 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,
including the differential refractive index increment dn/dc, c
is the concentration, ∆Rθ is the difference between the Ray-
leigh ratio of the solution and the solvent, and P(θ) is the form
factor. Radii of gyration, Rg, where possible, were determined
from the angular dependence of the reduced scattering inten-
sity. The dn/dc values required for the light scattering mea-
surements were obtained by a Chromatix KMX-16 laser
differential refractometer, operating at 633 nm and calibrated
with NaCl solutions, or with a Wyatt Technologies Optilab
DSP interferometer operating at 488 nm, in the appropriate
solvent and temperature.

Dynamic light scattering experiments were carried out on
the same Malvern system operating in the dynamic mode. A
192-channel correlator was used for accumulation of the data.
Correlation functions were analyzed by the cumulants method
and by the use of the CONTIN software provided by the
manufacturer. The scattering intensity was measured at
scattering angles between 45° and 135°. Apparent transla-
tional diffusion coefficients at zero concentration, D0,app, were
calculated, after extrapolation to zero angle by the use of eq
2, where Dapp is the diffusion coefficient measured at each

concentration and kD is the coefficient at the concentration
dependence of Dapp. Apparent hydrodynamic radii, Rh, were
determined by eq 3, where kB is the Boltzmann constant, T is

the absolute temperature, and η0 is the viscosity of the solvent.
The light scattering experiments were performed at 25 °C, but
we have also studied the influence of the temperature in the
formed micelles. The protocol was followed for the study of
the temperature dependence included heating of the samples
from 25 to 55 °C by a step of 5 °C/15 min, a period after which
intensity measurements were constant and were measured.
The molecular weight and the diffusion coefficient determined
by light scattering are apparent quantities because of the
possibility of changes in aggregation number with concentra-
tion and because of the different refractive indices of the two
blocks.1,2

For the viscosity measurements, Cannon-Ubbelohde dilution
viscometers were used in a temperature-controlled bath at 25
°C (temperature stability (0.02 °C). Flow times for the solvent
and the solutions were measured with a Scott-Geräte AVS 410

Table 1. Molecular Characteristics of the Samples
Studied

sample
Mw

a

(×10-4)
Mn,ps

b

(×10-4)
[PS]c

(wt %) Mw/Mn
d f

Rh
e

(nm)

A2
(mL mol g-2)

(×104)

8-80/50 62.0 4.40 54 1.06 7.7 22.7 3.52
80/50 8.07 4.40 54 1.02 1 11.1 9.12
8-40/50 31.3 2.19 55 1.06 7.9 14.9 4.58
40/50 3.98 2.19 55 1.04 1 7.2 11.7
600/50 67.8 34a 51 1.08 1 23.1 4.7

a LALLS in THF at 25 °C. b Membrane osmometry in toluene
at 37 °C. c NMR in CHCl3 at 30 °C. d SEC in THF at 30 °C. e DLS
in THF at 25 °C.

Kc/∆Rθ ) 1/Mw,appP(θ) + 2A2c + ... (1)

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

Rh ) kBT/6πη0D0,app (3)
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automatic flow timer and were always greater than 150 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. Finally,
the viscometric equivalent sphere radii, Rv, were calculated
from eq 6, where Mw,app is the weight-average molecular weight
determined by light scattering.

Results and Discussion
Micellar Properties in DMA. The results from the

static light scattering experiments in DMA, a selective
solvent for the PS block, are given in Table 2. A
representative plot for the concentration dependence of
the reduced scattering intensity of all samples in DMA
is shown in Figure 1. As can be seen at the concentration
range (3 × 10-5 to 10-3 g mL-1) used in the experiments
the equilibrium is shifted completely in favor of the
micelles, where the properties of the solution are
dominated by the presence of associates. Presumably,
the region of unimer-micelle coexistence is outside the
accessible concentration window. The apparent molec-
ular weight, Mw,app, is very close to the true one because
of the high values of dn/dc,36 for each block and the
copolymers in this solvent, the low values of A2, and the
high degree of molecular uniformity. The values of the
molecular mass of the associates are obtained from
linear extrapolation to infinite dilution. It is obvious that

