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ABSTRACT: Hydrophobically end-capped poly(ethylene oxide) (PEO) is a highly asymmetric diblock copolymer
that forms spherical micelles in water resembling multiarm star polymers. The dynamic mechanical properties of
these polymeric micelles were studied in the absence and in the presence of unfunctionalized PEO chains as a
function of concentration and temperature. A discontinuous reversible liquid-solid transition was observed below
a critical temperature (Tc). Addition of linear chains led to a decrease ofTc and a strong slowing down of the
kinetics of the transition close toTc. Flow measurements of the solid showed a steep power law decrease of the
flow rate with decreasing stress. For a given stress the flow rate increased after addition of linear chains, but the
stress dependence of the flow rate remained the same. Dynamic and static light scattering measurements were
done to investigate the influence of adding linear chains on the osmotic compressibility and the cooperative
diffusion of polymeric micelle solutions.

Introduction

Polymeric micelles are formed in solution by asymmetric
diblock copolymers through the association of small insoluble
groups grafted at one end of soluble polymer chains.1 These
micelles may be considered as star polymers with the important
difference that the number of arms (p) can vary as a function
of concentration or temperature. It is important to distinguish
between dynamic polymeric micelles that can rapidly exchange
arms and frozen micelles for which the exchange is very slow
or even absent.2 Only the former can adapt to changes of the
concentration and the temperature by varyingp and thus the
number of micelles. The latter resemble more closely covalently
bonded star polymers.

Solutions of multiarm star polymers3,4 or polymeric micelles1

may stop flowing freely above a critical volume fraction because
the micelles are jammed. Jammed micelle solutions have
sometimes been called gels, but since there is no bond formation
between the micelles, we prefer to call them solids. Of course,
the PEO segments remain mobile when the micelles are jammed.
The relevant parameter for the liquid-solid transition is the
effective thermodynamic volume fraction of the micelles.
Therefore, the transition can also be obtained by varying the
temperature in marginal solvents. For polymeric micelles the
transition is invariably accompanied by crystalline ordering of
the micelles. Even though the elastic mechanical response is
sometimes explained in terms of the crystal order,5 the latter is
not necessary for the liquid-solid transition. It was recently
shown for polymeric micelles based on hydrophobically end-
capped poly(ethylene oxide) (PEO) that a disordered solid is
formed first and that the crystalline order appears more slowly.6

In addition, covalently bound star polymers show a liquid-
solid transition, but usually no crystal order.7 The liquid-solid
transition may thus be considered as a glass transition.

For star polymers in athermal solvents the phase diagram8

and the glass transition9 have been described theoretically.10 The

predictions were confirmed in part by experiments on frozen
polymeric micelles.11 A different interaction potential has been
used to describe the interaction of star polymers in marginal
solvents.12 Theory and computer simulations indicate that
crystallization and glass formation occur at approximately the
same volume fraction both in athermal and marginal solvents.9,13

It has been reported14 that addition of linear homopolymers
to polymeric micelles leads to melting of the solid and disruption
of the crystal order. More recently, the same effect was reported
for covalent star polymers.15 Addition of linear chains to star
polymers decreased the shear moduli of the solid and induced
melting above a critical fraction of linear chains. The effect
increased with increasing molar mass of the linear chains and
was attributed to depletion effects or shrinking of the star
polymers. The effect disappeared for chains much smaller than
the star arms, while for chains much larger than the arms an
effect of bridging was observed. Yamazaki et al.16,17 observed
the same phenomena when adding linear PEO to small
polymeric micelles formed by hydrophobically modified PEO.

The aim of the work presented here was to investigate in
more detail the dramatic effect of adding linear chains on the
liquid-solid transition and the flow behavior of polymeric
micelle solutions. We studied the rheology of mixtures of
polymeric micelles formed by alkyl end-capped PEO and linear
PEO with same molar mass (4.3× 103 g/mol). The function-
alized PEO formed spherical micelles in dilute aqueous solutions
with p ) 32 independent of the temperature. We also investi-
gated the effect of adding linear chains on the amplitude and
relaxation of spontaneous concentration fluctuations in the
micelle solutions using static and dynamic light scattering. A
detailed study of structural and mechanical properties of the
PEO micelles in the absence of linear chains has been reported
earlier.6,18

Experimental Section

Materials. PEO end-capped with octadecyl (Brij 700, batch
05214MC) and nonfunctionalized PEO were purchased from
Aldrich. We tested several batches and observed small differences* Corresponding author. E-mail: Taco.Nicolai@univ-lemans.fr.
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in the critical concentration for gelation. On the basis of the results
presented here, we can explain these differences by the presence
of a small weight fraction (<5%) of nonfunctionalized PEO in
varying quantities. We have chosen the batch with the lowest critical
concentration of gelation and consequently the lowest fraction of
nonfunctionalized chains. The weight-average molar mass,Mw )
4.3 kg/mol, and the polydispersity index,Mw/Mn ) 1.05, were the
same for both polymers. Clear solutions in pure “Millipore” water
were obtained after stirring for an hour at 80°C. The total PEO
concentrations (C) were calculated using a density of 1.15 kg/L.19

The small temperature dependence of the density was ignored. At
concentrations above 750 g/L both functionalized and nonfunc-
tionalized PEO were no longer soluble and crystallized at room
temperature. The crystallization of PEO segments at very high
concentrations should not be confused with the crystalline order
of the micelles at much lower PEO concentrations. In the latter
case the PEO segments are hydrated and mobile.

