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ABSTRACT: The behavior under shear of solutions of R,ω-lithium sulfonato polystyrene (R,ω-LiPSS100)
in toluene has been investigated by rheo-optics and rheology. Shear-thickening is observed and related
to a strong increase of birefringence and a pronounced and rapid alignment of the polymer chains toward
the flow direction leading to an important elasticity of the fluids. The draw ratio of the polymer chains
under shear has been estimated from the rheo-optical data. When the fraction of loops is taken into
account, draw ratios on the order of 4 are calculated in the shear thickening regime.

Introduction
Ionomers are linear polymers containing less than 15

mol % of ionic groups.1 Telechelic ionomers are model
systems for ionomers in general since they have a low
polydispersity index and their functionality is directly
controlled by the molecular weight since the ionic groups
are selectively located at the chain ends.2

Solution of R,ω-halato-telechelic ionomers in apolar
solvents show an increase in viscosity by several orders
of magnitude beyond a characteristic concentration
denoted Cgel, by analogy with chemically cross-linked
gels. It must be emphasized that Cgel is well below the
overlap concentration of the polymer coils (C*). It is now
well established3 that this viscosity increase results
from the formation of a transient network whose physi-
cal cross-links are constituted by multiplets (i.e., polar
microdomains where ionic groups associate due to
electrostatic interactions). Before a rather well-defined
network is obtained, aggregates containing several
multiplets are formed.

These solutions under oscillatory shear show a very
simple Maxwell type behavior. At low frequency a liquid
like behavior is observed whereas at high frequencies,
the elastic modulus G′ tends toward a plateau value
(G0).3-4 In addition, a narrow distribution of relaxation
times3-5 is obtained. The thermorheological behavior is
quite simple too: the temperature dependence of the
shift coefficients agrees with an Arrhenius law.3-4 The
relaxation of a macroscopic strain is therefore controlled
by the thermal stability of the multiplet rather than by
the conformational relaxation of the chain segments.

In contrast, the steady-shear properties are relatively
complex. Solutions often exhibit shear-thickening and
shear-thinning.5-7 As for other associative polymers, the
rheological features of the transient network formed in
solutions make ionomers useful as rheology modifiers.

This paper aims at reporting on nonlinear rheology
and rheo-optical behavior of solutions in toluene of a

high molar mass polystyrene end-capped by lithium
sulfonato groups (R,ω-LiPSS100). The associative prop-
erties of this polymer were analyzed using dynamic
mechanical analysis (DMA), static (SLS), and dynamic
(DLS) light scattering and discussed elsewhere.3 These
experimental data have suggested a relatively simple
model for the association of this polymer. At low
concentrations (C < 0.01 g/L), the polymer chains
organize themselves into well-defined reversed micelles.
Back-folding being observed to some extent, these
micelles were referred to as flowers. For C > 0.2 g/L,
the flowers associate into larger aggregates according
to an open association mechanism. At Cgel ) 10 g/L, the
aggregates fill the whole space, and a transient network
is formed, most likely by a percolation process. G0
remains, however, very low indicating that only part of
the aggregates contribute to the network which thus
contains dangling chains and loops. As the concentration
increases further, more and more aggregates become
part of the network and G0 increases rapidly (G0 ∝ C)
until all the chains are elastically active. However, the
average relaxation time obtained from oscillatory shear
measurements (τv) does not depend on the concentra-
tion, which suggests a relatively stable conformation of
the multiplets in the whole concentration range under
investigation (from 10 to 17 g/L).

In this paper, the nonlinear steady-state behavior of
solutions of R,ω-LiPSS100 in toluene as studied by
classical rheometry and flow birefringence measure-
ments will be presented and discussed.

Experimental Section

Materials. R,ω-Lithium sulfonato polystyrene (R,ω-
LiPSS100) was synthesized by living anionic polymerization
of styrene as described elsewhere.8 The molar mass (Mw ) 90
× 103 g/mol), the polydispersity index (I ) 1.4) and the end-
functionality (f ≈ 100%) were measured by size exclusion
chromatography in THF3. M and I were determined thanks
to the precursor (PS100) of the telechelic polystyrene. Solutions
were prepared in spectroscopic grade toluene.

