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ABSTRACT: This paper describes the rheological behavior of a HEUR (hydrophobic ethoxylated urethane)
associative polymer with C16H33 end groups at 2.0 wt % concentration in aqueous solution. Under normal
steady shear, this solution exhibits Newtonian behavior at low shear rates and, as the shear rate is
increased, passes through a shear-thickening region before exhibiting a sharp decrease in viscosity. Here
we report superposition-of-oscillation experiments on steady-shear flows to examine the state of the
network structure under different shear conditions. The technique involves applying a steady shear
deformation to the fluid, and once the steady state is achieved, a small amplitude oscillation is imposed
on the sample to measure the linear viscoelastic properties. We observe that within the shear-thickening
region, the plateau modulus is larger than in the Newtonian region, suggesting that shear-thickening is
the result of a shear-induced increase in the density of mechanically active chains, which may be due to
incorporation of free micelles or higher aggregates into the network structure. In the shear-thinning
region, the Maxwell relaxation time decreases with increasing shear stress or shear rate. Thus shear
thinning is a consequence of a shear-enhanced exit rate of the hydrophobic end groups from the micellar
junctions of the network. This is the first experimental evidence for shear enhancement of the relaxation
rate of an associative polymer network.

Introduction

Water-soluble polymers with hydrophobic substitu-
ents play important roles as thickeners and viscosity
modifiers in a variety of water-borne technologies
including paints, inks, and cosmetics. Early experi-
ments on associative polymers examined commercial
polymers and fully formulated mixtures. Much of our
recent understanding of the behavior of these associa-
tive polymers (AP’s) in aqueous solution comes from the
study of model polymers in water in the absence of other
formulation ingredients. The initial rationale for these
experiments was the belief that a thorough investigation
of the rheological properties of model associative poly-
mers of known structure should reveal considerable
insight into the association mechanism. Interest in
model polymers began with the pioneering work of
Jenkins,1 who carried out systematic studies on a series
of relatively well-defined HEUR (hydrophobic ethoxy-
lated urethane) associative polymers. This type of
polymer is prepared by chain extending a poly(ethylene
glycol) (PEG) oligomer of narrow molecular weight
distribution (MWD) with a diisocyanate and end-cap-
ping the product with a long chain alcohol. Because the
chain extension process involves a condensation reac-
tion, the final HEUR polymer has a broad MWD.
Jenkins examined a series of HEUR polymers of mo-
lecular weight 16 000-100 000 with dodecyl or hexa-
decyl end groups and reference polymers without a
hydrophobic end group.

HEUR associative polymers have been studied sub-
sequently by many research groups.1-12 Over the past
several years, several key publications describing the
rheology of HEUR polymers in aqueous solution have
appeared.1,3-5,8,10,11,13,14 The most interesting feature of
all these experiments is that the viscoelastic properties
of telechelic HEUR polymer solutions can be described
in terms of the single element Maxwell model, consisting
of a single elastic component connected in series with a
viscous element.3,15 These results indicate that the
relaxation process of these systems under shear is
dominated by a single terminal relaxation time. This
relaxation time depends primarily on the hydrophobe
chain length but also depends to a lesser extent upon
polymer concentration and the molecular weight of the
polymer.3

Information about the structures formed by linear
associative polymers with hydrophobic end groups has
been provided by an extensive series of spectroscopy and
scattering measurements, involving not only HEUR
polymers but also simpler model polymers, telechelic
PEG polymers of narrow MWD, with molecular weights
ranging from 4000 to 35 000, with hydrocarbon or
fluorocarbon end groups. Methods employed include
fluorescent-probe experiments,5,16,17 pulsed-gradient spin-
echo (PGSE) nuclear magnetic resonance (NMR)
measurements,18-21 dynamic light-scattering measure-
ments, and at high polymer concentrations, small-angle
scattering (SAXS, SANS) experiments.7

Fluorescent probe experiments establish that these
types of polymers associate through their end groups
to form micellelike junctions.22 At low polymer concen-
trations in water, when the chain ends are sufficiently
hydrophobic, the polymers associate to form flower
micelles23 consisting of looped chains in which both end
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groups occupy the same micelle. In these starlike
micelles,24 the PEG chains in the corona are stretched
relative to the normal coil dimensions of a PEG chain
in water. Since HEUR polymers normally have a
substantial fraction of chains with only one hydrophobic
substituent, the free ends lacking a hydrophobe do not
participate in the association. In the flower micelles,
these chains are free to dangle into the solution beyond
the corona formed by the looped chains. At higher
polymer concentrations, a secondary association process
occurs, accompanied by the formation of bridges be-
tween adjacent micelles. As the polymer concentration
is increased further, percolation structures are formed
that span the rheological cell and lead to a large increase
in solution viscosity.