Mixtures with different weight fractions of linear nonfunction-
alized PEO chains with respect to the total mass of PEO (F) were
prepared by mixing aqueous solutions of the pure systems at
80 °C. Transparent homogeneous solutions were obtained in all
cases. For light scattering measurements the samples were filtered
through 0.2µm pore size Anatop filters when it was possible, while
more viscous samples were filtered through 0.45µm pore size
filters. Highly viscous solutions obtained at the highest concentra-
tions could not be filtered but were purified by ultracentrifugation.
We verified that filtration or centrifugation did not modify the PEO
concentration.

Rheology. Rheology measurements were done on a stress-
controlled rheometer (AR1000, TA Instruments) using a cone and
plate geometry (diameter 6 cm and angle 0.58° or 4 cm and 2°).
The temperature was controlled using a Peltier system. Solvent
evaporation was avoided by covering the geometry with mineral
oil. Oscillatory measurements were done at 1 Hz with an imposed
stress of 10 Pa or an imposed deformation of 0.5% to determine
the storage (G′) and loss modulus (G′′). In both cases the
measurements were in the linear response regime for the solids
and the liquids. However, only in the case of imposed deformation
was the response linear during the transition. Nevertheless, the
results were close, and here only the results using imposed stress
are shown because they contain less noise. For the liquid the
dynamic viscosity obtained fromG′′ was the same as the viscosity
obtained from flow measurements with an imposed stress of
10 Pa.

Light Scattering. Light scattering measurements were made
using an ALV-5000 multibit, multitau, full digital correlator in
combination with a Spectra-Physics laser emitting vertically polar-
ized light atλ ) 532 nm. The temperature was controlled by a
thermostat bath to within(0.1 °C. The relative excess scattering
intensity (Ir) was determined as the total intensity minus the solvent
scattering divided by the scattering of toluene at 20°C. Ir is related
to the osmotic compressibility ((dπ/dC)-1) and the z-average
structure factor (S(q)):20,21

with R the gas constant andT the absolute temperature.

whereNa is Avogadro’s number,λ is the wavelength of the incident
light, dn/dC is the refractive index increment, andRs is the Rayleigh
ratio of toluene. (ns/n)2 corrects for the difference in scattering
volume of the solution with refractive indexn and toluene with
refractive indexns. S(q) describes the dependence ofIr on the
scattering wave vector:q ) (4πn/λ) sin(θ/2), with θ the angle of
observation.Rs ) 2.79× 10-5 cm -1 at λ ) 532 nm and 20°C.
The refractive index increment of PEO is 0.135 cm3/g,22,23and we
have assumed that the value for functionalized PEO is the same

because the functional group is small. In dilute solutions the osmotic
compressibility may be written in terms of a virial expansion:

whereMw is the weight-average molar mass andA2 andA3 are the
second and third virial coefficients.

The normalized electric field autocorrelation function,g1(t), was
calculated from the measured intensity correlation function using
the so-called Siegert relation.24 g1(t) was analyzed in terms of a
relaxation time (τ) distribution using the REPES routine:25

For all systems a fastq2-dependent relaxation mode was observed
caused by the relaxation of the concentration fluctuations of the
linear chains and micelles. The cooperative diffusion coefficient
was calculated from the average relaxation rate asDc ) 〈τ-1〉/q2.

In addition, a slow diffusional mode was observed caused by
thepresenceof largespuriousscatterers,probablyPEOaggregates.26-29

The weight fraction of the spurious scatterers was negligible, but
theq-dependent relative amplitude in the relaxation time distribution
could still be substantial, as it is equal to the relative scattering
intensity. At low concentrations when the samples could be filtered
through 0.2µm pore filters, the relative intensity scattered by the
spurious scatterers was very small. However, with increasing
concentration the relative intensity of the spurious scattering
increased for two reasons. First, the relative scattering intensity of
the fast mode decreased with increasing PEO concentration, and
second, it was more difficult to remove the spurious scatterers for
the more viscous solutions formed at higher concentrations.

