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Synopsis

The rheological behavior of a model hydrophobically modified alkali soluble emulsion~HASE!
polymer, comprised of a random copolymer backbone of methacrylic acid and ethylacrylate and
pendant hydrophobic macromonomers, is examined in cosolvents of water and propylene glycol
~PG! of different proportions. We find the solvent solubility parameter to have a direct impact on
both the steady and dynamic behavior of the polymer solutions. In particular, scaling of the relative
viscosity (hrel) and the elastic modulus (G8)at a fixed frequency with the solvent solubility
parameter (ds) reveals the presence of two distinct regimes with different dependences onds . In
‘‘water-rich’’ solvents, bothhrel andG8 show a strong dependence onds in contrast to ‘‘PG-rich’’
solvents, in which there is slight or no dependence onds . The concentration dependences of both
hrel andG8 are also found to be different in water-rich solvents from that in PG-rich solvents. In
water-rich solvents,hrel and G8 reveal power-law dependences with exponents of 2.5 and 3.2,
respectively, compared to exponents of 1.4 and 2.3 in PG-rich solvents. The different behavior in
PG-rich solvents is ascribed to the presence of minimal hydrophobic associations, with the polymer
behavior analogous to that of unmodified polymers without hydrophobes. This hypothesis is
supported by the similarity inhrel scaling with concentration observed for both the HASE polymer
in PG-rich solvents and a similar polymer without the hydrophobes in both solvents. The lack of
hydrophobic interactions in the PG-rich solvents may be attributed to the observed decrease in
polymer coil dimension together with a lower tendency of the hydrophobes to form micelles in less
polar media. ©2003 The Society of Rheology.@DOI: 10.1122/1.1545076#

I. INTRODUCTION

Associative polymers are macromolecules with attractive groups either attached to the
ends or randomly distributed along the backbone@Rubinstein and Dobrynin~1997!#.
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Hydrophobically modified alkali soluble emulsion~HASE! polymers are one class of
water-soluble associative polymers. These polymers have a comb-like structure with
pendant hydrophobic groups randomly grafted to the polyelectrolyte backbone. HASE
polymers have several advantages over other associative polymers in terms of cost and
wide formulation latitude@Tirtaatmadjaet al. ~1999!#. They are currently being used in a
range of applications, including paint formulations, paper coatings, and recently as glycol
based aircraft anti-icing fluids@Carderet al. ~1998; 1999!; Jenkinset al. ~1993, 1997!#
and have potential for use in enhanced oil recovery and personal care products.

Similar to surfactants in aqueous media, these polymers are capable of nonspecific
hydrophobic interactions@Ng et al. ~1999!#. These hydrophobic interactions include both
inter- and intramolecular associations, giving rise to network structure, and a range of
rheological behavior@English et al. ~1997, 1999!; Tirtaamadjaet al. ~1997!# and mor-
phologies@Englishet al. ~2002!#. With such a complex architecture, the association be-
havior of these polymers would be expected to be quite diverse and dependent on many
factors such as, the structure of the backbone that dictates their water solubility and
flexibility, the structure and concentration of the macromonomer which include the type
of the hydrophobic groups and the length of polyethylene oxide spacers@Jenkinset al.
~1996!#. The effects of these polymer-architectural parameters, including the backbone
composition, the polyethylene oxide~PEO! spacer length and the type and concentration
of the hydrophobic groups, on the solution behavior have thus been the subject of many
recent studies@Lau et al. ~2001!; Dai et al. ~2000!; Guptaet al. ~2000a, 2000b!; Seng
et al. ~2000!; Tan et al. ~2000!; English et al. ~1999!; Olesenet al. ~1999!; Tam et al.
~1998!; Englishet al. ~1997!; Tirtaatmadjaet al. ~1997!; Jenkinset al. ~1996!#.

The continuous phase in which the HASE polymer is solvated also plays a major role
in the association behavior of the polymers. In this regard, the effects of the mediumpH
and ionic strength on the association of HASE polymers have been the focus of a number
of studies@Dai et al. ~2000!; Tan et al. ~2001!; Kaczmarskiet al. ~1999!; Tirtaatmadja
et al. ~1999!; Horiuchi et al. ~1998!; Shayet al. ~1998!#. Nevertheless, almost all these
studies were carried out in aqueous media and the effect of the solvent quality or non-
aqueous cosolvents on the solution behavior has been rarely studied@Olesenet al. ~1999!;
Schaller~1985!; Thibeaultet al. ~1986!#. This becomes particularly important in deci-
phering the modes of hydrophobic association and developing new applications involving
nonaqueous media, such as anti-icing fluids.