In the development of this picture of the association
process, Annable et al.3 contributed several key insights
into the interpretation of the solution rheology. They
identified the Maxwell relaxation time with the exit rate
of the hydrophobe from the micelle-like junction. Si-
multaneously with the Winnik group, they put forward
the idea of loop-to-bridge transitions in the buildup of
the association structure with increasing polymer con-
centration, and of bridge-to-loop transitions accompany-
ing structure breakdown during shear thinning under
steady shear at elevated shear rates. In addition, they
suggested that the concentration dependence of the
relaxation time was due to the formation of superbridges
in the system, an idea supported by recent simulations
of polymer association.13

An interesting issue in our understanding of the
association process is whether micelle formation by the
polymer end groups follows a closed6,16 or open associa-
tion mechanism.25 In closed association, an increase in
polymer (hydrophobe) concentration leads to the forma-
tion of more micelles of identical size. Micelle size in
these systems is best characterized by the term NR,
which describes the mean number of hydrophobic
groups per micelle. In open association, the size of the
micelles or association structures increases with in-
creasing polymer concentration. For telechelic AP’s,
different views have been put forward, and the situation
is relatively complex. A useful starting point is to
consider the onset of association at low polymer con-
centration. HEUR systems are always characterized by
a very broad onset of association as their concentration
is increased, which may be due to their broad MWD.

When model telechelic associative polymer systems
are characterized by a relatively high onset of associa-
tion, which occurs in polymers containing weak hydro-
phobes compared to the length of the water-soluble
polymer chain, the initial association appears to be an
open process. The polymers associate into networks
without passing through flower micelles. There is some
limited evidence17 to suggest that in these systems, once
the network is formed, the micelle core size does not
change very much. At very high polymer concentrations
(>20 wt %), model telechelic polymers of narrow MWD
(based upon PEG with n-alkyl ether end groups) form
lyotropic cubic phases.7 Low-angle X-ray and neutron-
scattering measurements on the cubic phase indicate
that the micelle junctions increase in size as the polymer
concentration is increased further. In HEUR samples
with strong hydrophobic end groups, careful fluorescence-
quenching experiments indicate that flower micelle
formation follows a closed association mechanism and
that the micelle cores conserve their size over a signifi-

cant range of relatively low polymer concentrations (<3
wt %). Xu et al.4 and Yekta et al.16 reported a mean
end-group aggregation number of NR ) 20 for two
HEUR polymers of molecular weights of 34 000 and
51 000 containing C16H33 end groups. These NR values
do not change with concentrations up to 3 wt %, where
the system has rearranged to form extensive networks.
There is some evidence for HEUR polymers that the
mean number of hydrophobes per micelle core does not
change with shear26 or extensional flow.27

The shear-rate-dependent viscosity of a typical HEUR
polymer solution is shown in Figure 1. In this figure,
one observes a shear-rate-independent viscosity (New-
tonian behavior) at low shear rates, shear thickening
at intermediate shear rates, and severe shear thinning
at elevated shear rates. Shear thickening is not very
common in polymer solution rheology, but here the
shear-thickening regime is strikingly prominent, par-
ticularly when one plots measured viscosity on a linear
scale vs log shear rate, as shown in Figure 1. Several
mechanisms have been proposed in the past to explain
the observation of shear thickening.28-31 These expla-
nations are based on models that describe the effects of
shear on the behavior of individual chains (non-Gauss-
ian chain deformation) or shear effects involving mul-
tiple chains such as shear-induced polymer association
or aggregation including temporary network formation
during shear.

In Figure 1, we include hypothetical structures sug-
gested by Winnik and co-workers to describe the state
of the system in the Newtonian, shear-thickening, and
shear-thinning regions.4,16 These structures come from
the model proposed by Yekta et al.,16 shown in Figure
2, to describe the structures formed by HEUR polymers
with end groups sufficiently hydrophobic to form flower
micelles. In this model, flower micelle formation at low
polymer concentrations is a closed association, followed
by an open secondary association to form larger struc-
tures. The large increase in viscosity in the system at
polymer concentrations near 1 wt % is due to formation
of a macroscopic network made up of bridged micelles,
which, at least near the percolation threshold of the
system, conserves the mean number of chain ends per
micelle core. In this model, at moderate shear rates,
the structure is deformed, accompanied by the stretch-
ing of the bridging chains. A further increase in the
shear rates causes the bridging chains to fragment,

Figure 1. Viscosity versus shear stress of a HEUR polymer
solution and the accompanying structure of the rosette micelles
at the Newtonian, shear-thickening, and shear-thinning re-
gions (after ref 16).
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yielding smaller structures and discrete micelles. A
large reduction in the viscosity is attributed to bridge-
to-loop transitions, which conserves the number of
micelle cores and their mean aggregation number NR.
And the structure drawn for the shear-thickening
regime is intended to suggest non-Gaussian deformation
of the chains in the network, as originally suggested by
Jenkins.

Recently, we adopted the superposition of oscillations
on steady-shear flow as a technique for investigating
the structure of associative polymers.32 In this tech-
nique, a continuous shear (or stress) is applied on a
sample until a steady state is reached, at which time
an oscillatory test is conducted to determine the vis-
coelastic behavior of the solution at a given shear or
stress condition. This technique provides new and
complementary information about the state of the
network structure under various shear conditions, and
this information is essential for evaluating structural
models of the sort shown in Figure 2. This paper
describes experiments employing the superposition of
oscillations on the steady shear flow for the same HEUR
associative polymer (sample AT22-3) examined by the
Winnik group, for which the NR values are known.

