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Yves Gnanou and Daniel Taton

Chimie des Polymères Organiques, UMR CNRS, ENSCP, Université de Bordeaux,
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ABSTRACT: We studied the effect of the length of alkyl end groups and chain backbone architecture on
the associative properties of end-capped PEO. The latter was done by comparing linear and star PEO
with the same hydrophilic-lypophilic balance. With increasing length of the end groups the association
number (p) of the polymeric micelles increases and the critical association concentration decreases, but
these parameters are not influenced by the chain backbone architecture. The polymeric micelles behave
as adhesive spheres if p is sufficiently large, which explains the phase behavior and the light scattering
results. The critical concentration where the spheres percolate varies little with the length of the end
groups and the architecture. At a given concentration the viscosity increases with increasing length of
the end groups because the lifetime of the end groups in the multiplet increases. The chain backbone
architecture has little influence on the viscoelastic properties.

Introduction

Hydrophobically end-capped poly(ethylene) oxide (PEO)
is a much used model system for associative polymers.1-12

Associative polymers have a soluble chain backbone but
contain functional groups that associate, which leads
to interesting rheological properties that are useful in
technological applications. Polymers that contain end
groups at one or both chain ends form polymeric micelles
above the critical association concentration (cac) with
the functional end groups situated in the central mul-
tiplet. However, if both ends are functionalized, the
chains can also bridge between two multiplets and can
cause the micelles to aggregate. At higher concentra-
tions the process of bridging can lead to the formation
of a transient gel but may also induce macroscopic phase
separation.11,13

In the accompanying paper,14 we reported a study of
the phase behavior and the associative properties of
PEO end-capped with hexadecyl on one or both ends,
but with the same hydrophilic-lypophilic balance (HLB).
We showed how the phase diagram and the light
scattering results could be explained by a model of
adhesive spheres. The PEO chains form micelles with
size and molar mass that are practically independent
of the fraction of difunctionalized PEO (f). The attraction
between the micelles is caused by bridging of the
difunctionalized chains. Phase separation can be in-
duced by increasing either f or the temperature. In the
first case we increase the amount of bridging, while in
the latter we reduce the repulsive excluded-volume
interaction between the micelles. Semiquantitative
agreement between model predictions and the experi-
mental results was obtained using an adhesion param-
eter that depends on the number of alkyl end groups
per micelle (p), the fraction of difunctionalized chains,
and the effective volume of the micelles.

Dynamic mechanical properties were characterized by
two transitions. When increasing the PEO concentra-
tion, one observes at Cp a sudden rise of the viscosity.
This rise was interpreted in terms of the formation of a
transient gel of connected micelles. The transient gel is
characterized by a relaxation time that varies weakly
with the concentration and has an Arrhenius temper-
ature dependence. The relaxation is attributed to the
escape of an end group from the multiplet. The elastic
modulus at high frequencies is almost independent of
the temperature and increases sharply at Cp to a value
close to that expected for a system in which all difunc-
tionalized PEO act as elastic network chains. At higher
concentrations a second transition occurs at Chg that is
characterized by a dramatic increase of the terminal
relaxation time. Chg is almost independent of f but
increases with decreasing temperature. The transition
is caused by jamming of close-packed micelles and is
also observed for diblock copolymers.15 Relaxation of the
bridges is still clearly visible, but it no longer leads to
full relaxation of the shear modulus. Complete relax-
ation of the shear modulus involves hopping or complete
restructuring of the micelles, which is extremely slow.

Here we extend our earlier investigation by studying
the influence of the length of the end-capped alkyl group
between 10 and 18 carbons, keeping the molar mass
constant (5 kg/mol per hydrophobic end group). We also
studied the influence of the chain backbone architecture
by comparing linear chains and starlike PEO with three
and four arms, keeping the HLB constant.

Materials and Methods
Materials. Three- and four-armed star PEO was synthe-

sized using a method described by Angot et al.,16 and linear
PEO was purchased from Fluka. The samples were character-
ized using static and dynamic light scattering and size
exclusion chromatography (see Table 1). The polymers were
functionalized with alkyl end groups using a method described
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in ref 14. Size exclusion chromatography in THF showed that
the functionalization had no influence on the molar mass
distribution. NMR showed that within an experimental error
of 5% the degree of functionalization was complete for all
samples except three samples functionalized with dodecyl to
a degree of 80%.