Preparation of the Solutions. Time-Dependent Be-
havior. As already reported by several authors,3,7,9-10 the
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behavior of ionomer solutions may change with their aging
time, leading to problems with the reproducibility of the
experiments. This phenomenon becomes critical at high con-
centrations (for instance an equilibrium situation is reached
only after 1 year for R,ω-LiPSS100 at C ) 26 g/L). The origin
might be partly found in the a relatively high value of the
viscoelastic average relaxation time (τv ) 20 ms) which is
directly correlated to the lifetime of an ionic group inside a
multiplet.3 Therefore, to collect reliable data independent of
the “history” of the sample, only solutions of relatively low
concentrations (slightly above or below Cgel) were studied, and
only stabilized solutions (no further change upon aging) were
studied.

Moisture Content. Recently, Bhargava and Cooper5 have
pointed out that moisture adsorption could modify the proper-
ties of ionomer solutions. Therefore, all the solutions were
saturated with water in this study, which also contributed to
the reproducibility of the measurements once the solutions
were equilibrated with time.

Rheological Measurements. Steady-shear rheological
data were collected with a stress-controlled rheometer (Haake
RS-100) equipped with a cone and plate geometry (60 mm
diameter; 1° angle) and a specific device preventing solvent
evaporation. Measurements were taken with the solution at
“equilibrium” under shear, based on the condition that the time
evolution of the shear rate was smaller than 2%/s. If this
condition was not reached, a limiting time of 2 min was chosen
to avoid too long measurements. All the solutions were
presheared for 10 min at γ̆ ) 1 s-1 prior to measurements,
which were done at 20.0 ( 0.2 °C.

Rheo-optical Measurements. A Couette cell was used
with light propagating along the vorticity axis to generate the
shear flow. The radius of the inner cylinder was 15 mm, the
gap was 1.5 mm and the optical path length was 24 mm.

Rheo-optical measurements were carried out using a Rheo-
metrics Optical analyzer (ROA), operating with an He-Ne
laser (λ ) 632.8 nm). This equipment allows several properties
of the complex refractive index tensor of the material under
flow to be characterized using a polarization modulation
method.11 Polarization is modulated by a 2 kHz rotating half-
wave plate, and the in phase and out of phase components of
the modulated light intensity after passing through the sample
are separated using a two phases lock-in amplifier. The signals
are used to calculate the birefringence (∆n) of the sample
under flow (in the velocity-velocity gradient plane) and the
orientation angle ø, which defines the orientation of the
principal axes of the refractive index tensor with respect to
the flow direction.11

Using this geometry, the optical measurements (∆n and ø)
can be related to the shear stress σ12 and the first normal stress
difference (N1) by the stress optical laws,12 provide they are
verified.

Cso is the so-called stress-optical coefficient which depends
on the polymer chemical structure through the polarizability
of the monomer units.13

As for the rheological measurements, all solutions were
presheared for 10 min at γ̆ ) 1 s-1 prior to measurements at
20.0 ( 0.2 °C.

The absence of dichroism was checked for all of the solutions
so that the presence of large aggregates in the sheared solution
is unlikely and the birefringence is mainly due to the intrinsic
birefringence which probes the orientation of the chain seg-
ments inside the medium. Furthermore, the transmitted
intensity remained constant throughout the measurements
over the various shear rates, indicating no change in the
turbidity of the solutions under flow.