Experimental Section

The HEUR associative polymer, a urethane-coupled poly-
(oxyethylene) end-capped with C16H33O- groups was supplied
by Union Carbide. We refer to it as AT22-3, which is the
nomenclature used in the Winnik group publications.4,16 This
sample has Mn ) 51 000, Mw/Mn ∼ 1.7, and a degree of end
functionalization of 1.7. The polymer was stored in the
refrigerator at 4 °C to minimize air oxidation and subsequently

used to prepare a 5 wt % stock solution using Millipore MilliQ
distilled water. From the 5 wt % stock solution, a test solution
of 2.0 wt % was prepared and kept in the refrigerator prior to
testing.

The rheological properties of the 2.0 wt % AT22-3 solution
was measured using a TA (Carrimed CLS500) controlled stress
rheometer. Two different cones were used, a 4 cm diameter,
2° cone angle and 2 cm diameter, 0.5° cone angle. All
experiments were conducted at 25 °C. Both steady-shear and
oscillatory tests were conducted. For oscillatory testing, the
strain was kept at less than 20% to ensure that the test is
within the linear viscoelastic region. Parallel superposition
of oscillation on steady-shear flows was conducted at various
applied stresses or shear rates. A detailed discussion of the
superposition technique, together with a schematic diagram
depicting the stress and strain curves involved is reported
elsewhere.32

Results and Discussion

Viscosity-Shear Stress Profile. The viscosity/
shear stress data for a 2.0 wt % AT22-3 solution is
shown in Figure 3. The magnitude of the zero shear
viscosity is about 5.5 Pa‚s, which agrees reasonably well
with data obtained by Jenkins1,2 and by the Winnik
group.4 In this report, we prefer to plot viscosity vs
shear stress, since the viscosity data show a more
distinct dependence on shear stress than on shear rate.
As shown in Figure 3, the solution exhibits a constant
viscosity up to an applied stress of 20-25 Pa, where the
onset of shear thickening is observed. This thickening
behavior persists until 170-180 Pa. Beyond this stress
level, a dramatic decrease in the viscosity is observed.
This decrease occurs within a small stress window
ranging from 180 to 200 Pa. Over this stress range, the

Figure 2. Schematic diagram depicting the microgel model for the HEUR structure in aqueous solution (after ref 6).
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solution undergoes a 50% drop in viscosity. When the
applied stress is increased, two further transitions are
observed, a more gradual decrease in viscosity at stress
levels between 200 and 300 Pa, followed by another
sharp decrease at higher shear stresses. In discussing
this behavior, it is useful to classify the viscosity profile
into distinct regions, as marked in Figure 3.

•Region N. Newtonian τ < 25 Pa.
•Region TK. Shear thickening 25 Pa < τ < 180 Pa.
•Region TN1. First shear thinning: large drop in

viscosity at 180 Pa < τ < 200 Pa.
•Region TN2. Second shear thinning: reduced slope

in η vs τ profile 200 Pa < τ < 300 Pa.
•Region TN3. Third shear thinning: large drop in

viscosity τ > 300 Pa.
It is unusual for polymer solutions to exhibit multiple

and distinct shear-thinning regions. In previous studies
of the rheology of HEUR associative polymers,3,4,8,11 only
Jenkins1 reported the observation of changes in shear-
thinning behavior at high-shear stress. Because of this
unusual behavior, we were concerned that artifacts,
such as fluid fracture, fluid instability, or some feature
of cone geometry might affect the shape of the measured
profiles at high-shear stress. To allay these concerns,
we carefully examined the sample during testing but
noted no fluid fracture or fluid exiting the sample cell.
In addition, experiments were repeated with a different
cone (2 cm and 0.5°), and essentially identical results
were obtained. The smaller cone angle enabled the
instrument to achieve higher shear rates at significantly
lower rotational speeds. From the careful examination
of the fluid during testing, we are satisfied that the
viscosity profile as shown in Figure 3 represents the
material properties of the polymer solution. The data
in Figure 3 indicate that the behavior of the polymer
under shear is more complex that depicted in the
Winnik model.

Superposition of Oscillations on Shear Flows.
Our instrument allows us to examine samples in which
oscillatory shear is superimposed upon a system expe-
riencing a steady-shear deformation. In these experi-
ments, one applies a stress or a shear gradient on the
sample until the steady state is achieved. At this point
an oscillatory test is superimposed onto the sheared
sample, and the linear viscoelastic properties are mea-
sured over a wide range of frequencies, ranging from
0.1 to 200 rad/s. Using these techniques, as described

recently by Tirtaatmadja et al.,32 we hope to be able to
probe the structural behavior of the polymer network
under different shear conditions. This would, for ex-
ample, allow us to examine whether shear thickening
results from chain or network deformation or whether
it is a consequence of the formation of an increased
number of junctions in the system. These experiments
might also allow further insights into the suggestion
both by the Winnik group4,16 and by Richey et al.26 that
during shear thickening and the early stages of shear
thinning, the mean end-group association number of the
network junctions remains constant. The steady-shear
viscosity at each of the applied stresses obtained from
the superposition experiments was superimposed onto
the steady-shear viscosity profile in Figure 3, and good
agreement was observed.