We will consider that monofunctionalized PEO has one arm
and difunctionalized PEO has two arms, which means that
the number of arms (na) of the PEO samples studied here
varies between 1 and 4. If the functionalization is complete,
the number of alkyl end groups per polymer is equal to the
number of arms. We will use xCy to designate the samples
with x the number of arms and y the number of carbons of the
alkyl end group. The molar mass of each arm is approximately
the same (5 kg/mol). Monofunctionalized samples (1Cy) pre-
pared from the commercial sample (Fluka) contain 20% (w/w)
difunctionalized PEO (2Cy) with twice the molar mass. These
samples will be designated as mdCy.

For the light scattering measurements the samples were
filtered through 0.2 µm pore size Anatop filters when possible.
Viscous samples were filtered through 0.45 µm pore size
Millipore filters. We checked that filtration did not modify the
concentration.

Methods. Fluorescence measurements were done on a
Amino 500 SPF fluorescence spectrometer. The excitation
wavelength was 334 nm with a bandwidth of 5 nm. The
emission was measured between 350 and 600 nm with a
bandwidth of 1 nm. We have determined the ratio of the first
and third emission peak (I1/I3) of pyrene situated at 373 and
383 nm, respectively. The pyrene concentration was 6 × 10-7

M.
Dynamic mechanical and light scattering measurements

were done as described in ref 14.

Results

Phase Behavior. Influence of the Alkyl Length.
Linear PEO that is fully functionalized on both ends
with an alkyl larger than C12 phase separates at room
temperature into a dense gellike bottom phase and a
top phase with a negligible concentration of PEO. For
2C12 phase separation occurs above 45 °C, while for
2C10 it was not observed below 80 °C. These observa-
tions agree with those reported on similar systems by
Alami et al.4 The height of the dense phase was
proportional to the PEO concentration, which implies
that the density of the bottom phase is independent of
the total PEO concentration.

In Figure 1a we plotted the PEO concentration of the
bottom phase as a function of temperature for linear
PEO with different alkyl lengths. The PEO concentra-
tion of the bottom phase increases with increasing
temperature. At a given temperature the density of the
bottom phase decreases with decreasing alkyl length.

Homogeneous solutions can be obtained by addition
of monofunctionalized PEO as was shown for 2C16 in
ref 14. The critical PEO concentration is about 10 g/L
and does not depend much on the temperature or on f.
Figure 2a shows the effect of the alkyl length on the
f-T phase diagram at C ) 10 g/L. More monofunction-
alized PEO needs to be added to render the system
homogeneous if the alkyl end group is longer except for
2C18 at high temperatures. The critical value of f (fc)
for 2C18 has a weaker temperature dependence than
for 2C16 and 2C14, and at high temperatures fc is even

larger for 2C18 than for 2C16. The origin of this
discrepancy will be discussed below.

Influence of the Architecture. Figure 1b shows the
temperature dependence of the PEO concentration of
the bottom phase for linear and star PEO end-capped
with C14. At a given temperature the PEO concentra-
tion increases with increasing number of arms. This
means that chain backbone architecture influences the
phase behavior, because the HLB is almost the same.
Figure 2b shows the effect of the architecture on the
f-T phase diagram at C ) 10 g/L. Again we observe an
increased tendency to phase separation if the number
of arms is increased.

Fluorescence. Influence of the Alkyl Length. Figure
3 shows the ratio of the fluorescence peaks I1 and I3 of
pyrene as a function of the concentration of linear PEO
with f ) 0.2 end-capped with alkyl groups of different
lengths. Similar studies have been reported earlier for
PEO fully end-capped at both ends.4,18 The decrease of
I1/I3 is caused by micelle formation and occurs at lower
PEO concentrations if the length of the alkyl end group
is increased. The cac, defined as the PEO concentration
where I1/I3 starts to decrease, decreases with increasing
length of the alkyl end group (see Table 2). For the
samples end-capped with C16 and C18 the pyrene
concentration that is necessary to obtain an accurate
signal is not much smaller than the micelle concentra-
tion when I1/I3 starts to decrease. Therefore, the values
of the cac obtained for these samples should be consid-
ered as upper limits.