among the polymers with the same architecture the
molecular weight increases as the molecular weight of
the insoluble branches increases too. Moreover, the
micelles that are formed by the star polymers or their
arms have almost the same molecular weight, and this
indicates that the topology of the chains in the core does
not affect this parameter. The values of the second virial
coefficient are almost 2 orders of magnitude smaller
than the ones determined for the unimers in a good
solvent, THF (see Table 1), due to the selectivity of the
solvent and the high molecular weight of the micelles.
As far as the weight-average aggregation number,
defined as

is concerned, among the samples with the same archi-
tecture, an increase in the overall length of the insoluble
block causes an increase in this parameter.8,9 Further-
more, it is noticeable that the star copolymers form
micelles which have much smaller aggregation numbers
than the ones determined for the micelles formed by
their arms. Finally, comparison between 8-80/50 and
600/50, the two copolymers with the same molecular
weight and composition but different architectures,
indicates that the Nw of the linear copolymer is almost
30 times greater than the respective star copolymer.
This is in agreement with the results reported in other
works.19-34 The reason for this behavior must be that
the more arms a star polymer possesses the greater the
difficulty to accommodate itself in a micelle, due to
excluded volume effects as well as to elastic energy loss
of the soluble arms.

The results from dynamic light scattering are also
given in Table 2, and a representative plot of the
concentration dependence of the diffusion coefficient is
shown in Figure 2. The diffusion coefficients have very
low values due to the low mobility of the supramolecular
structure with respect to molecularly dissolved poly-
mers. kD values show a different trend between the
linear copolymers and the star ones. Thus, in the case
of linear polymers, kD decreases as the molecular weight
increases, while in the case of star polymers, the
opposite behavior is observed. Due to the complex
nature of the parameter, which includes thermodynamic
and hydrodynamic factors, a clear explanation of the
observed behavior is not possible. As far as the hydro-
dynamic radii, Rh, are concerned the comparison be-
tween the star copolymers and their arms shows that
there are no noticeable differences in the size of the
micelles, indicating that the presence of a junction point
in the core of the star copolymer affects neither the mass
nor the overall dimensions of the micelles. However, the
difference in micellar hydrodynamic radii between
samples 8-80/50 and 600/50 is high, although the
unimers have almost the same molecular weight and

Table 2. Light Scattering and Viscometric Results from DMA Solutions at 25 °C

sample
Mw,app

(×10-6)

A2
(mL mol g-2)

(× 106) Nw

D0,app (cm2/s)
(×108)

kD
(mL g-1)

Rh
(nm)

[η]
(mL g-1) kH

Rv,app
(nm)

8-40/50 5.9 6.0 19 9.6 55.3 25.3 11.62 0.75 22.2
40/50 7.1 7.8 177 9.5 25.6 25.6 12.33 0.89 24.0
8-80/50a 27.7 9.7 45 5.1 127.4 48.0 32.23 1.09 52.1
80/50a 24.2 0.65 299 5.6 8.5 43.4 14.32 1.52 38.0
600/50a 918 1.1 1354 1.3 -46.0 181 36.93 1.70 175
a Light scattering measurements give the following Rg values for these samples: 8-80/50, Rg ) 30.7 nm; 80/50, Rg ) 24.7 nm; 600/50,

Rg ) 103 nm.

Figure 1. Static light scattering plot for block copolymers in
DMA at 25 °C: 8-40/50 (9), 40/50 (0), 8-80/50 (2), 80/50 (4),
600/50 (b).