In Figure 4a we plot values of the storage modulus
vs frequency at applied stress levels ranging from 0 to
400 Pa. Corresponding values of dynamic viscosity are
presented in Figure 4b. At applied stresses of up to 25
Pa, both the storage modulus and the dynamic viscosity
remain essentially constant and have the same magni-
tude as that of the solution without applied stress. At
this level of stress, the shear viscosity remains in the
limiting low-shear Newtonian regime, where the re-
sponse of the network to the oscillatory frequency is
faster than the imposed shear rate. These results

Figure 3. Plot of viscosity versus shear stress measured at
25 °C for AT22-3 at 2.0 wt % concentration.

Figure 4. Linear viscoelastic properties of 2.0 wt % AT22-3
at 25 °C: (a) storage moduli; (b) dynamic viscosity. Measure-
ments were conducted at applied stresses of 0-400 Pa using
the parallel superposition techniques.
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also indicate that there is no steady-shear-imposed
change in the structure of the network.

Our first important new results appear in the shear-
thickening region (25 Pa < τ < 180 Pa). Here we
observe that both the storage modulus and dynamic
viscosity increase, reaching a maximum that corre-
sponds to the upper viscosity limit of the shear-
thickened viscosity profile. The data at each of the
applied stresses were fitted to the single-mode Maxwell
model, as described by eqs (1) and (2). The Maxwell

model is a two-parameter model in which the storage
and loss moduli at all frequencies ω can be described
in terms of a plateau modulus G0 and a terminal
relaxation time λ.

The data are plotted in Figure 5a-d, where the solid
lines represent the best fits to the model using the
Maxwell equations (1) and (2). In previous work, good
fits of the data to these expressions were found at zero
applied stress. Here we find good fits to the data for
applied stresses ranging from zero to about 300 Pa,
corresponding to the maximum of the viscosity profile
before a large decrease in the viscosity is observed. At
higher applied stresses, however, where the viscosity

starts to decrease significantly, the simple single-
element Maxwell model is less able to describe the
viscoelastic behavior of the solution.

In fact, the overall behavior is more subtle. The
dynamic viscosity increases with applied stress, reaches
its maximum value at ca. 100 Pa, and then decreases
as the applied stress is further increased. The plateau
modulus, in contrast, increases with applied stress, and
reaches its maximum value at a value of 180 Pa. At
higher levels of applied stress, where the solution begins
to exhibit shear thinning, the plateau modulus remains
high. At these stress levels, however, the plateau
modulus cannot be determined accurately, because the
viscoelastic data deviate more and more from the
behavior expected of a simple Maxwell-type fluid.
However, we can estimate the magnitude of the plateau
modulus using the expression G0 ) η0/λ.

Another widely used method of examining the suit-
ability of the Maxwell model in describing the viscoelas-
tic properties of polymer solutions is to present the data
in the form of a Cole-Cole plot. The mathematical
expression for the Cole-Cole plot can be derived by
rearranging equations (1) and (2) into the form given
by eq 3:

where m ) 0.5. Data that fit the Maxwell model yield
a perfect semicircle when plotted in this way. One
advantage of this method of examining the data is that
the plateau modulus G0 can be determined from the

Figure 5. Fitting of Maxwell model to the dynamic properties of 2.0 wt % AT22-3 at various applied stresses: (a) no applied
stress; (b) applied stress ) 50 Pa; (c) applied stress ) 200 Pa; (d) applied stress ) 350 Pa.

G′(ω) )
G0ω2λ2

1 + ω2λ2
(1)

G′′(ω) )
G0ωλ

1 + ω2λ2
(2)

G′′(ω) ) [G′(ω)G0 - G′(ω)2]m (3)
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intersection of the semicircle with the horizontal x-axis.
Cole-Cole plots of the linear viscoelastic data, at
applied stresses ranging from 0 to 400 Pa, are shown
in Figure 6a,b. It is evident from these plots that good
fits are obtained for applied stresses up to ca. 300 Pa.
Beyond this level, the fitting does not hold as well and
hence the determination of the plateau modulus G0 in
this way is subject to some error. The results from the
plots show very clearly that G0 increases with applied
stress up to about 200 Pa, it remains fairly constant up
to ca. 300 Pa, and beyond this, the magnitude of G0
begins to decrease sharply.

The relaxation time λ also provides important infor-
mation about the viscoelastic response of polymer solu-
tions. This parameter can be obtained in several ways,
by fitting the data to eqs 1 or 2, from the intersection
of the G′ and G′′ curves, where the inverse of the
frequency at the intersection point is equal to the
relaxation time, or from the second-order region of the
G′ and G′′ curves in terms of eq 4. A signature of data
that fit the simple Maxwell model is that the relaxation
times calculated by each of these different methods are
identical.

Relaxation times, λ obtained using the above methods
are identical. In the present study, the relaxation times
were obtained by fitting the data to eqs 1 and 2.