Results
Characterization of the Precursor. A highly con-

centrated solution (C ) 400 g/L) of PS100 in toluene
was prepared and characterized for the purpose of being
a reference of comparable viscosity for the much less
concentrated solutions of R,ω-LiPSS100. The birefrin-
gence was measured at a steady state under various
shear rates. A linear increase of ∆n with respect to γ̆
was observed whereas the extinction angle remained
equal to 45°, showing no preferential orientation of the
chain segments along the flow direction. This behavior
is the optical signature of a Newtonian behavior. Indeed,
the solution is newtonian and with a viscosity (η) equal
to 0.65 Pa‚s. At a given shear rate the corresponding
shear stress (σ12) can thus be calculated and the validity
of the stress-optical law can be checked by plotting σ12
vs ∆n sin 2ø according to eq 1 (Figure 1). The slope of
the least-squares fit of the data leads to Cso ) - 4.8 ×
10-9 Pa-1. Negative values of ∆n and Cso are expected
for PS, because of the dominant contribution of the
benzene rings to the polarizability and their orientation
with respect to the chain axis. The value of Cso is in
good agreement with other reported data.11,12

Effect of Functionalization. Figure 2 illustrates
the typical time dependence of the angle of orientation
and the birefringence at various shear rates applied to
a 12 g/L solution of R,ω-LiPSS100. The response of the
sample to each change of shear rate is not instanta-

Figure 1. Shear stress vs (-∆n sin 2ø) for the 400 g/L PS
solution in toluene. The straight line through the experimental
data validates the stress-optical law for this system.

Figure 2. Time dependence of the birefringence and orienta-
tion angle at various shear rates for the C ) 12 g/L solution
of R,ω-LiPSS100 in toluene.

σ12 ) 1
2Cso

∆n sin 2ø (1)

N1 ) σ11 - σ22 ) 1
Cso

∆n cos 2ø (2)
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neous, and many shear units (about 50) are required to
reach a steady state. Taking into account the relaxation
time measured by linear viscoelasticity, this long tran-
sient state suggests a rearrangement of the system over
large length scales. As the shear rate is increased, the
absolute value of the birefringence increases as was the
case for pure PS, whereas the angle of observation
decreases sharply. This observation results from the
increasing orientation of the chains in a direction
parallel to the flow. Measurements at high shear rates
(400 s-1) are usually a problem because of a Weissen-
berg effect. The solution is indeed climbing out of the
Couette cell, which leads to the formation of bubbles
and yields a poor optical signal. This effect indicates that
the R,ω-LiPSS100 solutions are highly elastic in contrast
to the concentrated solution of PS which is more viscous
and does not exhibit any Weissenberg effect.

Effect of Concentration. Figure 3 shows the shear
rate dependence of the birefringence (Figure 3a) and of
the orientation angle (Figure 3b) at three concentrations
of R,ω-LiPSS100 in toluene. At the lowest shear rates,
from 8 to 12 g/L, the birefringence increases by at least
a factor of 4 whereas the number of objects in solution
increases only by 25%.

Depending on the shear rate, two regimes can be
discriminated. Below a characteristic shear rate (γ̆B ≈
80 s-1), |∆n| is proportional to γ̆, which can be attributed
to a “Newtonian” behavior of the solutions in terms of
their birefringence. At very low shear rates, the large
scale inhomogeneities within the solution that were
already probed by DLS3 could account for some ir-
regularities in the data. Above γ̆B, the birefringence
increases more rapidly than the shear rate: |∆n| ∝ γ̆a

with a > 1.
These two regimes are better defined when the

dependence of the angle of orientation on shear rate is
analyzed. At γ̆B, there is a clear transition between a
regime at low shear rates where ø is constant at 45°

and a regime at higher shear rates where ø decreases
sharply as γ̆ is increased. The increase of the parallel
orientation of the chain with respect to the flow direction
is responsible of the increasing elasticity of the fluids
in qualitative agreement with the observation of a
Weissenberg effect.

Comparison with Rheology. Figure 4 shows how
the viscosity depends on shear rate for the same
solutions of R,ω-LiPSS100 in toluene. At low shear rates,
the viscosity is independent of the shear rate, consistent
with a Newtonian regime. Above a characteristic shear
rate (γ̆V), the viscosity of the solution increases more
rapidly than the shear-rate which is the signature of a
shear-thickening effect. The two characteristic shear
rates γ̆V and γ̆B are roughly the same. However, the
transition between the two regimes is smoother when
observed by classical rheology rather than by rheo-
optical measurements.