Table 1. Characteristics of PEO Precursors

na Mw (kg/mol) Mw/Mn Rh (nm) [η] (cm3/g)

1 4.8 1.05 2.3 17
2 9.8 1.08 3.2 24
3 14.5 1.1 3.8 27
4 17.2 1.2 3.9 26

Figure 1. Temperature dependence of the concentration of
the bottom phase for linear PEO end-capped with alkyl groups.
(a) shows the effect of varying the length of the alkyl groups,
and (b) shows the effect of varying the number of arms of the
chain backbone.

1342 Laflèche et al. Macromolecules, Vol. 36, No. 4, 2003



Influence of the Architecture. To study the effect of
chain architecture, we have compared 1C12, 2C12, and
3C12. The results are indistinguishable within the
experimental error, which shows that the effect of chain
architecture is weak if the HLB is kept the same.

Viscoelasticity. Influence of the Alkyl Length. We
have compared the effect of alkyl length for mixtures
of mono- and difunctionalized PEO with f ) 0.2 (mdCy).

These systems are homogeneous up until at least 80 °C
over the whole concentration range. Figure 4 shows the
concentration dependence of the viscosity (η) at 20 °C.
Above about 40 g/L the viscosity increases strongly with
increasing concentration, and the larger is the alkyl end
group, the stronger is the viscosity at high concentra-
tions. As we discussed in ref 14, the sudden rise of the
viscosity is caused by the formation of a transient
network when the aggregating micelles percolate the
whole space. The percolation concentration (Cp) de-
creases if the fraction of difunctionalized PEO increases,
but the effect of the alkyl length is relatively weak. The
large cac of mdC10 causes the viscosity of this sample
to rise at a higher concentration than the other samples.

For C > Cp the viscosity has an Arrhenius tempera-
ture dependence: η ) η0 exp(Ea/RT) (see Figure 5). The
activation energy is independent of the concentration
for high concentrations and increases with increasing
alkyl length (see Table 2). A similar variation was
reported in ref 3 for HEUR, i.e., PEO end-capped with
an alkyl via a urethane link. Of course, the viscosity
depends on both the variation of the high-frequency
plateau modulus of the transient gel (G0) and the
relaxation time (τ). For PEO end-capped with C16 the
temperature dependence of G0 is negligible, so that the
temperature dependence of the viscosity is the same as
that of the relaxation time. The relaxation time de-
creases with decreasing length of the alkyl end groups
and is outside the window of observation for mdC12 and
mdC14. However, the viscoelastic relaxation can be
studied for mdC18 and compared with the results for
mdC16 reported in ref 14.

For mdC18 we have measured the frequency depen-
dence of the loss (G′′) and storage (G′) shear modulus
at different temperatures between 10 and 40 °C. The
data at different temperatures can be superimposed on

Figure 2. f-T phase diagram of mixtures of PEO function-
alized at all ends and monofunctionalized PEO at C ) 10 g/L.
(a) shows the effect of varying the length of the alkyl end
group, and (b) shows the effect of varying the number of arms
of the chain backbone. Symbols represent the temperatures
where the scattering intensity diverges for fixed values of f.

Figure 3. Dependence of the ratio of the pyrene fluorescence
peaks at 373 and 383 nm on the concentration of PEO end-
capped with alkyl groups of different length as indicated in
the figure. Solid lines are guides to the eye.

Table 2. Characteristics of Functionalized Linear PEO at
20 °Ca

p Rh (nm) Cs (g/L) A cac (g/L) Ea (kJ/mol)

mdC18 43 10.3 105 2.9 0.02 46
mdC16 36 9.3 115 2.5 0.05 68
mdC14 28 8.4 120 1.6 0.13 73
mdC12 20 130 1.1 0.45 94

a Please note that the value of p for mdC12 and the values of
the cac for mdC18 and mdC16 are only rough estimates.