ηsp/c ) [η] + kH[η]2c + ... (4)

ln ηr/c ) [η] + kK[η]2c + ... (5)

Rv ) (3/10πNA)1/3([η]Mw,app)
1/3 (6)

Nw ) Mw,micelle/Mw,unimers
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composition. This difference is attributed to the “break-
ing” of PS and PI chains into eight equal parts, in the
case of the star polymer, 8-80/50, which has as a result
the micelle adopting a structure with much smaller
dimensions than those of the micelle which is formed
by the respective linear one (Scheme 1). It also has to
be mentioned that Rh values are independent of scat-
tering angle, which means that the formed micelles are
spherical. Finally, the polydispersity values, expressed
by the ratio µ2/Γ2 (where µ2 is the second cumulant and
Γ is the decay rate of the correlation function), are less
than 0.1, revealing that the micelles formed are almost
monodisperse in size.

Dilute solution viscometric results are presented in
Table 2. From the experimental findings it is obvious
that the intrinsic viscosity values, [η], are rather low if
one takes into account the high molecular weight of the
multimolecular micelles. This is in agreement with the
results of Rh from dynamic light scattering. It is also
worth mentioning that the values of [η] for the samples
8-80/50 and 600/50 are higher in comparison with those
of the other samples. The kH values are larger for the
diblocks than for the star blocks. This may indicate a
less compact structure for the micelles of the star
copolymers due to the steric hindrance of the many
arms. Furthermore, the kH values are large, compared
to typical values for polymers in good solvents, due to
the increased hydrodynamic interactions within the
micelles. In most cases kH values are close to or higher
than the theoretical value for hard spheres (kH ) 0.9938),
indicating the highly compact spherical structure of
these micelles. Although it is possible that, in the
concentration range (3 × 10-3 to 2 × 10-2 g mL-1) used
for the viscometric experiments (much higher than in
the case of light scattering experiments), the structure
of the supramolecular associates may be changed, the
good agreement between Rv and Rh values, within
experimental error, shows that structure transformation
does not take place at higher concentrations.

By combination of the results obtained by the em-
ployed methods and the use of some theoretical or
simple mathematical relations, some other structural
micellar characteristics could be derived. The results
from this procedure are given in Table 3. The first
conclusion that can be drawn is that all micelles studied
resemble hard spheres, because the values of the ratio
Rv/Rh are close to unity (the theoretically calculated

value for the hard spheres). This is in agreement with
the calculated kH values and with the results from
dynamic light scattering in different angles. Also the
ratio Rg/Rh, where available, takes values (0.57-0.64)
that are indicative of a spherical structure.

The number of soluble chains per micelle in each case
is shown in the second column. For the linear macro-
molecules this number is identical with the aggregation
number, but in the case of star copolymers NPS,corona )
8Nw. Between 8-40/50 and 8-80/50 the increase in the
molecular weight causes an increase in NPS,corona. The
effect of architecture is considerable; the energy penalty
during the association of 8-80/50, because of its nonlin-
ear architecture, has as a result a decrease of this
parameter in comparison with that of the diblock 600/
50.

The radius of the micellar core, Rc, can be derived
from eq 7, where Mw,mic is the apparent weight-average
molecular weight of the micelles determined by light
scattering, wtPI is the weight fraction of PI in the

macromolecule, NA is the Avogadro number, dPI is the
density of PI (0.89 g/mL), and ΦPI is the volume fraction
of PI in the core of the micelle, which in the case of PI
in DMA can be assumed to be equal to 1 (the case of a
dry PI core) due to the high selectivity of the solvent.
From the data in Table 3, it seems that the increase in
the molecular weight in the star copolymers is followed
by an increase in Rc. Finally, it is noticeable that the
existence or nonexistence of a junction point in the
micellar core does not affect the dimensions of the core,
as revealed by the comparison of the star-type polymers
and their arms.