Another way to correlate results from rheology and
rheo-optics is to check the validity of the stress-optical
law. The shear stress has been plotted vs the quantity
(-∆n sin 2ø) in Figure 5. According to eq 1, a linear
dependence indicates that the stress-optical law is
fulfilled and that Cso is proportional to the inverse of
the slope. Cso is found to be equal to -5.0 × 10-9 Pa-1

in good agreement with the data obtained for unmodi-
fied PS and does not change with the concentration at
least within the limits of experimental errors.

The validity of the stress optical law and the knowl-
edge of Cso allows the first normal stress difference to

Figure 3. Shear rate dependence of the birefringence (a) and
the orientation angle (b) for solutions of R,ω-LiPSS100 in
toluene at C ) 8 g/L (squares), 10 g/L (triangles) and 12 g/L
(circles).

Figure 4. Shear rate dependence of the viscosity for solutions
of R,ω-LiPSS100 in toluene at various concentrations (symbols
are the same as in Figure 3).

Figure 5. Shear stress vs (-∆n sin 2ø) for solutions of R,ω-
LiPSS100 in toluene at various concentrations (symbols are
the same as in Figure 3).
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be calculated from eq 2, assuming this relation is also
valid. Figure 6 shows the shear rate dependence of N1
and the shear stress for C ) 12 g/L. At the highest γ̆
values, N1 is higher than σ12, which is again an
expression of the high elasticity of the solutions.

Discussion

Shear thickening of solutions of associating polymers
is often although not systematically observed. This was
the case for solutions of halato-telechelic polymers in
nonpolar solvents6 and of hydrophobic ethoxylated
urethanes (HEUR) in water which associate through
their hydrophobic end groups.14,15 In these two systems,
a rather regular temporary network is built up as the
concentration is increased. It consists of bridges between
small micelles coexisting with loops formed by chains
having both of their ends trapped into the same micelle.
Fluorescence measurements have shown15 that the
aggregation number (at least in the HEUR system) does
not change with the shear rate, suggesting that the
origin of shear thickening is the stretching of the bridges
connecting the micelles whereas the shear thinning
would result from bridges to loops transitions. Using
superposition of dynamic oscillations on steady-state
flow, Tam et al.16 have observed an increase of the
apparent plateau modulus in the shear thickening
regime. They accounted for this observation by loop to
bridge transitions, which increase the connectivity of
the network. They also noted a slight decrease of the
relaxation time ascribed to an easier exit of the hydro-
phobic groups from the micelles due the stress acting
on the extended chains.

From a theoretical point of view,17 changes from intra-
to interchain association as result of the chain extension
have been shown to promote shear thickening18 as well
as strong chain stretching inside the non-Gaussian
range.19 Direct observation of chain stretching has been
investigated by Pedley et al.20 by small-angle neutron
scattering under flow. Although shear thickening of
their solutions is clearly observed, no evidence of ani-
sotropy of the radius of gyration has been detected
under flow (in the plane velocity-neutral direction).
These authors have concluded that the aggregates are
elongated rather than single chains

The rheo-optical data reported in this study show that
shear thickening is associated with a more important
increase of birefringence with shear rate as compared

to the newtonian regime together with a clear decrease
of the average orientation angle toward the flow direc-
tion. To quantify these effects, the draw ratio of the
chains has been estimated from the birefringence data.
For this purpose, it has been assumed, as a first
approximation, that, under steady-state conditions, the
aggregates are stretched along their principal axis by
a factor λ and that the other dimension in the plane of
the flow is multiplied by 1/λ, the dimension along the
neutral direction being unchanged.22 Deformation is
supposed to be affine down to the distances between
multiplets. If a chain is fully extended, the maximum
birefringence reached for a solution of concentration C
(w/w %) is given by

where ∆n0 is the so-called intrinsic birefringence of the
polymer, corresponding to the fully extended chains in
the melt. Its value has been determined to be -0.1 for
polystyrene.21

Taking into account the temporary network structure
of the solution and the geometry of the experiment, the
optical birefringence can be written as a function of the
draw ratio from classical models of rubber elasticity as23

where N is the average number of segments between
consecutive junction points (i.e., between multiplets in
this study).