Figure 4. Concentration dependence of the viscosity at 20
°C for linear PEO end-capped with alkyl groups of different
length. For comparison, the results obtained for the precursor
are shown as filled symbols. Symbols are as in Figure 3.
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those at 20 °C by vertical and horizontal shifts, which
shows that the relaxation time distribution is indepen-
dent of the temperature. Figure 6 shows the results at
20 °C for three concentrations. Below 130 g/L the system
has a liquidlike behavior at low frequencies while at
high frequencies G′ becomes frequency independent
with a plateau value G0. G0 decreases weakly with
increasing temperature but has a strong concentration
dependence. The relaxation is characterized by a narrow
relaxation time distribution. The characteristic relax-
ation time taken as τ ) 1/ωmax increases weakly with
increasing concentration but has a strong temperature
dependence. Just like the viscosity, it can also be
characterized by an activation energy: Ea ) 82 kJ/mol.
The temperature dependence of τ is slightly smaller
than that of η, because the temperature dependence of
G0 is not negligible, contrary to that for mdC16. The
absolute values of τ are systematically about a factor of
10 larger for mdC18 than for mdC16.

If we assume that the origin of G0 is the rubber
elasticity of the bridging chains, then G0 ) νRT for
affine deformation with ν the molar concentration of
elastically active chains and R the gas constant. If n is
the molar concentration of difunctionalized chains, then
G0/nRT ) ν/n is the fraction of difunctional chains that
is elastically active. In Figure 7, we compare the

concentration dependence of G0/nRT with that of mdC16
reported in ref 14. For both samples G0/nRT increases
rapidly and stabilizes substantially above unity. Values
of G0/nRT larger than unity point to an additional
contribution to G0.

We have shown for mdC16 that at higher concentra-
tions a second relaxation process appears with a very
long relaxation time. A similar transition occurs for
mdC18 between 20 and 30 °C at C ) 142 g/L. The
concentration where the transition occurs between these
two temperatures increases with decreasing alkyl
length: 142, 170, and 225 g/L for mdC18, mdC16, and
mdC14, respectively. For mdC12 we did not observe the
transition below 300 g/L.

Influence of the Architecture. We have investigated the
effect of chain architecture on the viscosity by comparing
two (linear)-, three-, and four-armed star PEO end-
capped with C12, keeping the HLB constant. The degree
of functionalization was fixed at 80% because fully
functionalized star PEO end-capped with C12 phase
separates at room temperature. The results are shown
in Figure 8, from which it is clear that the influence of
architecture on the viscosity is weak.

Static Light Scattering. Static and dynamic light
scattering measurements were done at 20 °C on solu-

Figure 5. Arrhenius plot of the temperature dependence of
the viscosity relative to that at 20 °C for linear PEO with
different alkyl end groups. The solid lines represent linear
least-squares fits.

Figure 6. Angular frequency dependence of the loss (open
symbols) and storage (filled symbols) shear modulus for mdC18
at three concentrations as indicated in the figure.

Figure 7. Comparison of the concentration dependence of the
high-frequency storage modulus at 20 °C for mdC18 and
mdC16.

Figure 8. Comparison of the concentration dependence of the
viscosity of linear and star PEO end-capped with C12 to a
degree of 80% at 20 °C. The results obtained for the precursor
are shown as filled symbols.
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tions of end-capped PEO for a range of concentrations.
We investigated the effect of the length of the alkyl end
group by studying mixtures of mono- and difunctional-
ized PEO (f ) 0.2) end-capped with alkyl groups of
different length between C10 and C18. The effect of
chain backbone architecture was investigated by com-
paring two-, three-, and four-armed star PEO (f ) 1)
that were 80% functionalized with C12. All these
samples were homogeneous over the whole concentra-
tion and temperature range investigated.

We have determined the concentration dependence of
KC/Ir, where Ir is the excess scattering intensity over
the solvent and K is an optical constant (see ref 14).
Unfiltered solutions show a contribution of spurious
scattering due to the presence of a small weight fraction
of aggregated material, for which we corrected as
explained in ref 14. The dependence on the scattering
wave vector (q) was negligible in all cases. KC/Ir is
proportional to the inverse osmotic compressibility (dπ/
dC):19 KC/Ir ) (dπ/dC)/RT, with T the absolute temper-
ature. If interactions are negligible, KC/Ir is inversely
proportional to the weight-average molar mass Mw.

