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Linear viscoelastic master curves of neat
and laponite-filled poly(ethylene oxide)–
water solutions

Abstract Aqueous solutions com-
posed of dispersed nanoparticles and
entangled polymers are shown to ex-
hibit common viscoelasticity over
a range of particle and polymer con-
centrations. Time–temperature super-
position and time–concentration
superposition are applied to generate
rheological master curves for neat and
laponite-filled aqueous solutions of
poly(ethylene oxide). The shift factors
were correlated in terms of temperature
and concentration and are found to
differ from previous reports for ideal
polymer solutions, which can be ra-
tionalized with a molecular interpreta-
tion of the structure of the
laponite–polymer solutions. Laponite
addition to the concentrated polymer
solution is observed to increase the
relaxation time but decrease the elastic
modulus, which is a consequence of
polymer adsorption and bridging. The
addition of small amounts of laponite to
stable PEO–water solutions also leads
to ageing on the time scale of days.

Keywords Nanocomposite . Polymer
solution . Laponite . Nanoparticle .
Time–temperature superposition .
Time–concentration superposition .
Master curve . Ageing .
Viscoelasticity . Adsorption .
Entanglement density

Abbreviations PEO: Poly(ethylene
oxide) . PW: PEO–water solution .
PWL: PEO–water–laponite mixture .
TTSP: Time–temperature super
position . TCSP: Time–concentration
superposition . P: Weight percent
of PEO in PWL mixture .
W: Weight percent of water in PWL
mixture . L: Weight percent of laponite
in PWL mixture . c: Weight percent of
PEO in aqueous solution . η: Viscosity
(Pa s) . λ

.
: Shear rate (s−1) . ρ: Density

(g/cm3) .ω: Angular frequency(rad/s) .
G': Storage modulus (Pa) . G'': Loss
modulus (Pa) . aT: Horizontal time-
temperature shift factor . bT: Vertical
time-temperature shift factor . ac:
Horizontal time-concentration shift
factor . bc: Vertical time-concentration
shift factor . T: Temperature . gi:
Relaxation strength (Pa) . λi: Relaxation
time(s) . s: Specific surface area of
laponite provided for PEO adsorption
(m2/mg PEO) . Subscripts—g: Glass
transistion . ref: Reference . 0: Zero–
shear . 1 and 2: Level of TCSP in case
of PWL mixtures

Introduction

Polymer–clay nanocomposites exhibiting superior proper-
ties find applications in various commercial products in the
agricultural (Greenblatt et al. 2004; Theng 1970), pharma-
ceutical (Greenblatt et al. 2004; Wong 2004), electrochem-
ical (Aranda et al. 2003; Doeff and Reed 1998; Feller et al.
2004), photochemical (Majumdar et al. 2003) and personal
care (Sengupta et al. 2002; Smith et al. 1989) industries. The
final material properties of such composites are often highly

dependent on their processing history due to the strong
coupling between the nanocomposite’s microstructure and
rheology. Hence, it is of importance to establish the
rheological effects associated with the addition of nano-
particles to polymers and polymer solutions.

For example, one application attracting recent research
interest is the electrospinning of polymeric materials to
produce nanoscale fibers (Casper et al. 2004; Huang et al.
2003; Jayaraman et al. 2004; Megelski et al. 2002). Col-
loidal particles have been incorporated within the electro-
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spun fibers for such purposes as to enhance the mechanical
properties of the electrospun fibers (Krikorian et al. 2004)
and to generate high specific surface area catalytic particles
(Drew et al. 2003). The rheology of the spinning solution is
known to affect the fiber diameter (McKee et al. 2004).
Consequently, the rational design and control of the elec-
trospinning process requires knowledge of the rheological
properties of the spinning solution and its dependence on
polymer and particle concentrations.

Polymer processing benefits from the use of time–tem-
perature superposition (TTSP), whereby the linear visco-
elasticity of polymers can often be reduced to amaster curve
(Baumgärtel and Willenbacher 1996; Ferry 1980) over a
range of temperatures and deformation frequencies. Sim-
ilarly, polymer solutions within the concentrated regime
have been shown to exhibit time–concentration superpo-
sition (TCSP) (Baumgärtel and Willenbacher 1996; Ferry
1980; Schausberger and Ahrer 1995). In the latter, concen-
tration effects on the entanglement density and dominant
relaxation time can be reduced to an underlying master
curve. This reduction reflects the common underlying
mechanisms responsible for the viscoelasticity. In addition
to the obvious savings in data management, reduction to an
underlying universal, viscoelastic spectrum is helpful both
for measuring the rheology in a larger experimental window
and for the prediction of the viscoelasticity at state points
not actually measured. Likewise, the rheology of weakly
attracting colloidal suspensions at different volume frac-
tions or interaction energies, within a certain range, can be
superimposed to reflect the commonality in the underlying
viscoelasticity (Trappe and Weitz 2000).