In all casesIr was corrected for the contribution of the spurious
scattering, which could be as much as 50% at the highest
concentrations, by multiplying the total scattering intensity with
the relative amplitude of the fast mode. After correction,Ir was
found to be independent ofq. For solid samplesg1(t) does not fully
relax spontaneously. These samples were slowly rotated, which
artificially forcesg1(t) to relax with a terminal relaxation time that
is determined by the speed of rotation.

Results

The rheometer was loaded with solutions containing a range
of micelle concentrations up to 750 g/L. The solutions were
presheared at 90°C (5 min at 300 s-1) in order to fully
homogenize the system. Then the temperature was reduced at
a rate of 5°C/min down to 5°C, during which the viscosity
was measured using continuous shear with an imposed stress
of 10 Pa (see Figure 1a). The liquid-solid transition was easily
observed by the abrupt divergence of the viscosity at a
temperature that increased with increasing concentration. The
transition could be reversed by heating, but the melting
temperature was higher than the freezing temperature. At a rate
of 5 °C/min, the melting and the freezing temperatures differed
by 2 or 3 deg, but this difference increased with increasing
cooling and heating rates.6

Dynamic oscillatory shear measurements were done in the
same way using an imposed stress of 10 Pa at 1 Hz (see Figure
1b). During cooling, G′ increased sharply until a value
characteristic of the solid state was reached which increased
weakly on further cooling. When the solid was heated, the
system melted again at a slightly higher temperature. It was
shown in ref 18 that the frequency dependence ofG′ andG′′ in
the solid state is small.

The same experiments were done after adding linear PEO
with different weight fractions (F) of the total amount of PEO.
Figure 2 shows the temperature dependence of the viscosity of
different micellar solutions withF ) 0.1. A strong increase of
the hysteresis between freezing and melting was observed, which
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depended on the degree of preshearing at high temperatures.
The freezing temperature decreased with increasing preshearing

at 90°C until after extensive preshearing (20 min at 300 s-1)
it reached a constant freezing temperature. It is remarkable that
the freezing temperature of extensively presheared samples was
approximately the same at all concentrations investigated (about
7 °C), while the melting temperature increased strongly with
increasing concentration and was independent of the degree of
preshearing. For a given micelle concentration, the melting
temperature was lower in the presence of linear chains than for
pure micelles. In the presence of linear chains atF ) 0.1 the
transition occurred at a critical viscosity that was slightly higher
than for pure micelles (about 0.3 Pa‚s). For pure micelles the
viscosity forT > Tc was the same during heating and cooling,
but in the presence of linear chains it was slightly higher during
heating and only became equal at high temperatures. AtF )
0.2, similar behavior was observed (not shown), and the melting
temperature decreased even more for a given micelle concentra-
tion (see below).

Kinetics of Freezing and Melting.The kinetics of freezing
and melting were determined by oscillatory shear measurements
as a function of time at constant temperature. The temperature
was set either by rapidly cooling from 90°C or by rapidly
heating from 5°C. Figure 3 shows that the time needed to freeze
a micelle solution increased whenTc was approached. It was
shown in ref 6 that it can take more than 10 h to reach steady
state very close toTc. For pure micelle solutions, the effect is
only clearly visible close toTc. However, withF ) 0.2, the
freezing rate started to slow down already 30°C belowTc, which
explains the strong hysteresis between heating and cooling
ramps. At temperatures very close toTc, it is possible to obtain
the same sample in the liquid state or in the solid state for several
days depending on its thermal history.

During heating a different behavior was observed. At fixed
temperatures close toTc, G′ decreased first rapidly and
subsequently increased more slowly back to the original value
(see Figure 4). With increasing temperature, the decrease became
more important, and the subsequent increase slowed down until
for T > Tc the system melted irreversibly. Close toTc the system
actually melted before it solidified again. These measurements
indicate that a reorganization of the system occurred close to
Tc. A good estimate ofTc was obtained as the temperature where
the system reached the liquid state during a heating ramp of
5 °C/min.

Liquid -Solid State Diagram.The liquid-solid state dia-
gram as a function of the temperature and the total PEO

Figure 1. Temperature dependence of the viscosity (a) and the storage
shear modulus (b) during cooling (filled symbols) and heating (open
symbols) of micelle solutions at different concentrations. The cooling
and the heating rates were 5°C/min, and the shear stress was 10 Pa.

Figure 2. Temperature dependence of the viscosity of micelle solutions
with added linear chains atF ) 0.1 during cooling (filled symbols)
and heating (open symbols) at different PEO concentrations. The
cooling and the heating rates were 5°C/min, and the shear stress was
10 Pa.