The viscoelastic response of the HEUR polymer at
various applied stresses may be more clearly depicted
by examining the distribution of relaxation times.
Information on the relaxation spectrum H(λ) can be
derived from data obtained in the frequency domain
according to the expressions below:

The calculation of the relaxation spectrum from
material functions such as storage and loss modulus
requires the inversion of the type of equation as shown
in eqs 5 and 6. It is well-known that inversion of such
integral equations results in an unstable problem.
Various numerical techniques have been developed,
most of them based on the regularization method, to
solve the ill-posed problem as given by eqs 5 and 6. An
algorithm called NLREG developed by Honerkamp and
Weese33 and commercialized by Haake (POLYSOFT
software) was used to calculate the relaxation time
spectrum. The method is based on a nonlinear regu-
larization technique, which is capable of determining
the multimode relaxation time spectrum. The spectra
obtained from the storage and loss modulus at various
applied stress conditions are plotted as H(λ)λ vs λ in
Figure 7. The results show that the relaxation time
distribution for the system in the absence of applied
stress is reasonably narrow, with a mean relaxation

Figure 6. Cole-Cole plot of the dynamic properties of 2.0 wt
% AT22-3 with the accompanying fitting of the Maxwell model
shown in solid lines.

Figure 7. Mechanical relaxation time distributions of 2.0 wt
% AT22-3 at an applied stress ranging from 0 to 300 Pa.

G′(ω) ) ∫-∞

∞
H(λ)[ ω2λ2

1 + ω2λ2] d(ln λ) (5)

G′′(ω) ) ∫-∞

∞
H(λ)[ ωλ

1 + ω2λ2] d(ln λ) (6)

λ ) G′
ω2η0

(4)
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time of 0.065 s. In the shear-thickened region (applied
stress ca. 50 Pa), not much change in the mean value
of λ is observed. However, an interesting feature of the
system is that the relaxation time distribution has
narrowed compared to that at no applied stress, sug-
gesting that the size distributions of micellar clusters
have narrowed somewhat. In the second shear-thinning
region (TN2), one observes that the relaxation spectrum
has sharpened considerably compared to that at an
applied stress of 50 Pa. Moreover, the mean relaxation
time has shifted significantly to a lower value of 0.02 s.
In the third shear-thinning region, when the applied
stress reaches 300 Pa, the distribution of relaxation
times is broadened and shifted to shorter times, leading
to a decrease in the mean λ value.

Relating Maxwell Behavior to Molecular Prop-
erties. Using the superposition of oscillation on steady-
shear flows, we are able to measure the effects of applied
stress on the dynamic viscosity, the plateau modulus
and the Maxwell relaxation time. This behavior is
compared with the effects of applied stress on the steady
shear viscosity, as shown in Figure 3. We note first that
the dynamic viscosity follows the same trend as the
steady shear viscosity profile. Shear thickening occurs
at applied stresses of 10-100 Pa, and beyond this, the
dynamic viscosity decreases with increasing applied
stress.

Plateau Modulus. In terms of the simple theory of
rubber elasticity, as extended to transient networks by
Green-Tobolsky,34 the magnitude of the plateau modu-
lus is proportional to the number density ν of mechani-
cally active chains in the network,

Our observation of an increase in the plateau modulus
in the shear-thickening regime is the first evidence that
shear thickening occurs because of a rearrangement of
the network to create more junctions. The applied
stress induces a change in the relative population of
looping chains and bridging chains, i.e., stress-induced
loop-to-bridge transitions that would lead to an increase
in the number of junctions but preserve the mean end-
group aggregation number of the junctions.4,16,27,35

Both Annable et al.3 and Groot and Agteroff13 have
discussed the role of “superbridges”, or long linear,

mechanically active, sequence of connections that are
part of the percolation networks that provide mechan-
ical connectivity between the cone and plate in the
sample cell. Superbridges in solutions of AT22-3 consist
of a string of micelles (with two bridging chains each)
connected to a more extensive network of micelles at
either end. At the concentration of 2 wt %, it was
determined that G/RT , D-3 or n (where D is the
diameter of a flower micelle and n is the number of
flower micelles); hence superbridges are deemed to exist.
This was further supported by the work of Annable et
al.36 For the concentration of polymer examined here
(2 wt %), we expect that not all micelles would be
incorporated into the percolation network. We present
a pictorial view of this process in Figure 8. Stress-
induced loop-to-bridge transitions that increase the
fraction of micelles included in the mechanically active
network decrease the mean length of the superbridges.
The process depicted in Figure 8 takes place at a
concentration above the overlap concentration of free
flower micelles, i.e., in a solution completely filled with
associated polymer structures: individual flower mi-
celles, larger aggregates, and a percolation network of
bridged micelles. Thus the empty spaces in Figure 8
should be thought of as filled with finite aggregates that
do not contribute to the plateau modulus at this
concentration of polymer.

We summarize our results on the shear-stress depen-
dence of the plateau modulus in Figure 9. Here one sees
that at the onset of shear thickening, the plateau
modulus increases from 70 to about 120 Pa. It reaches
its maximum value at an applied stress of 200 Pa and
then remains constant over a limited applied stress
window. However, at applied stresses greater than ca.
300 Pa, a substantial decrease in the plateau modulus
is observed. The values of G0 at applied stresses greater
than 300 Pa are estimated from the expression G0 )
η/λ, where the values of η are obtained from the steady-
shear curve (Figure 3) and values of λ from the oscil-

Figure 8. Structural model of the HEUR at the shear-
thickening region. The model depicts the incorporation of
unassociated rosette micelles into the superbridge network
coupled with the rearrangement of the superbridges to yield
a net increase in the number of junctions.