Numerical evaluation of λ from eq 4 is listed in Table
1 for concentrations of 10 and 12 g/L and various shear
rates. A clear increase of the chain extension is observed
when the shear rate is increased, going from negligible
extension in the Newtonian regime up to draw ratios
of 2 in the shear-thickening zone. However, draw ratios
are still rather moderate and not far within the non-
Gaussian regime. Comparison between the two concen-
trations shows lower draw ratios for the more diluted
solution for which shear thickening is also observed.
Calculation of the draw ratios is based on the assump-
tion that all chains contribute to the elasticity. In fact
the dependence of the elastic modulus (G0) on concen-
tration shows that G0 is systematically lower than νkT,
where ν is the number of chains per unit volume.3
However, the difference steadily decreases as the con-
centration is increased. At 10 g/L, only 1/8 of the chains
are estimated to contribute to the elasticity whereas this
fraction is somewhat higher (1/4) for 12 g/L. Theses
values are only orders of magnitude taking into account
the scatter in the data. Assuming that loops do not
contribute to birefringence, the corresponding draw ratio
of the extended chains has been computed and is listed
in Table 1. Although relatively high, these extensions

Figure 6. Shear rate dependence of the shear stress (open
circles) and the first normal difference (closed circles) for the
C ) 12 g/L solution of R,ω-LiPSS100 in toluene.

Table 1. Influence of the Shear Rate on the Draw Ratio
Calculated from the Birefringence Data (Eq 4) Assuming
All the Chains Are Elastically Active (First Row) or Only
Part of Them As Seen from the Elastic Modulus (Second

Row)

draw ratio for
shear rate (s-1)concn

(g/L) 40 80 100 200

10 1.02 1.04 1.05 1.32 assuming all chains active
1.14 1.34 1.4 2.9 assuming 1/8 of active chains

12 1.06 / 1.27 2.01 assuming all chains active
1.25 / 2 3.7 assuming 1/4 of active chains

∆n ) C∆n0 (3)

∆n ) C∆n° 1
10N

(2λ2 - λ-2 - 1) (4)
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are below the maximum draw ratio of these chains
(≈30). However, the differences between the extensions
at a given shear rate for the two solutions are reduced
if the fraction of looped chains is taken into account.

It is surprising that the onset of shear thickening is
observed at a higher shear rate when the concentration
is decreased, since the characteristic relaxation time is
independent of concentration. This behavior might be
explained by an additional process responsible for shear
thickening corresponding to the formation of bridges
inside or between aggregates. Apparently, higher shear
rates are required to induce this process as the concen-
tration decreases. The existence of the large scale
changes can also be understood by the long time
required to reach steady state upon a even modest
change in shear rate. It is however unlikely that very
large aggregates are formed during the shear-thickening
process since the transmitted intensity remains con-
stant and no dichroism is detected.

Although the investigated systems are different, there
is an apparent contradiction about the chain stretching
when the birefringence measurements reported in this
study are compared to the SANS experiments by Pedley
et al.20 The role of the loops which can even be the major
component has to be considered. Indeed, loops do not
contribute significantly to the birefringence, since their
orientation requires shear rates higher than the recip-
rocal of the Rouse time, whereas they obviously con-
tribute to neutron scattering, making the extended
chains contribution more difficult to detect as suggested
by Marrucci et al.19

Conclusion
The shear thickening of solutions of R,ω-lithium

sulfonato polystyrene in toluene has been studied by
flow birefringence measurements. The onset of the shear
thickening is associated with a strong increase of
birefringence upon increasing shear rate together with
a sharp decrease in the orientation angle. This behavior
has been discussed on the basis of chain stretching and
from estimates of the chain extension ratio. It has been
shown that the fraction of loops must be considered,
leading-to-draw ratios on the order of 4 for the bridging
chains which are actually stretched. This large stretch-
ing leads to highly elastic fluids undergoing a strong
Weissenberg effect, which make this study at high shear
rate difficult and the observation of the shear thinning
regime almost impossible.
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