Figure 3. Freezing time as a function ofT - Tc for a pure micelle
solution atC ) 154 g/L (squares) and for a mixture atF ) 0.2 atC )
480 g/L (triangles).
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concentration was determined for pure micelles and forF )
0.1 andF ) 0.2 (see Figure 5). For pure micellesTc increased
with increasing concentration until about 230 g/L.Tc was
relatively insensitive to the concentration between about 230
and 500 g/L and decreased at higher concentrations. The effect
of adding linear chains was to reduce the temperature and
concentration regime in which a solid was formed. If more linear
chains were added, the initial increase ofTc with increasing
concentration was steeper and the maximum value ofTc was
smaller. The decrease ofTc occurred at approximately the same
total PEO concentration, and as mentioned above, the solubility
limit was about 750 g/L in all systems. The same phenomena
were also reported for smaller PEO micelles by Yamazaki et
al.16 The decrease at high PEO concentrations is probably related
to the fact that at high PEO concentrations the majority of water
molecules is involved in hydrogen bonds with PEO.30

The effect of adding linear chains was studied in more detail
for a constant micelle concentration of 368 g/L and thus an
increasing total PEO concentration. Figure 6a shows the storage
modulus during heating for several values ofF. Both the storage
modulus of the solid andTc decreased with increasingF (see

Figure 6b). The dependence ofTc on F appears to be linear in
the limited regime that could be explored.

Continuous Flow. Continuous flow experiments were done
over a range of imposed stresses at a constant micelle
concentration of at 335 g/L in the absence of linear chains and
for mixtures with F ) 0.1 and F ) 0.2. The melting
temperatures of these systems were different, and in order to
make a proper comparison we measured each system 40°C
below Tc. A linear increase of the strain (γ) as a function of
time was observed after a transitional period with a duration
that increased with decreasing stress. The shear rate (γ̆) was
calculated as dγ/dt in the stationary regime.

In Figure 7, γ̆ is plotted as a function ofσ in a double-
logarithmic representation for different values ofF. Comparing
the results at differentF, it appears that the data are systemati-
cally shifted to lower shear stresses after addition of linear
chains. Each system showed a power law dependence down to
at least γ̆ ) 10-4 s-1: γ̆ ∝ σR, with the same power law
exponent within the experimental error (R ) 5.3-5.5). At lower
stresses, creep was still observed, but it took longer than 24 h
to obtain a constant flow rate. At high stresses a steeper increase
of γ̆ was found and above a critical value,σc, the flow rate

Figure 4. Transient melting for pure micelle solution atC ) 154 g/L
that was heated to a temperature just aboveTc. The storage and loss
moduli are represented by circles and triangles, respectively.

Figure 5. Liquid-solid state diagram for aqueous solutions of PEO
micelles with different fractions of linear PEO chains. The error bars
indicate the difference between the temperature whereG′ of the solid
starts to decrease sharply and where the viscosity becomes equal to
that of the liquid during heating at a rate of 5°C/min. Solid lines are
guides to the eye.

Figure 6. (a) Temperature dependence of the storage shear modulus
with a fixed micelle concentration of 368 g/L and with different
fractions of linear chains during heating at a rate of 5°C/min. (b) Tc

andG′ at T ) Tc - 15 °C as a function of the fraction of added linear
chains.
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diverged. In separate experiments the shear stress was measured
at fixed shear rates. Flow at high shear rates up to at least
50 s-1 occurred at a constant shear stress close toσc, as was
reported in ref 18 for pure micelle solutions. Samples sheared
at high rates became immediately solid after cessation of the
flow with the same shear moduli as before the flow. Less then
1% of the deformation was recovered.

Viscosity. The viscosity of solutions of linear and micellar
PEO and mixtures atF ) 0.1, 0.5, and 0.9 was studied over a
wide range of concentrations and temperatures. For systems that
were solid in equilibrium the viscosity of supercooled samples
was determined. For pure micelles the liquid-solid transition
was too rapid to determine viscosities belowTc experimentally,
but they could be estimated by extrapolation from the values at
higher temperatures (see ref 6).

The viscosity normalized by that of water (ηr) increased with
increasing concentration and decreasing temperature. However,
the data obtained at different temperatures superimposed after
multiplying C with a temperature-dependent shift factor (aT).
In Figure 8 master curves at reference temperatureTref )
20 °C are compared for pure micelles, pure linear chains, and
mixtures of micelles and linear chains. The viscosity increased
more steeply with increasing PEO concentration if the fraction
of linear chains was smaller. The presence of a small fraction
of linear chains (F ) 0.1) had a strong influence on the viscosity
of micelle solutions, while the presence of a small fraction of
micelles (F ) 0.9) had a negligible influence on the viscosity
of linear PEO solutions. The viscosity of solutions containing
50% of each component (F ) 0.5) was closer to that of pure
linear chains than pure micelles. The temperature dependence
of the shift factors is shown in Figure 9. For pure micelles and
the mixture atF ) 0.1 the shift factors were the same and
decreased almost linearly with increasing temperature. For linear
chains the temperature dependence was weaker.