Figure 9. Plot of relaxation time (λ) (O), dynamic viscosity
(η′) (b), and the plateau modulus (G0) (2) versus applied stress
for 2.0 wt % AT22-3 solution.

G0 ) νRT (7)
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latory data at an applied stress of 300-400 Pa (Figure
4). Taken together, these results indicate that the
enhanced number of mechanically active chains created
in the shear-thickening regime persists into the first two
shear-thinning regimes, TN1 and TN2. Only at applied
stresses greater than 300 Pa does the network fragment
to yield smaller, finite structures. Although this type
of network fragmentation is suggested in the model
shown in Figure 2, it does not accommodate the subtle
variety of changes that occur in the three shear-thinning
regimes.

Relaxation Times. A system that exhibits simple
Maxwell rheological behavior is characterized by a
single relaxation process that dominates the response
of the system to stress. Annable et al.3 have explained
this behavior by pointing out that the dominant relax-
ation process in these end-capped systems is the exit of
a hydrophobic group from a junction point. They
compared exit rates and binding energies of surfactants
in micelles to the relaxation times and activation
energies for the viscosities of HEUR systems and found
close correspondence. They tested this idea by carrying
out an important experiment in which they examined
mixed systems containing two or three HEUR associa-
tive polymers (APs) with different hydrophobic end
groups and found well-defined relaxation times that
corresponded to those of the individual APs. The beauty
of this explanation is that it provides a coherent
explanation of the solution rheology in terms of the
molecular behavior of its components.

Our experiments provide information about changes
in the Maxwell relaxation time as a function of applied
stress and allow us to quantify the connection between
the molecular processes described above and theories
of the response of transient networks to shear. In terms
of the transient network theory proposed by Jenkins1

and Tanaka and Edwards,10 the exit rate of a chain end
from a junction can be described by an expression of
the form

where Em is the potential barrier to disengagement of
a chain end from a junction point, which may, in the
systems examined here, be equated to the binding
energy of the hydrophobe to its micelle. In eq 8, â is a
shear-dependent prefactor that couples the energy of
chain deformation to an enhanced “pull-out” rate of the
chain from its junction. For a HEUR polymer similar
to that of AT22-3, Annable et al. determined a value of
Em ∼ 70 kJ/mol from the temperature dependence of
the solution viscosity. In terms of our experiments, the
application of a stress in excess of 100 Pa causes the
chains in the network to stretch and provides the
additional energy needed to overcome the potential
barrier for disengagement.

In Figure 9 we observe that the relaxation times
follow the same trend as the viscosity, exhibiting a small
increase with applied stress over the lower end of the
shear-thickening region. The onset of the decrease in
λ occurs at a somewhat lower stress than the maximum
of the dynamic viscosity in the shear-thickening region.
We find a sharp decrease in λ over the applied stress
range of 50-200 Pa, but beyond this stress level, the
decrease is less pronounced. Our results indicate, as
predicted by transient network theory, that the exit rate
of the hydrophobe depends on the applied stress and is

enhanced by the application of stress.3,37 Thus, we can
conclude that over the region where the solution experi-
ences a large drop in the viscosity, the origin of this
effect is the shear-induced increase in the chain-end exit
rate, which means that for mechanically active chains,
the lifetime of a hydrophobe in a micelle is reduced.
Shear enhancement of the relaxation rate has been
observed for plastics38 and gelatin gels.39

Over the shear-thickening region, other factors must
operate, as the application of stress has the effect of
increasing the relaxation time slightly, hence reducing
the exit rate. Several explanations are possible. For
example, as discussed above, we know that the network
junction density increases over the shear-thickened
region. An increase in the number of mechanically
active chains may be responsible for distributing the
imposed stress and hence reducing its effect on the
micellar core or cluster. Alternatively, changes in the
fraction of bridging vs looping chains may affect the
configurational entropy of the chains in the corona of
each micelle. This might serve to offset the effect of the
imposed stress on the deformation free energy of the
bridging chains. Finally, a decrease in the length of
superbridges in the system would lead to a natural
increase in the measured relaxation time of the system
(cf., Figure 8). The earlier onset observed in the
relaxation times at an applied stress of ca. 50 Pa could
be due to the competing effects of enhanced exit rates
of the bridging chains (which correspond to a lower λ)
and the reduction in the length of the superbridges,
which result in a higher λ. The results indicate that
the latter contribution to the relaxation times at a
higher applied stress is less significant than the increase
in the exit rates of the bridging chains.