Another important micellar characteristic is the core/
corona interfacial area per molecule, Ac (or per polymer
chain, Ac/n), which can be calculated as

The values of the core area per polymer chain are
obtained by dividing Ac by the number of soluble PS
blocks per molecule in each case (Table 3). It is observed
that for the micelles formed by the star block copolymers
Ac is higher than in the case of linear diblocks, probably
due to the existence of eight chains per molecule,
whereas at the linear diblock copolymers only one chain
exists. More interesting are the experimental results for
the core area per chain, Ac/n. The increase of molecular
weight causes an increase in this parameter, not only
between the samples of star polymers but also among
the linear ones. There is also a large difference in Ac/n
between 8-80/50 and 600/50. The reasons for this
difference must be the existence of a junction point in
8-80/50, which forces the arms to be close together, and
the fact that the short PS chains in 8-80/50 can adopt
more elongated structures than the longer ones in 600/
50.

Since the hydrodynamic radii and the core radius of
the micelles have already been determined, the corona
thickness, L, could be easily evaluated by subtracting
Rc from Rh (Table 3). Comparison between the micelles
formed by the two star block copolymers indicates that
the increase in molecular weight has as a result a direct
increase in this parameter. Moreover, it seems that the
architecture plays an important role in the thickness

Figure 2. Dynamic light scattering plot for block copolymers
in DMA at 25 °C: 8-40/50 (9), 40/50 (0), 8-80/50 (2), 80/50
(4), 600/50 (b).

Rc ) (3Mw,micwtPI/4πNAdPIΦPI)
1/3 (7)

Ac ) 4πRc
2/Nw (8)
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of the corona (obviously because of the breaking of a long
PS chain in eight shorter chains in the case of 8-80/50
compared to 600/50).

Turning now to the conformation of the PS chains
located in the corona, there are some criteria according
to which one could estimate the degree of chain elonga-
tion. Such a criterion is the quantity σN6/5, adopted by
Eisenberg et al.39,40 When this factor takes values
greater than 1, the corona chains exhibit a stretched
conformation. σ is a dimensionless parameter which
describes the chain density at the core/corona41,42 in-
terface and is given by the following equation:

where R is the length of the repeat unit (0.25 nm for
PS) and Ac/n is the core area per soluble chain. Ad-
ditionally, N is the degree of polymerization of the
corona chain. The estimated values of this factor are
listed in Table 3 and indicate that the PS chains in every
micelle adopt a stretched conformation. Furthermore,
an estimation of the degree of chain extension, in
relation with the fully extended structure, can be
evaluated by eq 10. The results of this parameter show

that, independent of the molecular weight of the copoly-
mers and the topology of the chains in the core, the
percent chain extension is practically the same for all
the samples, with the exception of 600/50, for which this
parameter takes very low values, presumably due to the
large length of this chain. Finally, in the same table we
report the ratio of the corona thickness to the unper-
turbed end-to-end distance for linear PS chains with the
same molecular weight with the corresponding blocks
of the copolymer in a Θ solvent.43 It seems that an
increase in molecular weight causes an increase in this
parameter, among the samples with the same architec-
ture and that the architecture has a large influence on
this ratio (compare the values for 8-80/50 and 600/50).

Finally, the behavior of the micelles as a function of
temperature was studied. The results of these experi-
ments show that all the micelles are stable in the
increase in temperature between 25 and 55 °C, as a
result of the high selectivity of the solvent.

Micellar Properties in EA. Judging from the solu-
bility parameter values, EA is a better solvent for the
polyisoprene block than DMA, but it is also selective.
The immediate result of this fact is that not all the
samples form multimolecular micelles when they are
dissolved in this solvent, as the results in Table 4 and
the representative plot from static light scattering in
Figure 3 indicate. Only samples 8-80/50 and 600/50 form
multimolecular micelles due to their larger molecular
weights. Furthermore, it has been observed, at the
initial stages of this investigation, that the properties
of the multimolecular micelles are time dependent.
Because of this, the results for samples 8-80/50 and 600/

50 are given at two times: 24 h after the dissolution of
the samples and after three weeks. We believe that the
second series of measurements are those of equilibrium,
since no change in the micellar properties is observed
beyond that period. The solutions of the remaining
samples, where the existence of the unimolecular mi-
celles was observed, have also been measured at differ-
ent times (for a period of a month), but the results
indicate that the properties of these solutions are stable
over time.