The addition of nanoparticles to polymers and polymer
solutions should significantly modify the viscoelasticity of
the polymer or polymer solution if the particles strongly
interact with the polymer. However, even relatively weakly
interacting nanoparticles can have significant and nontrivial
effects on the polymer’s rheology because of their high
surface-to-volume ratio and similar sizes (Mackay et al.
2003). As it is becoming increasingly common to add
nanoparticles into polymers and polymer solutions to either
enhance or impart desired properties to the resulting mix-
ture, a systematic approach that could facilitate rheological
measurements, their correlation and possible prediction is
desirable.

The ternary mixture with laponite nanoclay dispersed in
aqueous solutions of poly(ethylene oxide) (PEO), hence-
forth referred to as PWL mixture, is a model polymer–
nanoclay dispersion that has received sufficient attention to
make it both of academic and practical interest. PWL mix-
tures, with or without the presence of counterions, have
been studied extensively at a wide range of PEO concen-
tration through rheology, SANS and molecular modeling.
At concentrations greater than 2 wt.%, aqueous laponite
dispersions form a thixotropic gel with time (Willenbacher
1996). Monte Carlo simulations (Dijkstra et al. 1995) of
laponite gels suggest a “house of cards” structure driven by

electrostatic attraction between oppositely charged edges
and faces of the laponite discs (van Olphen 1977). Other
structural models have been proposed to explain the struc-
ture and properties of laponite gels (Schmidt et al. 2002).
The introduction of water-soluble polymers is known to
retard or inhibit the gelation kinetics (Mongondry et al.
2004; Sardinha and Bhatia 2002a,b). The structure forma-
tion with time causes a significant change in rheology over
days (Sardinha and Bhatia 2002a,b), such that ageing must
be accounted for in any quantitative experimental study.
Phase behavior studies and rheology of PWL system de-
lineate the boundary within which PWL mixtures shear
thicken reversibly to form ‘shake gels’ (Feller et al. 2004;
Pozzo and Walker 2004; Zebrowski et al. 2003). Flow-
birefringence studies revealed that upon shear the laponite
discs orient along the flow direction (Schmidt et al. 2000;
Schmidt et al. 2002).

SANS investigations show that PEO adsorbs to and can
bridge between laponite particles, leading to the formation
of a polymer–nanoparticle network in solution (Feller et al.
2004; Lal and Auvray 2001; Nelson and Cosgrove 2004;
Pozzo and Walker 2004; Schmidt et al. 2000). Therefore, it
can be expected that the addition of laponite particles to
semi-dilute and concentrated PEO solutions will add struc-
ture to the solution and increase the viscoelasticity. This
change could result in an increase in the effective entangle-
ment density through PEO–laponite bridging interactions.
However, adsorption onto laponite particles could also re-
move PEO chains from the entanglement network. Conse-
quently, it is not known a priori whether such ternary
mixtures will be rheologically “simple” so as to be repre-
sented by an underlying viscoelastic master curve. Here,
we explore this by performing rheological investigations
on a series of model PEO–laponite aqueous solutions
covering a relevant and interesting range of compositions
and temperatures.

Experimental

PEO (Scientific Polymer Products) with reported nominal
MW=9×105 g/mol (PDI=2.4), laponite RD (Southern Clay
Products) and deionized water with a resistivity of
18.3 MΩ−cm were used as supplied. PEO (6.62 and
8.0 wt.%) was added to deionized water in plastic bottles
and sealed. The bottles were shaken vigorously to com-
pletely disperse the PEO. Three days were allowed for the
complete dissolution of PEO in water during which the
solutions were placed on a rotating mixer for gentle mixing.
The aqueous PEO solutions, referred to as PW solutions
henceforth, of lower concentrations were prepared by di-
luting either of the two stocks with an additional amount of
deionized water, after which, the diluted samples were
mixed for a day. Laponite (1.5 and 2.2 wt.%) was added to
deionized water and shaken vigorously for a few minutes
and then sonicated for ∼30 min using a probe sonicator with
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simultaneous mixing using a magnetic stirrer bar. Because
laponite dispersions age, these were used within 2 h of
sonication to prepare the PWLmixtures as discussed below.