In this study, we investigate the steady and dynamic rheological behavior of a model
HASE polymer in a cosolvent of water and propylene glycol. We quantify solvent quality
in terms of the solubility parameters and examine the dependence of the relative viscosity
and plateau modulus on both the solvent solubility parameter and polymer concentration.
The role of the hydrophobic interactions are further ferreted by comparing the results of
the HASE polymer with~i! an analogous polymer but without the hydrophobe and with
~ii ! the HASE polymer in which the hydrophobes are encapsulated using an inclusion
compound,b-cylcodextrin @Szejti ~1998!#. The results of this study should help better
understand the mechanism of rheology modification by this class of associative polymers
and their behavior in the presence of cosolvents.

II. EXPERIMENTAL MATERIALS AND METHOD

The model associative polymer used in this study is a HASE polymer synthesized by
UCAR Emulsion Systems~Dow Chemical, NC! via emulsion polymerization of meth-
acrylic acid, ethylacrylate, and a hydrophobic macromonomer~Fig. 1!. This macromono-
mer is end capped with a C22H45 alkyl hydrophobe that is separated from the backbone
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by 40 units of PEO. Details of the preparation method can be found in a previous
publication@Shayet al. ~1985!#. In addition to the hydrophobically modified polymer, an
unmodified polymer that has the same structure as the modified polymer with the C22H45
hydrophobes replaced by an equivalent amount of methyl groups was also used. Both the
modified and the unmodified polymers were prepared in an identical manner and are
believed to have the same molecular weight. The polymer latexes were dialyzed against
de-ionized water using cellulosic tubular membrane for at least three weeks with a daily
change of water. After dialysis, the polymer was freeze-dried and 5% solutions were
prepared and neutralized topH of 9.060.1 using 28% NH4OH with the ionic strength
adjusted to 1024 M KCl. Other concentrations were subsequently prepared by the dilu-
tion of the 5% solution with the appropriate solvent composition.

In this study, eight different mixtures of water and propylene glycol~PG! were used as
cosolvents. The composition of these mixtures expressed as the weight percent of PG in
the solvent mixture is shown in Table I. Throughout this article, these solvent mixtures
will be called PGXX, with XX corresponding to the weight percent of PG in the mixture.
The solubility parameter of these mixtures was calculated using the Hansen three-

FIG. 1. Chemical constitution of the HASE polymer. Herep 5 40 andR corresponds to C22H44; x/y/z
5 43.57/56.21/0.22 by mole.

TABLE I. Solvent composition, solubility parameter components, and solubility parameter@Hansen~1967!#.

Solvent
PG

wt. %
dd

MP1/2
dp

MP1/2
dh

MP1/2
d

MP1/2

Water 0 12.3 31.3 34.1 47.8
PG15 15 12.9 28.0 32.5 44.8
PG25 25 13.3 26.0 31.5 42.7
PG35 35 13.9 22.9 30.7 40.7
PG50 50 14.5 20.4 28.8 38.2
PG70 70 15.3 16.2 26.6 34.8
PG85 85 16.2 12.9 24.9 32.1
PG 100 16.8 9.4 23.3 30.3
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dimensional solubility parameter approach@Hansen ~1999!; Hansen and Beerbower
~1971!; Hansen~1967!#. In this method, the solubility parameter~d! is given by the sum
of the dispersion (dd), polar (dp), and hydrogen bonding (dh) contribution as follows:

d2 5 dd
21dp

21dh
2.

Here dd , dp , and dh for each mixture were calculated as volume average,
dx 5 ((dx) if i ; with x standing ford, p, or h, i referring to PG or water, andf i
referring to the volume fraction of componenti in the solvent mixture. The solubility
parameter as well as the dispersion, polar and hydrogen bonding for each solvent mixture
are also shown in Table I.