The static light scattering results of the first series
of experiments, 24 h after the dissolution of the samples,
show that only samples 8-80/50 and 600/50 form multi-
molecular micelles; this is because they are the samples
having the larger molecular weight of polyisoprene, i.e.,
the larger insoluble block. For the rest of the samples
apparent molecular weight values determined in EA are
the same, within experimental error, as those obtained
in the nonselective solvent THF.

The results from the static light scattering for the
second series of experiments are given in Table 5. This
table includes the results for samples 8-80/50 and 600/
50, where changes in micellar structure were observed,
and additionally the results for sample 8-40/50, where
no remarkable change is indicated. The aggregation
number for star block copolymer 8-80/50 doubles in a
period of three weeks, in agreement with the negative
starting A2. On the contrary, in the case of 600/50, a

Table 3. Geometrical Characteristics of the Micelles Formed in DMA

sample Rv/Rh NPS,corona

Rcore
(nm)

Ac
(nm2)

Ac/n
(nm2)

L
(nm) σN6/5

%
extension L/〈r0

2〉1/2

8-40/50 0.88 152 10.5 72.9 9.1 15 4.2 28.1 3.6
40/50 0.94 177 11.1 8.8 8.8 14 4.4 27.3 3.4
8-80/50 1.09 360 17.7 87.5 10.9 30 8.1 28.7 5.2
80/50 0.87 299 16.9 12.0 12.0 27 7.4 25.1 4.6
600/50 0.97 1354 58.1 31.3 31.3 123 32.9 15.1 7.5

σ ) R2/(Ac/n) (9)

% extension ) 100L/RN (10)

Table 4. Light Scattering Results from Ethyl Acetate
Solutions after 24 h, at 25 °C

sample
Mw,app

(×10-6)

A2
(mL mol g-2)

(×106) Nw

D0,app
(cm2/s)
(×108)

kD
(mL g-1)

Rh
(nm)

8-40/50 0.27 52.7 1 46.0 -4.0 11.1
40/50 0.04 40.6 1 109 -9.3 4.7
8-80/50 1.0 -18.0 2 27.0 -27.7 19.0
80/50 0.09 6.76 1 75.8 -20.2 6.8
600/50 83.7 6.68 123 6.1 3.4 84.5

Figure 3. Static light scattering plot for block copolymers in
EA at 25 °C: 8-40/50 (9), 40/50 (0), 8-80/50 (2), 80/50 (4),
600/50 (b).
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large decrease in this parameter is observed during the
same time period.

As in the case of DMA, dynamic light scattering
experiments have also been performed; the results from
the first series of experiments are presented in Table
4. It seems that the unimolecular micelles have very
low values of the hydrodynamic radii and that their
dimensions are smaller than those obtained in THF, as
expected because of the partial collapse of the PI block.
On the other hand, samples 8-80/50 and 600/50, which
form multimolecular micelles, show greater values for
this parameter. Moreover, similar to the results in
DMA, the architecture dramatically influences this
micellar characteristic. Rh is smaller for the star block
copolymer.

The results from the second series of experiments are
given in Table 5. The only change in Rh values is
indicated for the star block copolymer, 8-80/50. An
analogous change was expected in the overall dimen-
sions of sample 600/50, mainly because of the change
in the aggregation number, but this is not observed.
Presumably, the change in the aggregation number is
not large enough to produce a detectable change in the
dimensions of the micelles, and this observation must
be associated with the spherical shape of the micelles
in EA. The spherical shape is confirmed by the fact that
practically the same Rh is measured independent of the
angle, in DLS experiments.