Influence of the Alkyl Length. Figure 9 shows the
concentration dependence of KC/Ir for PEO with alkyl
end groups of different length. The results for mdC12
are close to those reported for PEO with almost the
same molar mass and end-capped with dodecyl via an
ether bond instead of an ester bond.9 For comparison,
we also show the results for unfunctionalized PEO. The
concentration dependence for flexible linear polymers
in a good solvent predicted by renormalization group
theory20 is shown by the dashed line through the data.
For functionalized PEO we observe at low concentra-
tions a decrease of KC/Ir due to the formation of
polymeric micelles. As we discussed in ref 14, the effect
of association of the micelles on KC/Ir of is very weak
for f ) 0.2. The onset of the decrease can be observed
for mdC10 and mdC12 and occurs at slightly larger
concentrations than the cac determined from pyrene
fluorescence. At higher concentrations KC/Ir increases
because repulsive excluded-volume interactions between
the micelles become important. For all samples we
observe a sharp rise of KC/Ir at C ≈ 50 g/L, i.e., close to
the concentration where the viscosity rises sharply.

For mdC18, mdC16, and mdC14 micellization occurs
at low concentrations where the influence of interaction
is small so that we can determine the aggregation
number of end groups per multiplet (p). The results are
summarized in Table 2 and show that p increases with
increasing length of the alkyl groups. Pham et al.11

reported p ) 66 for PEO with Mw ) 35 kg/mol end-
capped on both ends with C18 via a urethane link and
p ) 40 when end-capped with C16. For mdC12 and
mdC10 micellization is more gradual and is not com-
plete before interaction becomes important. For PEO
with Mw ) 10 kg/mol end-capped with dodecyl on both
ends Persson and Bales determined p ) 31 using EPR,21

while and Alami et al. found p ) 22 from fluorescence
decay measurements.7

For sample mdC18 we investigated the influence of
the temperature. Figure 10 shows the concentration
dependence of KC/Ir at three different temperatures.
Increasing the temperature has two consequences: the
aggregation number decreases (p ) 43, 40, and 37 at
20, 50, and 74 °C, respectively), and the effect of
interaction shifts to higher concentrations. The reduc-
tion of interaction is expected, because the second virial
coefficient of PEO decreases with increasing tempera-
ture. On the other hand, the decrease of p with increas-
ing temperature goes counter to the increase of hydro-
phobic interaction, which is the driving force for the
formation of the micelles. Apparently, the reduction of
the solvent quality of water for PEO with increasing
temperature dominates and leads to a decrease of p for
this sample. On the other hand, for mdC16 we did not
observe a significant temperature dependence of p.

Influence of the Architecture. Figure 11 shows the
concentration dependence of KC/Ir for two-, three-, and
four-armed star PEO end-capped with C12 to a degree
of 80% at f ) 1. For C < cac the values of KC/Ir are
different because the molar mass of the precursors
varies. The concentration where micelles begin to be
formed is almost independent of the chain architecture,
which confirms the results from fluorescence measure-
ments. The decrease of KC/Ir with increasing concentra-
tion is caused by a combination of micelle formation and
association of the micelles. The subsequent increase is
due to excluded-volume interactions. The minimum of
KC/Ir at C ≈ 10 g/L is slightly lower if the number of
arms is larger, indicating a stronger association for star
PEO. However, both the position of the minimum and

Figure 9. Concentration dependence of KC/Ir for PEO end-
capped with alkyl groups of different lengths at 20 °C; symbols
as in Figure 3. The results obtained for the precursor are
shown as filled symbols. The dashed line represents the
concentration dependence of flexible chains in good solvents
predicted by renormalization group theory. The solid lines
represent model predictions (see text).

Figure 10. Concentration dependence of KC/Ir for sample
mdC18 at different temperatures indicated in the figure. The
solid lines represent model predictions (see text).
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the rise at higher concentrations are almost indepen-
dent of the chain architecture.

It is clear that the dependence of p on na cannot be
properly tested with this system, because micellization
is not complete before interaction becomes important.
However, we have shown in ref 14 that the molar mass
of micelles formed in mixtures of PEO mono- and
difunctionalized with C16 are independent of the ratio
of the two components. To study the effect for star
polymers, we have added three-armed star PEO end-
capped with C16 (3C16) to mdC16. For this mixture we
did not find a significant variation of p after addition of
3C16 to mdC16 up to an equal ratio of the two
components. A higher fraction of 3C16 leads to phase
separation at 20 °C.