The intrinsic viscosity of the polymer solutions was measured with Ubbelhode dilution
viscometers situated in a thermostated water bath at 25 °C. The efflux times of the
polymer solutions were converted to reduced and inherent viscosities from the following
definitions:

hreduced5
hspecific

c
5

t2ts

cts
,

hinherent5
ln~hrelative!

c
5

ln~t/ts!

c
,

wherets is the solvent efflux time. Using the familiar Huggins and Kraemer equations

hreduced5 @h#1KH@h#2c,

hinherent5 @h#1KK@h#2c,

the intrinsic viscosity was obtained by plotting the resulting reduced and inherent vis-
cosities against concentration and extrapolating to zero concentration.

The rheological properties of the polymer solution were measured using a stress-
controlled rheometer~Rheometrics DSR II! fitted with appropriate cone and plate or
couette geometries. The rheological properties of HASE polymers have been shown to be
dependent on their previous shear history@English et al. ~1997!; therefore, a preshear
regime was necessary to be considered. Prior to any measurement, the sample was sub-
jected to a shear rate of 1 s21 for 5 min followed by a 10 min reset period. This protocol
was found to be sufficient for the sample for structure recovery as noticed from dynamic
time sweep experiment. Experiments were run using the two geometries, when possible,
to check for wall slip effects and the data were found to be in good agreement eliminating
the presence of such effects.

III. RESULTS

A. Effects of solvent quality

The steady shear behavior of a 3% polymer in a mixture of water and PG with
different PG proportions is shown in Fig. 2. In general, the steady shear profile shows a
weak shear thinning behavior at low shear rates followed by stronger shear thinning
region at higher shear rates. There is also a decrease in the relative viscosityh rel ~defined
as the steady shear viscosity divided by the solvent viscosity! as the PG content increases.
In addition, the shear thinning behavior seems to be more pronounced in ‘‘water-rich’’
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solvents. The reduction in the relative viscosity with PG content reflects changes in the
polymer microstructure, possibly a weakening of the hydrophobic associations, as the
solvent quality changes.

Figure 3 compares the complex and steady shear viscosities of a 3% polymer solution
in different proportions of the cosolvents. There is a decrease in the magnitude of the
complex viscosity as the solvent PG content increases, consistent with the steady shear
results. In addition for the ‘‘PG-rich’’ solvents, both steady and complex viscosity overlay
well obeying the Cox–Merz rule@Cox and Merz~1958!#. However, for water-rich sol-
vents there is deviation from the Cox–Merz rule with the complex viscosity lower than
the steady viscosity especially at intermediate and high shear rates. This deviation from
the Cox–Merz rule in water-rich solvents has previously been observed with HASE
polymer in aqueous medium and can be attributed to the formation of shear-induced
structures@Englishet al. ~1997!, ~1999!#. Please note that the viscosity of the PG sample
is higher than that of PG70 in Fig. 3. This reverse trend is observed because PG has a
higher viscosity than PG70, and the solution viscosity is dominated by the solvent for
these compositions. If the data is plotted in terms of relative viscosity, the expected trend
is observed~e.g., Fig. 2!.

Figure 4~a! shows the storage modulus (G8) of a 3% polymer solution as a function
of cosolvent composition. We find the magnitude ofG8 to decrease as the PG content of
the solvent increases while the slope of the terminal region shows an opposite trend,
increasing as the PG content increases. These results also suggest changes in the sample
microstructure with changes in the solvent composition. As the PG content increases, the
behavior changes from a relatively elastic-like behavior to a solution-like behavior, with
G8 ; v0.5 in water andG8 ; v1.5 in PG. This transition could be related to the
changes in the solvent-hydrophobe interactions and thus the network structure. Similar
findings are observed when we examine the composite dynamic elastic and loss moduli

FIG. 2. Effect of solvent composition on the relative viscosity of a 3% HASE polymer solution. The numbers
after PG correspond to the weight percent of PG in the water-propylene glycol cosolvent.

501RHEOLOGY OF ASSOCIATIVE POLYMERS



of representative samples in Fig. 4~b!. The G9 decreases and the slope of the terminal
region increases as the PG content increases. A shift in the crossover point is also ob-
served~or suggested! as the solvent quality changes. For the case of water, we observe a
crossover frequency of approximately 1022 s21 followed by a plateau region. The cross-
over frequency increase by more than two orders of magnitude reflecting a decrease in
the longest relaxation time,t 5 1/vcrossover, as the PG content of the solvent increases.
In fact, in the case of the sample containing 85% PG, the crossover frequency is not even
accessible within the experimental frequency limit.