The intrinsic viscosity ([η]) was calculated from the initial
concentration dependence: [η] ≈ 0.015 L/g for pure linear
chains andF ) 0.9, [η] ≈ 0.018 L/g forF ) 0.5, and [η] ≈
0.023 L/g for pure micelle solutions andF ) 0.1. One can
determine an effective hard sphere radius (Rhs) from the
expression of [η] for hard spheres: [η] ) 2.5Nav4πRhs

3/(3M).
Using the molar masses determined by light scattering (see

below), we obtained for the micellesRhs ) 7.9 nm atTref )
20 °C. Rhs decreased approximately linearly from 8.1 nm at
10 °C to 6.8 nm at 70°C. For the linear chains we found that
Rhs decreased more weakly from 2.2 nm at 10°C to 2.0 nm at
70 °C.

Light Scattering. Static and dynamic light scattering mea-
surements were done for solutions of pure micelles, pure linear
chains, and a mixture atF ) 0.1. The intensity obtained at
different scattering wave vectors was corrected for the influence
of spurious scattering using DLS as explained in the Experi-
mental Section. The corrected intensity was independent of the
scattering wave vector in the range covered by light scattering.
For C f 0, KC/Ir is equal toMw

-1, which was found to be
independent of the temperature. However, the concentration
dependence ofIr depended weakly on the temperature. Again
master curves could be formed by multiplying the concentration
with a temperature-dependent shift factor (bT).

Figure 10 compares master curves atTref ) 20 °C for the
pure systems and the mixture atF ) 0.1.KC/Ir increased much
more steeply for the micelles than for the linear chains, while
the results obtained for the mixture were indistinguishable from
those obtained for pure micelles. At high concentrations the

Figure 7. Double-logarithmic representation of the shear stress vs the
shear rate for solutions with a fixed micelle concentration of 335 g/L
and different fractions of added linear chains. The temperature for each
system was 40°C belowTc. The solid lines have slopes 5.3 forF ) 0
andF ) 0.2 and 5.5 forF ) 0.1.

Figure 8. Master curves of the concentration dependence of the relative
viscosity for linear chains, micelles, and mixtures obtained by
concentration-temperature superposition withTref ) 20 °C. The filled
symbols represent data obtained by extrapolation from results at higher
temperatures.

Figure 9. Temperature dependence of the shift factors used to obtain
master curves of the viscosity (aT, open symbols) andKC/Ir (bT, filled
symbols) as a function of the PEO concentration.
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values of KC/Ir became comparable for all systems. Data
obtained on solid samples, indicated by filled symbols, smoothly
line up with the data on liquid samples, and there is no distinct
feature that signals the liquid-solid transition. The transition
at different temperatures occurred at different concentrations
but at approximately the same value ofKC/Ir ≈ 10-3 mol/g.

The shift factors for the viscosity and the light scattering data
were almost the same for pure micelle solutions andF ) 0.1,
but for pure linear chains the temperature dependence ofaT was
weaker.bT represents the decrease of the effective excluded
volume interactions between PEO segments with increasing
temperature. The origin of this decrease can for a large part be
explained by decreasing hydration of PEO (see ref 30 and
references therein).

Comparing the weight-average molar mass of the micelles
(Mw ) 1.4 × 105 g/mol) with that of the precursor polymers
(Mw ) 4.3 × 103 g/mol), we found that the number of arms
per micelle (p) was 32 independent of the temperature. Sommer
et al.19 found at low concentrationsp ) 30 independent of the
temperature from their analysis of SAXS measurements on the
same system. Yamazaki et al.31 found from light scattering
p ) 26 for smaller PEO micelles, again independent of the
temperature.Mw of the mixture is dominated by the molar mass
of the micelles and is thus very close to that of pure micelles.

Second virial coefficients were determined from the initial
concentration dependence ofKC/Ir: A2 ) 2.5× 10-3 mol cm3

g-2 for linear chains, andA2 ) 2.2× 10-7 mol cm3 g-2 for the
micelles. An effective hard-sphere radius (Rhs) of the micelles
may be calculated using the expression ofA2 for hard spheres:
A2 ) 4Nav4πRhs

3/(3Mw
2), from which we foundRhs ) 7.5 nm

at Tref ) 20 °C. Rhs decreased from 7.7 nm at 10°C to 6.4 nm
at 70°C. This variation was similar to that reported by Sommer
et al. based on SAXS measurements.19 It was also similar to
the effective hard-sphere radii obtained from the intrinsic
viscosity.