The viscosity behavior of the samples has also been
studied. Due to the limited amount of the sample, only
one series of experiments have taken place and only the
star block copolymers and the linear one, 600/50, have
been studied. These experiments were done after three
weeks of the dissolution of the samples. The results are
also given in Table 5. It is obvious that the micelles that
are formed, unimolecular and multimolecular, are not
as compact as in the case of the first solvent, DMA. This
is indicated by the intrinsic viscosity values, which are
rather high. The lower kH values in this solvent lead to
the same conclusion. This can be a consequence of the
larger swellability of the core in EA. Furthermore, as
was observed in the case of DMA, the different archi-
tectures between 8-80/50 and 600/50 influence their
micellar characteristics. In Table 6 some additional
micellar characteristics for the two star-type copoly-
mers, 8-40/50 and 8-80/50, and also for the linear one,
600/50, are given. These characteristics were derived
using the same procedure as in the case of DMA and
for the systems after the three week period. The general
conclusion is that the basic micellar characteristics show
the same trend as in the case of DMA. It is interesting
to note that even in the case of unimolecular micelles

of sample 8-40/50 some extension of the soluble PS chain
is observed.

The influence of temperature on the formed multi-
molecular micelles has been investigated in more detail
in EA. Here the results are more interesting than in
the DMA because it was possible to determine the
critical micelle temperature in the range from 25 to 55
°C. Figures 4 and 5 show how the intensity decreases
with the increase in temperature for samples 8-80/50
and 600/50 (the hydrodynamic radii of the micelles show
similar behavior). For sample 8-80/50, the critical mi-
cellization temperature, cmt, is at about 32 °C and it is
nearly independent of the solution concentration, in the
concentration range studied. Turning to the linear
diblock case, it is obvious that the micelles are much
more stable; the cmt lies between 45 and 52 °C (Figure
5) for the concentration range studied. Additionally, it
can be seen that the concentration of the solution and
the heating rate influence this parameter (Figure 5).
The above results also demonstrate that the architec-
ture of the polymer plays a major role in its micellization
behavior.

The existence of a critical micelle temperature in the
range of 25-60 °C for samples 8-80/50 and 600/50 gives
the opportunity to study the kinetics of micelle forma-
tion, at least qualitatively. The protocol that was used
for the above study involved a first heating of the
solution in the light scattering cell, at about 60 °C for

Table 5. Light Scattering and Viscometric Results from EA Solutions after Three Weeks, at 25 °C

sample
Mw,app

(×10-6)

A2
(mL mol g-2)

(×106) Nw

D0,app
(cm2/s)
(×108)

kD
(mL g-1 )

Rh
(nm)

[η]
(mL g-1) kH

Rv,app
(nm)

8-40/50 0.29 67.2 1 45.8 -3.7 11.2 30.1 0.77 10.9
8-80/50 2.19 0.98 4 19.8 18.2 25.9 36.2 0.76 18.2
600/50a 62.5 13.0 92 6.2 17.1 83.3 51.6 1.58 88.1
a Rg for this sample is equal to 47.3 nm.

Table 6. Geometrical Characteristics of the Micelles Formed in EA

sample Rv/Rh NPS,corona

Rcore
(nm)

Ac
(nm2)

Ac/n
(nm2)

L
(nm) σN6/5

%
extension L/〈r0

2〉1/2

8-40/50 0.97 8 3.8 184.3 23.0 7.4 1.7 14.1 2.1
8-80/50 0.70 32 7.6 181.4 22.7 18.3 3.9 17.5 3.5
600/50 1.06 92 23.7 76.8 76.8 59.6 13.7 7.2 7.9