Dynamic Light Scattering. The cooperative diffu-
sion coefficient, Dc, was calculated from the average
relaxation rate: Dc ) 〈τ-1〉/q2.22 At higher concentrations
additional slow modes are observed, and Dc was calcu-
lated from the fast mode. In all cases Dc was q-
independent in the range covered by light scattering.
When interactions are negligible, Dc is equal to the self-
diffusion coefficient, Ds, which is related to the z-average
hydrodynamic radius (Rh) as

Influence of the Alkyl Length. The concentration
dependence of Dc is shown in Figure 12 for mixtures of
mono- and difunctionalized linear PEO (f ) 0.2) with
alkyl end groups of different length. For comparison,
we also show the results for unfunctionalized precur-
sors. The initial decrease of Dc is due to the increase of
Rh from the value of unmodified PEO to that of the
polymeric micelles. In ref 14 we showed that the effect
of association of the micelles on Dc is very weak for f )
0.2. The values of Rh are summarized in Table 2 for
mdC18, mdC16, and mdC14. The radius of star poly-
mers is relatively insensitive to the aggregation number,
which explains the weak variation of Rh.23 For mdC12
and mdC10 the effect of micellization and interaction
overlaps, and Rh of the micelles cannot be determined.

At higher concentrations, the concentration depen-
dence of Dc is determined by thermodynamic interac-
tions and increasing friction between the micelles. The
first effect leads to an increase of Dc while the latter
decreases Dc. The net effect is a sharp increase of Dc at
approximately the same concentration where KC/Ir and
η increase sharply.

For mdC18 we measured the concentration depen-
dence of Dc at different temperatures. Increasing the
temperature leads to a weak decrease of Rh: 10.3, 9.7,
and 9.1 nm at 20, 50, and 74 °C, respectively. As for
the static light scattering measurements, the effect of
thermodynamic interactions is shifted to higher con-
centrations.

Influence of the Architecture. Figure 13 shows the
concentration dependence of Dc for two-, three-, and
four-armed star PEO end-capped with C12 at f ) 1.
Again, the results for unfunctionalized precursors are
also shown for comparison. The decrease of Dc is caused
by a combination of micelle formation and association
of the micelles. The subsequent increase is again due
to excluded-volume interactions. The minimum is slightly
lower for star PEO, which is consistent with the static
light scattering results. It shows that the association is
stronger if the number of arms is increased.

Figure 11. Concentration dependence of KC/Ir for PEO end-
capped with C12 to a degree of 80% with different chain
backbone architectures at 20 °C; symbols as in Figure 8. The
results obtained for the precursor are shown as filled symbols.
The solid lines represent the concentration dependence of
flexible chains in good solvents predicted by renormalization
group theory. The dashed lines are model predictions (see text).

Ds ) kT
6πηRh

(1)

Figure 12. Concentration dependence of Dc at 20 °C for PEO
end-capped with alkyl groups of different length; symbols as
in Figure 3. The results for unmodified PEO are shown as filled
symbols.

Figure 13. Concentration dependence of Dc at 20 °C for PEO
end-capped with C12 to a degree of 80% with different chain
backbone architecture; symbols as in Figure 8. The results for
the precursors are shown as filled symbols.
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Discussion

Phase Behavior. In ref 14 we showed that the
thermodynamics of linear end-capped PEO can be well
described by a model of adhesive spheres characterized
by a parameter A. The critical value of A is 10.6,
assuming only binary interactions and 10.2 for the
Baxter model of adhesive spheres.24 The origin of the
attraction is the gain of entropy when chain ends can
exchange between neighboring multiplets. If one chain
end is situated in a given micelles, the other chain end
of a linear chain has two possible positions if it is at
bridging distance of a second micelle. For star polymers
with na arms na - 1 chain ends can choose between two
positions. This leads to an increase of the entropy ∆S
) k ln(2na-1) per chain. In ref 14 we derived a first-order
approximation of A for linear chains using mean-field
theory. Including the effect of architecture, we obtain

where v is the true volume of the micelles and ve(T) is
the effective hard-sphere volume. The temperature
dependence of the latter was established in ref 14 for a
commercial sample (Brij700, Aldrich) with Mw ) 4 kg/
mol that is 100% end-capped with C18 on one end via
an ether link.