Thixotropy and Stress Relaxation. In the steady-
shear experiments described above, we identify three
distinct shear-thinning regimes that follow the onset of
shear thickening. We would like to obtain additional
information about the system in these shear-thinning
regimes. A sensitive experiment to help identify the
nature of the structures present within the network
involves examining the recovery of the system from an
imposed shear history. Such studies, which examine
the thixotropic behavior of the system, can provide
useful information about the rate of destruction of
network structures following the application of stress
and the rate of rebuilding these structures following
removal of the stress. The result of this type of
experiment is presented in Figure 10. In Figure 10a,
we observe that when the stress is increased from 1 to
180 Pa (from the zero shear viscosity to the maximum
viscosity in the shear-thickening regime), and then back
to the starting point, the two curves are identical. This
establishes that the deformation and the restoration of
the structure is completely reversible and occurs faster
than the experimental measurement time of about 10-
11 min. In our second test (Figure 10b), the stress is
increased from the Newtonian region at a stress of 5
Pa to region TN2 at a stress of 300 Pa, and then the
stress is decreased back to the Newtonian region. As
the stress is decreased from 300 to 100 Pa, a lower
viscosity is observed, indicating hysteresis over this
region. However, as the stress is further reduced from
100 to 5 Pa, an identical viscosity curve is obtained. This
suggests that the starting and final structures of the
sample after undergoing the deformation at an applied
stress range between 5 and 300 Pa are essentially

λ-1 ) â exp(-Em/RT) (8)
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identical. However, as the applied stress is increased
further to 400 Pa (Figure 10c), the viscosity curve of the
decreasing applied stress is not the same. Hysteresis
is evident over the entire stress range, and the magni-
tude of the viscosity in the low-shear Newtonian region
is higher.

The hysteresis observed after the system is subjected
to a shear stress of 300 Pa indicates that the global
relaxation of the solution structure occurs on a longer
time scale than that of the measurement for shear
stresses decreasing from 300 to 100 Pa, whereas further
reduction in the applied stress leads to rapid recovery
of the initial structure. It is significant that the
viscosity of the system in this range is lower when the
shear stress is decreased, compared to the values as the
shear stress is increased. We suspect that this effect
originates in the nature of the surperbridges that form
during the decrease in stress, but an unambiguous
interpretation of these results is not at present possible.

The hysteresis observed when the system is stressed
into the TN3 region (shear stress of 400 Pa) is even more
complex, but, perhaps, somewhat easier to understand.
Here the viscosity is lower as the shear stress is relaxed
from 400 Pa, but a crossover occurs at ca. 120 Pa, so
that at lower shear stresses the solution viscosity is
higher than in the original Newtonian regime. The
pronounced hysteresis reflects slow relaxation of the
global structure, and the persistence of the hysteresis
into the low-shear stress range implies that the relax-

ation of the network structure is even slower than in
the case of the data presented in Figure 10b. The
plateau modulus data presented in Figure 9 indicate
that when the polymer solution is stressed into the TN3
region, there is a substantial breakdown of the network
structure, leading to a decrease in the number of
mechanically active bridges. This involves a scission
of superbridges and rearrangement of the network
structure into associated micelle aggregates of finite
size. When the stress level is decreased, these struc-
tures begin to reassociate through loop-to-bridge transi-
tions. The fact that the steady-shear viscosity is higher
at low stress after this sample history than in the initial
solution suggests that there are a larger number of
mechanically active chains (a larger number of percolat-
ing structures) created by reassociation of these frag-
mented structures, although it is possible that a more
serious rearrangement of the system has taken place.

Overview of the Molecular Behavior. On the
basis of the results described above, we attempt to
present an overview of the structure of the system and
how it changes at different applied shear stresses. Our
picture of the Newtonian regime is unchanged from that
presented in Figure 1 and on the left-hand side of Figure
8: at a concentration of 2 wt %, the system consists of
flower micelles, bridged aggregates of finite size and a
small fraction of percolating structures that form a weak
gel, all in dynamic equilibrium. Under quiescent condi-
tions, the balance between these structures is a function

Figure 10. Thixotropic flow curves of 2.0 wt % AT22-3 solution at various applied stresses: (a) applied stress of 1-180 Pa; (b)
applied stress of 6-300 Pa; (c) applied stress of 6-400 Pa.
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of polymer concentration. As the system is subjected
to shear, the system maintains its global equilibrium
structure as long as the relaxation rate is faster than
the imposed shear rate.

Shear Thickening Region. Shear thickening occurs
as a consequence of a shear-induced 70% increase in
the plateau modulus (Figure 9). The associations are
dynamic in nature, and the process is rapid. We
represent this effect in Figure 8 as a corresponding
increase in the density of mechanically effective chains,
which comes about through an increase in the ratio of
bridging to looping chains. A likely source of this
increase is an incorporation of aggregates of finite size
into the percolation structures of the network, leading
to a net shortening of the superbridges. Shorter super-
bridges should lead to longer relaxation times, whereas
only a small increase in λ is observed in this regime. In
this regime the system also begins to experience a shear-
induced increase in the chain-end exit rate from the
micelle cores, which would lead to shorter relaxation
times. The actual values observed in Figure 9 represent
a balance between these two effects.