At higher concentrations the increase ofKC/Ir was weaker
than that of the corresponding hard spheres (see below) because
the micelles can interpenetrate. At very high concentrations the
micelle solution can be viewed as a concentrated solution of
overlapping PEO chains in which are dispersed the alkyl cores
together with a dense layer of PEO segments attached to the
core.19 If the scattering from the latter can be neglected, dense

solutions of pure micelles and pure linear chains should have
the same scattering intensity. Figure 10 shows that this appears
to be the case forC > 200 g/L. The intensity scattered by the
cores is small at high concentrations because they are highly
ordered as was shown by SAXS experiments.6,19As mentioned
in the Introduction, domains where the micelles have a crystal-
line order are formed in the solid state, but this had no effect
on the osmotic compressibility of the systems, confirming that
the scattering from the cores was negligible.

As discussed in the Experimental Section, the correlation
functions showed a fast relaxation due to cooperative diffusion
of the concentration fluctuations and an additional slow
relaxation due to spurious scattering that we will ignore in the
following. The cooperative diffusion coefficient was determined
as a function of the PEO concentration at different temperatures.
In dilute solutionsDc is related to the hydrodynamic radius (Rh)
as24

If one uses eq 5 at higher concentrations, one obtains an apparent
hydrodynamic radiusRha that is a measure of the correlation
length of the concentration fluctuations.

Master curves of the concentration dependence ofRha could
be obtained by concentration shifts using similar shifts factors
as forKC/I (see Figure 11). The hydrodynamic radii measured
at low concentrations were 1.7 nm for the linear chains and
7.2 nm for the micelles, independent of the temperature. In dilute
mixtures the contribution of the linear chains atF ) 0.1 was
not observed because its relative scattering intensity was
negligible. At the highest PEO concentrationsDc (and thusRha)
was similar for micelles and linear chains, which is consistent
with the results from static light scattering and confirms that
light scattering is predominantly caused by concentration
fluctuations of overlapping PEO chains. At the highest con-
centrations there appears to be a systematic deviation ofRha at
F ) 0.1 from those of the micelles in contrast with the static
light scattering results. However, it was quite difficult to
determineDc accurately at high PEO concentrations so that the
deviation may not be significant.

Figure 10. Master curves of the concentration dependence ofKC/Ir

for linear chains, micelles, and a mixture withF ) 0.1 obtained by
concentration-temperature superposition withTref ) 20 °C. The lines
are guides to the eye. The filled symbols represent data obtained for
solids.

Figure 11. Master curves of the concentration dependence of the
apparent hydrodynamic radius for linear chains, micelles, and a mixture
with F ) 0.1 obtained by concentration-temperature superposition
with Tref ) 20 °C. The lines are guides to the eye. The filled symbols
represent data obtained for solids.

Dc ) kT
6πηRh

(5)
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Discussion

Jamming of star polymers and polymeric micelles with
increasing effective volume fraction has been observed for a
wide range of systems. Roovers et al. reported viscosity3 and
light scattering32 results on solutions of polybutadiene star
polymers in a good solvent. The results for three different values
of aggregation numbers (32, 64, and 128) may be compared
with the present results on PEO micelles. In order to facilitate
the comparison, we plottedηr (Figure 12) and the normalized
scattering intensity,Ir/(KCMw) (Figure 13), as a function of the
effective hard-sphere volume fraction:

Values ofRhs that were obtained using the intrinsic viscosity or
the second virial coefficient were close, and here we have used
the latter to calculateφe.

Figure 12 shows that the initial increase ofηr is similar for
all systems and can be described by an equation proposed by
Krieger and Dougherty for spherical particles:33

with φc ≈ 0.65 the volume fraction at random close packing.
For φe > 0.4 the experimental values start to deviate because
star polymers can interpenetrate.7,10 The repulsion between the
star polymers becomes weaker with decreasingp, which explains
the weaker increase of the viscosity.

Roovers noted that star polymers withp ) 128 jammed at
φe ≈ 0.7 and withp ) 64 atφe ≈ 1. The star polymers with
p ) 32 did not jam in the concentration range covered in the
experiment (up toφe ) 2.5). Crystal order was not observed
for any of these samples. The PEO micelles showed a steeper
increase of the viscosity compared to star polymers with the
same number of arms (p ) 32) for φe > 0.6 and resembled
more closely star polymers withp ) 64. The most likely
explanation for this difference is thatp increased with increasing
concentration. Sommer et al.34 found an increase ofp from
30 at φe ) 0.38 (50 g/L) to 40 atφe ) 0.77 (100 g/L). In
addition, it was concluded from an analysis of the crystal order
of the micelles thatp increased to∼100 atφe ) 3 (425 g/L).6

Of course, an increase ofp with the concentration means that
the calculation ofφe using eq 6 with constantMw andRhs is no
longer correct at higher volume fractions. An additional
contributing factor for the steeper increase could be that PEO
segments are hydrated,30 which may have an effect on the ease
of interpenetration of the stars.