From eq 2 it follows that fc ∝ ve(Tc)na/(vp(na - 1)).
This relation explains qualitatively the variation of the
f-T phase diagram with the length of the end group
and the architecture. At a given temperature fc de-
creases with increasing length of the end group because
p increases. fc decreases with increasing number of arms
because (na - 1)/na increases. In ref 14 we showed that
the temperature dependence of fc for mdC16 is consis-
tent with that of ve, which we assumed to be the same
as for Brij700. For mdC14 the temperature dependence
is similar. For mdC18 the temperature dependence is
different from that of ve, because both p and v vary with
the temperature. fc has a very weak temperature
dependence for this sample, because the decrease of
ve(T) with increasing temperature is compensated by a
decrease of p and v.

Light Scattering. The scattering results can be
interpreted in terms of the model detailed in ref 14. The
free energy of mixing contains a repulsive part due to
excluded-volume interaction between the micelles and
an attractive part due to bridging. For the repulsive
interaction we used the Carnahan-Starling equation
for the osmotic modulus.25 The effect of temperature on
the excluded-volume interaction can be incorporated by
using a temperature-dependent effective volume frac-
tion: æe ) C/Cs, where Cs ) Mw/Nave(T), with Na
Avogadro’s number.

The model leads to the following expression for KC/
Ir:

Semiquantitative agreement was obtained for mdC16
at different f and T. However, eq 3 ignores the effect of
micellization at low concentrations. If micellization is
characterized by a single well-defined cac, then the
weight-average molar mass of the system is given by
that of the precursor (naMa) for C < cac and for C g cac

by

where Ma is the molar mass of a single arm.
The solid lines in Figure 9 represent eq 3 using eq 4

for Mw. The parameters used in the model predictions
are summarized in Table 2. Equation 3 describes the
general features of the experimental results, but the
predicted decrease of KC/Ir is too abrupt for mdC12 and
to a lesser extent for mdC14. The reason is that
micellization of these polymers is not strictly cooperative
as assumed when using eq 4. It is clear that the choice
of p is rather arbitrary for these samples, especially for
mdC12. For the samples with larger alkyl end groups
the onset of the micellization occurs at concentrations
that are experimentally inaccessible; therefore, the
value of cac is uncertain. The choice of A is based on
the assumption that v/ve is the same for all samples so
that A is simply proportional to p. In the calculations
we have used A ) 0.07p. We note that the parameters
for mdC16 are slightly different from those used in ref
14 where we did not consider the effect of micellization.

Cs represents the concentration at which æe ) 1 and
depends on the volume fraction of the micelles, but also
on the strength of exclude-volume interactions. We can
estimate the volume fraction of the micelles using
the hydrodynamic radius obtained from DLS: æ )
C4πRH

3Na/3Mw. The concentration at which æ ) 1 varies
little with the length of the alkyl end group (78, 89, and
84 g/L for mdC18, mdC16, and mdC14, respectively) and
is as expected smaller than Cs. The difference between
v and ve increases with increasing temperature, i.e.,
with decreasing solvent quality.

Of course, KC/Ir does not diverge at Cs as predicted
by the model, because the micelles can interpenetrate.
In fact, as the concentration increases above Cs, the
osmotic compressibility of star polymers approaches that
of a semidilute solution of linear polymers.26-28 Signs
of this transition are visible in Figure 9 at C > 70 g/L,
i.e., when the predicted rise of KC/Ir for the micelles
crosses that of linear polymers.

We found that the chain architecture has little influ-
ence on p. The model predicts that the only effect of
varying na is to increase A. Unfortunately, it is not
possible to study the effect of chain architecture for a
fully functionalized system with large alkyl end groups,
because they phase separate. Even for PEO end-capped
with C12 we need to reduce the functionality somewhat.
But for small end groups, the cac is not very low and
the micellization is not fully cooperative. As a conse-
quence, we cannot expect the model to describe the
experimental results. Nevertheless, we compare in
Figure 11 model predications using the same values for
the cac (0.4 g/L), p (20), and Cs (130 g/L) and varying A
in proportion to (na - 1)/na. The aim of this comparison
is to show that the deeper minimum is simply a
consequence of the increase of na.