Both steady and dynamic data suggest a change in the network structure as the solvent
changes from being water rich to PG rich. To further probe the effects of solvent quality
on rheology, we plot in Fig. 5 the relative viscosity (h rel) and the elastic modulus as a
function of the solvent solubility parameter (ds) for different polymer concentrations.
Figure 5~a! reveals that the relative viscosity increases with increasing polymer concen-
tration or solubility parameter. More importantly, we observe the presence of two distinct
regimes with different dependence ofh rel on ds . Referring to these regimes as regime 1,
corresponding to water-rich solvents with higher solubility parameter and regime 2, cor-
responding to PG-rich solvents with lower solubility parameter, we observe the relative
viscosity to show a much stronger dependence onds in regime 1. In addition, the depen-
dence of the relative viscosity on the solubility parameter seems to be independent of
concentration for either regime. This behavior is observed for all concentrations above
0.5%, which shows only regime 2-type dependence. The point where the two regions
meet shifts towards a lowerds with concentration. A plot of the elastic modulus at a fixed
frequency~1 rad/s! versus the solvent solubility parameter@Fig. 5~b!# also shows the
presence of two regimes, indicating that this behavior is not material-function specific.
The elastic modulus for samples in PG-rich solvents is almost independent of the sol-

FIG. 3. Comparison of the steady~filled symbols! and complex~open symbol! viscosity of a 3% HASE
polymer solution shown for different cosolvent compositions. The numbers after PG correspond to the weight
percent of PG in the water-propylene glycol cosolvent.
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vent composition, while in water-rich solvents the plateau modulus increases sharply with
the solvent solubility parameter. These data are consistent with the results of the scaling
of h rel with the solvent solubility parameterds .

It is interesting to note that the inflection point occurs at a lowerds for the elastic

FIG. 4. Effect of solvent composition on~a! the storage modulusG8, and~b! the storage~G8! and loss (G9)
moduli of a 3% HASE polymer solution.
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modulus compared to the relative viscosity. The difference can be attributed to the fact
that we do not reach the plateau regime for the dynamic experiments. Had we been able
to access that, the PG-rich samples would have had a higherG8; this would have shifted
the transition point to a higherds , consistent with the steady data. The two-regime
behavior is also observed when eitherh rel or the elastic modulus at fixed frequency is
plotted versus the individual components of the solubility parameter~data not shown!.
The same trend is observed when the polar or hydrogen bonding components are used.
On the other hand, an opposite trend is observed when the dispersion component is used
instead, as the PG has a higher dispersion component than water.

The two-regime behavior could be explained based on changes in solution microstruc-
ture as the solvent quality changes. In regime 1 at high solubility parameters, the domi-
nant mode of interaction is hydrophobic association. With increases in PG content of the
solution in this regime, there is a reduction in the hydrophobic interactions due to the

FIG. 5. Effect of the solvent solubility parameter on~a! the relative viscosity, and~b! elastic modulus of HASE
polymer solutions. The numbers~in percent! correspond to different polymer concentrations. Lines are for
guidance only and have no further justification.
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reduced tendencies of the hydrophobes to associates. This leads to lowerh rel andG8. In
regime 2, there may be a lack of hydrophobic association and the polymer is behaving as
regular entangled polymer chains. At the inflection point, we are assuming that the hy-
drophobic interactions are suppressed. Such an explanation is supported by the work of
Jenkinset al. ~1995! who reported that a 40/60 mixture of butyl carbitol and water
suppressed the formation of an association network for 2.5% linear water-soluble poly-
~oxyethylene! end capped with hexadecyl alkyl group.

B. Concentration effects

The different modes of interaction in the water-rich and PG-rich solvents should
manifest themselves in different concentration dependence of rheological material func-
tions in these regimes. We probe this effect by plotting the concentration dependence of
the relative viscosity for water-rich solvents at different cosolvent compositions in Fig. 6.
For the concentration range studied, we observe a power-law behavior for the relative
viscosity (h rel ; cn) with a scaling exponent ofn of about 2.5, independent of the
solvent composition. This value ofn is consistent with the reported value of 2.68 for
HASE polymer with C16 hydrophobes@Tan et al. ~2000!#. However, this value is lower
than the theoretically predicted value of 3.75 in the entangled semidilute regime using the
sticky-reptation model of associative polymers@Rubinstein and Semenov~2001!#. The
value of the scaling exponent is dependent on the transition from intra- to intermolecular
association as the polymer concentration increases. With very few hydrophobes per poly-
mer chain~the macromonomer concentration is only 0.22 mol %!, we expect a low value
for the scaling exponent as there is a lower chance for the hydrophobes to form intramo-
lecular association and thus a very low fraction of the hydrophobes will undergo transi-
tion from intra- to intermolecular association.