Figure 13 compares the dependence ofIr/(KCMw) on φe

between PEO micelles and star polymers. The decrease ofIr/
(KCMw) for PEO micelles was stronger than for star polymers
with p ) 32 for φe > 0.6, and it was even slightly stronger
than for star polymers withp ) 128. The reason is most likely
again that the number of arms increased with increasing PEO
concentration. When the star polymers overlapped strongly
(φe > 2), Ir/(KC) approached the values obtained for linear
polybutadiene chains. In comparison, for the PEO micelles both
Ir/(KC) andDc were close to that of linear PEO solutions for
φe > 1.5. As was noted above for the PEO micelles, there is no
signature of the liquid-solid transition for star polymer solutions
in the light scattering experiments.

For noninteracting hard spheres, the dependence ofIr/(KCMw)
on the volume fraction is well described by an empirical
equation proposed by Carnahan and Starling:35

indicated by the solid line in Figure 13. For star polymers, the
data deviate from the hard-sphere dependence forφe > 0.3,
reflecting the softer interaction between star polymers. Likos
et al.36 proposed an effective interaction potential between star
polymers from which the osmotic compressibility can be
calculated. Calculated values were in close agreement with the
experimental results for star polymer withp ) 128, but the
decrease withφe was somewhat weaker forp ) 32.37

From this comparison, we may conclude that aqueous
solutions of polymeric PEO micelles can be viewed as star
polymers with an effective hard-sphere radius that increases with
decreasing temperature. The increase of excluded volume
interactions between the PEO segments explains why the
liquid-solid transition is shifted to lower concentrations when
the temperature is decreased.

A temperature-induced liquid-solid transition has also been
observed for polybutadiene stars in a marginal solvent.4 DLS
showed for these systems a fast and slow relaxation mode caused

Figure 12. Dependence of the relative viscosity on the effective volume
fraction for polybutadiene stars with differentp and PEO micelles. The
solid line represents eq 7.

Figure 13. Dependence ofIr/(KCMw) on the effective volume fraction
for polybutabiene stars with differentp (open symbols) and PEO
micelles (closed symbols). The symbols are as in Figure 9. The solid
line represents eq 8.

φe ) (CNav4πRhs
3)/(3M) (6)

ηr ) (1 - φe/φc)
-2.5φc (7)

Ir

KCMw
)

(1 - æe)
4

1 + 4æe + 4æe
2 - 4æe

3 + æe
4

(8)
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by cooperative diffusion and self-diffusion, respectively. Self-
diffusion could probably be observed because the polymer stars
were more polydisperse than the PEO micelles investigated here.
Close to the liquid-solid transition a third slower relaxation
was observed and attributed to the formation of large transient
clusters. As mentioned above, the PEO micelle solutions studied
here contained a small fraction of spurious scatterers, which
could hide a slow mode caused by cluster formation. However,
we did not observe a significant increase of the relative
amplitude of the slow mode when approaching the liquid-solid
transition. This means that even if clusters were formed, their
contribution to the scattering intensity was very small. For
polybutadiene stars the increase of the excluded volume
interaction between polymer segments led to swelling of the
micelles. However, for both the PEO micelles studied here and
the smaller PEO micelles studied by Yamazaki31 Rh was
independent of the temperature, which shows that swelling is
not actually needed for temperature-induced jamming.

Laurati et al.11 studied frozen PEO micelles with differentp
using small-angle neutron scattering (SANS). Crystalline order
was observed forp ) 64 atφe ≈ 1.3 and vitrification forp )
80 and p ) 128 at φe ≈ 1.1 andφe ≈ 0.8, respectively.
Crystallization is predicted to occur forp > 36, but usually
vitrification is observed instead for star polymers.10 Note
that Laurati et al. expressed their results in terms of a length
scale that characterizes the interaction between star polymers
which gives much smaller volume fractions than the corre-
sponding values ofφe. Computer simulations of spheres with
the soft interaction potential corresponding to star polymers
showed both crystallization and a strong slowing down of the
dynamics.9,13,38

For the PEO micelles, the liquid-solid transition was abrupt
and appeared to be discontinuous. Measurements at fixed
temperatures close to the transition showed that the transition
may be very slow, but at no temperature or concentration was
a stable system formed with intermediate zero shear viscosity.
The slow transition cannot be attributed to a slow exchange of
arms, which was fast even in the solid state.39 We speculate
that the discontinuous transition is caused by a subtle reorga-
nization on larger length scales, which is not reflected in a
significant change of the osmotic compressibility or the structure
factor. The reorganization is fast for deep quenches and becomes
slow close toTc because the driving force for the reorganization
is weak. The more important slowing down in the presence of
linear chains could indicate that a more substantial reorganiza-
tion occurs. This could also explain the effect of preshearing
on the freezing of mixtures. Apparently only after substantial
preshearing is the mixture fully homogenized.