Dynamic light scattering results are consistent with
static light scattering results but are more difficult to
model, because it involves the concentration dependence
of the friction coefficient.

Viscoelasticity. To understand the concentration
dependence of the shear modulus, we need to consider
two contributions. The first contribution is the rubber
elasticity of the bridging chains as discussed at length
by Annable.3 Bridging causes to association of the
micelles and leads to the formation of a system spanning

A ≈ v
ve(T)

ln(2)fp(na - 1)/na (2)

KC
Ir

) 1
Mw[1 + 4æe + 4æe

2 - 4æe
3 + æe

4

(1 - æe)
4

- 2Aæe] (3)

Mw ) Ma

nacac + p(C - cac)
C

C g cac (4)
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network at the percolation concentration, Cp. Above Cp
the viscosity and the shear modulus rise rapidly as more
and more chains become elastically active. Just above
Cp elastically active chains contain several micelles (so-
called superbridges), which explains why the average
relaxation time is less than the lifetime of a single
bridge. With increasing concentration superbridges
become shorter and rarer so that the average relaxation
time increases.

The main effect of increasing the length of the end
groups is to increase the average lifetime of a bridge
and therefore the viscosity. The effect on the elastic
modulus which we have only been able to compare for
two samples is weak. In fact, at high concentrations
where all difunctional chains are elastically active the
elastic modulus is independent of the length of the end
group. The percolation concentration depends on the
volume fraction of the micelles and the strength of the
attractive interaction. Increasing the length of the end
groups leads to an increase of p and thus of the
attractive interaction. However, we showed in ref 14
that the variation of Cp with A is small. In addition,
the volume fraction of the micelles at a given PEO
concentration depends only weakly on the alkyl length.
As a consequence, Cp is almost independent of the
length of the alkyl end group.

There is almost no effect of chain backbone architec-
ture on the viscosity, because the lifetime of the bridges
is the same. However, one might expect that the
maximum value of the elastic modulus for star polymers
is twice that of linear polymers, because for star
polymers all arms become elastically active at high
concentrations, while for linear chains two arms form
only one elastically active chain.

The second contribution to the shear modulus is
jamming of the micelles as discussed for example by
Semenov et al.13 This contribution is general for any
concentrated solution of particles that cannot interpen-
etrate and depends on the strength of the excluded-
volume interaction. It becomes important at higher
concentrations and leads for PEO end-capped with C16
or C18 to systems that do not flow when tilted. The
transition is rather abrupt when increasing the concen-
tration or decreasing the temperature. The transition
occurs at a lower concentration when we increase the
length of the alkyl group and thus p. With increasing p
the excluded-volume interaction becomes more impor-
tant, leading to a transition at a lower volume fraction
of the micelles. We will discuss this transition in more
detail elsewhere.

Conclusions
Increasing the length of alkyl end groups leads to an

increase of the aggregation number of the polymeric
micelles and a decrease of the cac. The chain backbone
architecture has little influence on these parameters if
the HLB is kept the same.

Phase separation into a dense gellike bottom phase
and a dilute top phase is more important when the
length of the alkyl end group is increased or the number
of arms of the chain backbone is increased.

The viscosity rises sharply at a concentration that
depends weakly on the length of the alkyl end group.
The increases of the viscosity is more important with
increasing alkyl length. The temperature dependence
is characterized by an activation energy that increases
with the length of the alkyl end group. There is little
effect of the chain backbone architecture on the viscos-
ity.

The viscoelastic relaxation is characterized by a
narrow relaxation time distribution. The relaxation time
increases with the length of the alkyl end group, but
the high-frequency shear modulus is only weakly influ-
enced. A transition to a nonflowing system is observed
over a narrow temperature decrease or concentration
increase. At a given temperature the transition occurs
at a lower concentration if the length of the alkyl end
group is increased.

The concentration dependence of the osmotic com-
pressibility can be described semiquantitatively with a
model of adhesive spheres in which it is assumed that
the adhesion parameter is proportional to the number
of telechelic chains per micelles and depends on the
chain backbone architecture.
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