FIG. 6. Concentration dependence of the relative viscosity of HASE polymer solutions in water-rich solvents.
Results are shown for different compositions of the cosolvent.
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Figure 7 shows scaling of the relative viscosity with concentration for PG-rich sol-
vents. A scaling factor of 1.4 and independent of the solvent is obtained. The lower value
of the scaling factor in PG-rich solvents should be the results of the absence of hydro-
phobic association. Similar scaling of the elastic modulus at fixed frequency~rad/s! with
concentration~data not shown! also revealed two different dependencies. In the water-
rich solvent, a scaling fact of 3.2 was observed while in PG-rich solvents a lower scaling
factor of 2.3 was observed. The scaling factor within each region was independent of the
solvent.

To support our hypothesis that the behavior in regime 2 is due to the lack of hydro-
phobic association, we investigated the dependence of the relative viscosity on concen-
tration for solutions where no hydrophobic association is possible. This was done using
two approaches. First, an unmodified polymer with the same structure and molecular
weight as the HASE polymer but with no hydrophobic groups at the end of the mac-
romonomer was used in our study. With this unmodified polymer, no hydrophobic asso-
ciation is possible. The second approach entailed using the same HASE polymer in our
study but after deactivating the hydrophobic groups. We deactivated the hydrophobic
groups using an inclusion compound forming host~b-cyclodextrin!. Cyclodextrins have a
unique ring shaped structure with a hydrophobic annular core and a hydrophilic exterior.
Because of the hydrophobicity of the annular core of cyclodextrin, it can encapsulate the
hydrophobic part of a HASE polymer resulting in deactivation of the hydrophobes. In this
regard, cyclodextrins have been used for the removal of hydrophobic association of
HASE solutions @Islam et al. ~2000!; Gupta ~2000a, 2000c!#. The effect of adding
b-cyclodextrin on the viscosity of a 1% polymer solution is shown in Fig. 8. With the
addition ofb-cyclodextrin more hydrophobes are deactivated resulting in reduction in the
solution viscosity. At about 15 molesb-cyclodextrin/hydrophobe, the addition of more
b-cyclodextrin seems to have no effect on the solution viscosity.

FIG. 7. Concentration dependence of the relative viscosity of HASE polymer solutions in PG-rich solvents.
Results are depicted for different cosolvent compositions.
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Figure 9 shows the dependence of the relative viscosity on the concentration for
unmodified polymer~without hydrophobe! in water and PG as well as for the HASE
polymer after encapsulation of the hydrophobes with 20 molesb-cyclodextrin/
hydrophobe. A constant exponent factor of 1.4 is observed for the unmodified polymer
~without hydrophobes! in both water and PG consistent with results of the HASE poly-
mer in PG-rich solvents~Fig. 7!. These results prove the lack of association in PG-rich
solvents. For the HASE polymer with the hydrophobic groups encapsulated with
b-cyclodextrin, an exponent factor of 1.2 is obtained, which again supports the lack of
hydrophobic association in regime 2.

C. Solvent quality and polymer interaction modes

The lower viscosity and moduli of the polymer solution as the PG content of the
cosolvent increases, as well as the display of two-regime behavior, can be attributed to
reduced hydrophobic associations. Several factors contribute to this phenomenon. First,
the hydrophobic groups have a lower tendency to associate as the solvent become less
polar. The hydrophobes are not forced out of the solvent media as strongly as in the case
of the aqueous solution. The lower affinity of the hydrophobes to form micelles would
result in weaker or negligible network structure and therefore lower viscosity and vis-
coelastic properties. Secondly, the effective length of the PEO spacer becomes shorter
due to the dehydration of the PEO by the glycol, as reported for nonionic surfactants
@Penfoldet al. ~1997!; Aramaket al. ~1991!#. Shorter PEO spacer length will also reduce
intermolecular associations@Dai et al. ~2000!#; the possibility of intramolecular associa-
tion is always low because our polymer has very few hydrophobes~ ; 3! per chain.
Finally, the polymer coil dimension decreases as the solvent becomes PG rich, as shown
by a decrease in@h# values~Table II!. The less expanded chains will hinder the formation

FIG. 8. Effect of addition ofb-cyclodextrin on the relative viscosity of a 1% HASE polymer solution. The
numbers correspond to the moles of cyclodextrin added per mole of the hydrophobe. The unmodified polymer
reflects the same polymer as the HASE polymer but without the hydrophobes.