Shear Thinning Regions TN1 and TN2. Beyond the
maximum viscosity in the shear-thickening region, a
large drop in the viscosity is observed with increasing
shear stress. In both the TN1 and TN2 regimes the
plateau modulus remains high, and it is the relaxation
time λ that is responsible for the decrease in viscosity.
The data in Figure 9 indicate that when the applied
stress is increased from 100 to 300 Pa, the exit rates of
the hydrophobes increase by about 4 times. Thus the
decrease in the viscosity in this flow regime must be
associated with the disruption and rearrangement of the
superbridge network junctions, but in such a way that
the number of bridging chains is conserved. In Figure
11 we emphasize our view that these flow fields cannot
increase significantly the concentration of free chain
ends in the solution. We show that when a chain
bridging two associated micelles is subjected to an
applied stress, the stress is relaxed through a shear-
enhanced rate of exit of one chain end from a micellar
core. The dissociation step is rate-limiting, and the free
chain end rapidly inserts itself into another micelle

(bridge-to-bridge transition) or loops back to imbed itself
in its own micelle core (bridge-to-loop transition).

An interesting feature of these experiments is that
the distribution of relaxation times narrows in this
regime, as seen in the Hλ vs λ curves for an applied
stress of 200 Pa in Figure 7. This may indicate a more
narrow distribution of superbridge lengths under these
flow conditions.

In the thixotropy experiments, we find that when the
stress is slowly reduced from 300 to 100 Pa, hysteresis
occurs, and the viscosity over this stress region is lower
than that when the stress is increased. Long relaxation
times in associating polymer systems are often related
to the need for multiple relaxation steps to restore the
system to its original structure.13,40 The hysteresis we
observe indicates that the shear history imposed on the
sample results in major changes in the global structure
and that the relaxation of the system toward its equi-
librium structure is slow on the experimental time scale
for these experiments at shear stresses between 300 and
100 Pa. When the stress is further reduced, the original
viscosity is recovered, indicating that the global struc-
ture after recovery is identical to that of the original
solution.

Shear-Thinning Region TN3. At applied stresses
greater than ca. 300 Pa, a large decrease in the solution
viscosity is accompanied by a large decrease in the
plateau modulus. The values of G0 in this region are
estimated from the expression G0 ) η/λ, where the
values of η are obtained from the steady-shear curve
(Figure 3) and the values of λ are from the oscillatory
data at applied stresses of 300 and 400 Pa (Figure 4a).
The reduction observed in the plateau modulus indicates
that a major rearrangement of the system has occurred
and suggests that there has been a significant decrease
in the number of mechanically active chains. The
apparent decrease in the plateau modulus in this region
is rather steep: a small increase in the applied stress
yields a large drop in the magnitude of G0.

The viscosity of Maxwell fluids is dependent on two
separate processes, as described by eq 10 where λ is the
relaxation time and G0 is the plateau modulus.

On the basis of eq 10, the decrease in the viscosity
under shear can either be a result of the reduction in
the relaxation time or the number of mechanically active
junctions (or increase in the fraction of loops). As shown
in Figure 9, no significant reduction of G0 is observed
at the onset of shear thinning; thus the reduction in the
relaxation time is mainly responsible for the shear-
thinning behavior in regions TN1 and TN2. However,
it is expected that the formation of loops under shear
would be more significant at lower polymer concentra-
tions, and on the basis of eq 10, it is highly probable
that the viscosity decrease would be due to the reduction
in λ and G0. Studies are underway to elucidate this
phenomenon.

Previous studies using fluorescence techniques have
shown that the size of the micelle core under steady-
shear26 and extensional flows27 is conserved in the
region where a large drop in the viscosity is encoun-
tered. While it is not clear from these reports which of
the shear-thinning regimes were monitored, we will
assume for our results that the core size of the micelles
is maintained during this rearrangement. Thus we
infer that the reduction in G0 is due to the fragmenta-

Figure 11. (a) Shear stress enhances the pullout rate of a
bridging chain. (b) Stress relaxation after pullout. (c) Dangling
chain end enters a new micelle forming a loop or a new bridge.

η ) λG0 (10)
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tion of a significant proportion of the network chains to
yield a system that has a larger fraction of finite
aggregates, which do not contribute to the plateau
modulus. A pictorial representation of this phenomenon
is shown in Figure 12. In the thixotropy experiments,
solutions subjected to a 400 Pa shear stress followed
by the gradual removal of stress exhibit a pronounced
hysteresis over the whole range of applied stress. Here
the low-shear viscosity in the Newtonian region has
increased by about 10% over its value in the fully
relaxed solution. While it is difficult to interpret small
effects unambiguously, it is likely that that the finite
structures created in the TN3 shear-thinning regime
have a higher ratio of bridging-to-looping chains than
the fully relaxed system. Reassociation of these ag-
gregates, as the shear stress is diminished, leads to
structures that contain somewhat more bridges than for
the system at equilibrium.

Summary
The superposition of oscillation on steady-shear ex-

periments on a HEUR polymer solution (at 2.0 wt %)
can be used to elucidate the network structure of the
rosette micelles under various shear conditions. We
have been able to measure the plateau modulus and the
Maxwell relaxation times under these conditions, which
provide information on the network junction density and
the exit rate of the polymer systems, respectively. A
refined structural model to describe the shear-thicken-
ing and shear-thinning region is proposed.
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Figure 12. Structural model of the HEUR at the third shear-
thinning region (TN3). The model depicts the fragmentation
of the superbridges, yielding a structure with a smaller
number of junctions.
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