The effect of adding linear chains on the liquid-solid
transition was studied earlier by Yamazaki et al.16,17 and
Stiakakis et al.15,40,41Yamazaki et al. studied the effect of adding
linear PEO to dense solutions of PEO micelles. The difference
with the systems studied here is that the molar mass of both
the arms and the linear chains was about 4 times smaller so
that the liquid-solid transition was shifted to higher volume
fractions. They observed reduction of the freezing temperature
with increasing fraction of linear chains, but they did not report
melting curves or kinetics. The authors found that also in the
presence of linear chains the liquid-solid transition was
accompanied by the formation of domains with crystal order.
We did preliminary SAXS experiments that showed the same
for the mixtures of larger PEO micelles and linear chains studied
here. It was suggested by Yamazaki et al. that a fraction of the
linear chains cannot penetrate the corona, which would weaken

the excluded volume interaction between the micelles. The same
authors showed that the weakening effect was stronger if the
added linear chains were larger. We tested the effect of adding
unfunctionalized PEO with different molar masses between
0.35 and 20 kg/mol and confirmed that the effect increases with
increasing molar mass.

Stiakakis et al.15,40,41investigated the effect of adding linear
chains to dense solutions of covalent star polymers. In refs 15
and 41 they reported a study of mixtures of polybutadiene stars
and linear chains in an athermal solvent, varying the molar mass
of the linear chains from much smaller to much larger than the
arm molar mass. A decrease ofG′ was observed for the solid
with increasing concentration or molar mass of the linear chains,
and the system melted at a critical concentration or molar mass
of the linear chains. Upon further increase of the molar mass
or the concentration, the viscosity decreased. This effect was
attributed to weakening of the repulsion between the stars due
to depletion of the linear chains.

In ref 40 mixtures of star and linear polymers were studied
in a marginal solvent for which the jamming of the stars could
be induced by increasing the temperature which increased the
excluded volume of the polymers. This situation is analogous
to the one studied here where the excluded volume increased
with decreasing temperature. When large chains were added,
the solid weakened or even melted similarly to the observations
in good solvents. However, adding linear chains much smaller
than the arms led to stronger solids because very small chains
can easily penetrate the stars and thus improve the solvent
quality for the stars. For the system studied here we did not
observe a strengthening effect even when using PEO chains
with Mw ) 350 g/mol, but the weakening effect was much
smaller.

From the measurements reported here we may conclude that
melting by increasing the temperature is simply caused by a
decrease of the solvent quality for PEO and thus of the effective
volume fraction of the micelles. Such a conclusion cannot as
easily be drawn for the effect of adding linear chains because
the osmotic compressibility of the system did not decrease
significantly when linear chains were added. The reason is that
it is dominated by the osmotic compressibility of the overlapping
PEO segments. In order to observe the effect of adding linear
chains on the interaction between the micelles, one needs to
detect the scattering from the micellar cores, which can be done,
in principle, with SANS or SAXS.

On the other hand, adding linear chains significantly reduced
the viscosity of the liquids and the shear modulus of the solids,
which indicates a reduction of the repulsion between the
micelles.42 As a consequence, when applying the same shear
stress on jammed micelle solutions they flowed faster after
addition of linear chains. Linear chains do not freely interpen-
etrate the micelles, but neither will they be completely ex-
cluded.16 They are most likely situated at the interfaces between
micelles so that excluded volume interaction between segments
of adjacent micelles will be partially screened. Screening also
occurs within the corona and may lead to shrinking of the
micelles if the corona chains are sufficiently large.40 However,
the linear chains cannot be distributed homogeneously over all
interfaces between micelles as this would imply stretching of
the chains. Depletion effects are therefore expected.41 It would
be of interest to localize precisely the linear chains in the close-
packed micelle solution. It is possible that the equilibrium
distribution of the linear chains in the system varies with the
temperature. The slow kinetics, the strong hysteresis, and the
effect of preshear are perhaps emanations of nonequilibrium
distributions of the linear chains.
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Summary

Aqueous solutions of polymeric micelles formed by hydro-
phobically end-capped PEO show a discontinuous liquid-solid
transition at a critical value of the effective volume fraction
that can be increased either by increasing the PEO concentration
or by decreasing the temperature. The rate of the transition
decreases close to the transition temperature. The viscosity and
osmotic compressibility at the transition point are independent
of the temperature and the PEO concentration. Addition of
nonfunctionalized linear PEO chains leads to a decrease of the
critical transition temperature and the shear modulus of the solid.
This effect is probably caused by screening of the excluded
volume interaction between micelles. Transient melting, hys-
teresis, and effects of preshear are observed during cooling and
heating that are probably related to slow structural rearrangement
of the system.

Adding a small amount of linear chains has a strong influence
on the rheology but no significant effect on the light scattering
intensity or the cooperative diffusion coefficient. The amplitude
and the relaxation of concentration fluctuations are dominated
by the osmotic compressibility of the PEO segment of overlap-
ping chains.
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