507RHEOLOGY OF ASSOCIATIVE POLYMERS



of any intermolecular associations. At some solvent composition, these factors together
will completely prevent the hydrophobic association. In summary, we attribute the
2-regime behavior to the absence of the hydrophobic association in regime 2.

The change in@h# may imply change in the concentration regime from entangled to
unentangled semidilute regime. However, contrary to regular polymer solutions this is not
an issue here. For associative polymers, at concentrations belowc* only intramolecular
association is possible@Candauet al. ~1998!; Regaladoet al. ~1999!#. At concentrations
higher thanc* both inter- and intramolecular association contribute to the solution rhe-
ology. At higher concentrations, entanglement occurs in addition to hydrophobic associa-
tion. However, the physical entanglement of the polymer chains does not affect the
rheological properties of the semidilute solutions@Ng et al. ~2001!#. Thus, a distinct
change in the dependence of viscosity on concentration only occurs atc* when intermo-
lecular associations appear, and not with the addition of entanglements. Since the overlap

FIG. 9. Concentration dependence of the relative viscosity for unmodified polymer~without hydrophobe! in
water and in PG, and the HASE polymer with the hydrophobes deactivated through the addition of 20 moles
b-cyclodextrin/mole hydrophobe.

TABLE II. Intrinsic viscosity~@h#!, Huggins coefficient (kH), and the difference between Huggins and Kramer
coefficient (kH2kK) for modified and unmodified polymers in water/PG cosolvent with different compositions.

Solvent
ds

Mpa1/2

Modified polymer Unmodified polymer

@h# dl/g kH kH2kK @h# kH kH2kK

Water 47.9 42.2 3.22 2.11 55.8 0.37 0.50
PG25 43.0 14.4 3.26 3.03
PG50 38.3 4.1 2.73 2.21 13.5 0.41 0.52
PG70 34.8 3.1 0.61 0.63
PG85 32.4 2.7 0.34 0.51 4.1 0.38 0.52
PG 30.3 2.3 0.41 0.51 1.4 0.36 0.51
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concentration,c* calculated as 1/@h#, for this polymer solution is about 0.02% in water
and 0.45% in PG, all samples examined in this study are abovec* . This information,
together with the similarity in behavior observed among the unmodified polymer~without
hydrophobes!, the HASE polymers encapsulated withb-cyclodextrin and the HASE
polymer in PG-rich solvents, all lend credence to the fact that the two-regime behavior is
due to changes in hydrophobic associations. This is also supported by the values of
kH-kK shown in Table II. In PG-rich solvents, this value approaches the theoretical value
of 0.5 similar to the unmodified polymer. In contrast, thekH-kK deviates substantially
from the theoretical value in water-rich solvents, suggestive of the presence of strong
hydrophobic interactions.

IV. CONCLUSIONS

The effect of solvent quality on the rheological behavior of a hydrophobically modi-
fied associative polymer has been examined using a co-solvent of water and PG at
different proportions. Two distinct modes of behavior are observed depending on whether
the cosolvent is water rich or PG rich. In both regimes, the relative viscosity and elastic
modulus reveal power-law dependences with the solvent solubility parameter; however,
the dependence is much stronger in the water-rich regime. In addition, the concentration
dependence of the viscosity is very different for the two regimes with the water-rich
regime revealing stronger power-law dependence consistent with that observed in asso-
ciative systems. In the PG-rich solvents, on the other hand, the polymer shows behavior
akin to that of the same polymer without the hydrophobe or to polymers with the hydro-
phobes deactivated using inclusion compound. This leads us to attribute the dual-mode
behavior to a lessening in the ability of the hydrophobic groups for micellization as the
solvent quality changes. This lack or reduction of hydrophobic interactions in the PG-rich
solvents is possibly induced by less expanded polymer chains and conformational
changes in PEO spacers together with a lower tendency of the hydrophobes to form
micelles in less polar medium.
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