Figure 4. Light scattering intensity vs temperature, in EA,
for sample 8-80/50: 1 × 10-3 g/mL (2), 4 × 10-3 g/mL (b), 6 ×
10-3 g/mL (9).
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at least 1 h. After this, immediate transport of the cell
in the light scattering instrument bath of 30 °C takes
place. The dead time, until the first measurement, is
determined by the use of a chronometer. In Figure 6 is
shown how the reduced scattering intensity (the solution
intensity minus the scattering intensity of the solvent)
changes during the experimental time, both for the star
block and for the linear one. In the case of 8-80/50 the
experimental results point to the formation of micelles
after about 250 s, smoothly, as indicated by the leveling
off of the scattering intensity. On the other hand, a
significant fluctuation of the scattering intensity is
observed for sample 600/50 before the final state is
reached, using the same protocol as before. Thus, micelle
formation, induced by lowering the solution tempera-
ture, was found to be faster in the star block copolymer
case, although the star solution was quenched to a very
shallow temperature, while the linear one was quenched
to a temperature much lower than the cmt. Ideally, the
comparison should be made at concentrations where
only micelles are observed for both samples (i.e., at the
“same distance” from the cmc) and for the same quench
depth (i.e., at the “same distance” from the cmt). This

would ensure the same thermodynamic state for both
micellar systems. In our case we tried to find the best
experimental compromise for the systems at hand
although a strictly ideal comparison cannot be made,
since no cmc was observed for sample 600/50 and the
light scattering intensities of solutions of the two
polymers at the same concentration were either too high
or too low. The above results indicate, in a qualitative
manner, that the kinetics of 8-80/50 is much faster than
that of 600/50 although the quench depth from the cmt
for the star block copolymer is smaller compared to that
for the diblock. The kinetics of 600/50 was further
studied. In Figure 7 the changes in reduced scattering
intensity for four different concentrations of this copoly-
mer are shown. It seems that several steps in the
formation of micelles exist. The fluctuations can be
correlated to changes in the aggregation number of the
micelles, which also seems to fluctuate until it reaches
a final state. The fluctuations seem to be more dramatic
as polymer concentration increases. The observed be-
havior has never been reported before and is completely
different compared to the smooth transition for sample
8-80/50. This difference may be a result of the high
molecular weight of 600/50; i.e., the core-forming block
is large, and consequently, it takes a longer time to be
disentangled and to be removed and inserted again into
a micelle. In the case of 8-80/50 the PI part of the
molecule is more compact and can move more easily as
a whole. It should be mentioned that this type of time-
dependent micellization is different from the previously
reported anomalous micellization that concerns the
formation of extraordinarily large micelles, by increas-
ing the polymer concentration, and for concentrations
close to the cmc.44,45

Conclusions
Differences in the micellization properties of star

block copolymers, of the type (PSPI)8, and linear diblock
copolymers were observed, in dilute solutions in DMA
and EA, by means of static and dynamic light scattering
and viscometry. In the poorer for the PI block solvent,
DMA, the star block copolymers were found to form
micelles of smaller size, having lower aggregation
number and shorter coronas compared to those of the

Figure 5. Light scattering intensity vs temperature, in EA,
for sample 600/50: 1 × 10-3 g/mL (9), 1 × 10-4 g/mL slow
heating (2), 1 × 10-4 g/mL fast heating (b).

Figure 6. Time-dependent light scattering intensity, in EA,
for samples 8-80/50 (9) (c ) 1 × 10-2 g/mL) and 600/50 (b) (c
) 1 × 10-3 g/mL).

Figure 7. Light scattering intensity vs time for 600/50 in EA
at different concentrations: 2 × 10-4 g/mL (0), 4 × 10-4 g/mL
(b), 6 × 10-4 g/mL (4), 1 × 10-3 g/mL (9).
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diblock with similar composition and molecular weight.
Star block copolymers and their respective diblock arms
formed micelles of essentially the same structure in
DMA. In the lower selectivity solvent, EA, unimolecular
micelles were formed from some diblock and star block
copolymer samples. The multimolecular micelles formed
by the higher molecular weight diblock and star block
copolymers showed the same differences in structure as
the ones observed in DMA. However, these micelles
could be dissociated by an increase in temperature.
Micelle formation, induced by lowering the solution
temperature, was found to be faster in the star block
copolymer case.
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