The PWL mixtures of desired concentrations were pre-
pared in glass vials from stock solutions of PEO and
laponite dispersions by mixing 6.62 wt.% PEO solution
with 1.5 wt.% laponite dispersion and mixing 8 wt.% PEO
solution with 2.2 wt.% laponite dispersion in different
weight ratios. The PWL samples were stirred briefly and
then mixed on a vibrating mixer for a minimum of ∼24 h.
The PWL mixtures were optically clearer than neat PW
solutions but some of the mixtures with higher laponite
concentrations formed colorless gel-like agglomerates that
settled with time. These agglomerates are characteristic of
this system (Mongondry et al. 2004) and were fully re-
dispersed by hand mixing prior to rheological measure-
ment, i.e., all reported rheological data is on homogeneous
samples. Furthermore, we note that the PWL mixtures are
significantly more concentrated in polymer than those that
form “shake gels” (Pozzo and Walker 2004; Zebrowski
et al. 2003).

The shear rheology was measured using concentric cyl-
inder geometry (CC27) on aMCR500 (Paar Physica) with a
solvent trap to avoid evaporation and peltier temperature
control (±0.03°C). Amplitude sweeps were performed to
limit the frequency sweep measurements in the linear vis-
coelastic regime. The reported data was obtained for fre-
quencies from 0 to 100 rad/s performed in controlled strain
mode with a strain amplitude of 10%. The data was pro-
cessed using the manual shifting mode of IRIS 8.04 pro-
gram (Winter and Mours 2004) to perform superpositions
(TTSP and TCSP) and spectrum calculations.

Limited ageing studies were preformed on a PW solution
(5 wt.%), a PWLmixture (3.69% P/1.18% L (PWL6)) and a
laponite dispersion in water (2.7 wt.%). In the following
discussion, “day 1” refers, respectively, to (1) the day of
preparation of laponite dispersion, (2) the third day after the
initial mixing of PEO and water to make PW solutions, and
(3) 1 day after mixing the laponite and PW stock solutions
to prepare the PWL mixtures. The shear viscosity and the
frequency sweep of the PW solution (not shown here) was
observed to be identical over a period of 40 days and,
therefore, did not show evidence of ageing. The shear rate
sweeps measured over 45 days on the laponite dispersion
are shown in Fig. 1, with each curve measured on a freshly
loaded sample. Just after preparation, this dispersion ex-
hibited a low, nearly Newtonian viscosity.Within 3 days, an
effective yield stress was evident, which continued to in-
crease slowly with time. The amplitude sweep of this
solution exhibited a maximum in the loss modulus, G″, at
high strains indicating a development of structure as pre-
viously reported by Willenbacher (1996).

Figure 2 shows the viscosity measurements performed in
ascending (up to 500 s−1) and descending sweeps on the
PWL6 mixture. Similar to the laponite dispersions, the
PWL6 (3.69% P/1.18% L) mixture also showed a gradual

increase in η with time, but the rate of increase was less than
that for the corresponding laponite dispersion. This is
consistent with recent reports that PEO retards the gelation
kinetics of laponite dispersions (Sardinha and Bhatia 2002a,b).
Further, the viscosity was observed to be substantially lower
upon descending from high shear rates, which indicates
partial shear redispersion of the structure. Also, in contrast to
the laponite dispersion, the amplitude sweep for this PWL
mixture was found to be qualitatively similar to that of a
comparable PW with no maximum in G″.

Except for ageing studies, where we deliberately sought
information on how the system changes with time, all the
other reported measurements were carried out with pre-
sheared PWL mixtures within 1 to 4 days after preparation.
Thus, the measured rheology was found to be reproducible
and the differences in the observed rheology are a con-
sequence of the differences in composition and not due to
sample ageing.
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Fig. 1 Shear viscosity for 2.67 wt.% laponite dispersion measured
over 45 days

Fig. 2 Shear viscosity of PWL6 (3.69% P/1.18% L) at 25°C
measured over 88 days (ascending and descending shear rates are
represented by filled and empty symbols, respectively)
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Results

Rheology of PEO–water solutions

PW solutions of 12 different concentrations, as indicated in
Table 1, were prepared for the rheological characterization.
The samples were designed to span the semi-dilute to
concentrated regimes so as to be of practical importance as
well as to explore the suitability of the two different
concentration regimes for TTSP and TCSP. For PEO–water
system, the Mark–Houwink–Sakurada equation for PEO of
MW=1×105 g/mol is given as (Polymer Handbook, 4th ed.,
1999).

�½ � ¼ 0:0449MW0:67 (1)

Using this expression for PEO of MW=9×105 g/mol
(used here), the concentrations, c* and c**, are given
approximately as

c� ¼ 1

�½ � ¼ 0:0023
g

ml
and c�� � 8c� ¼ 0:0183

g

ml

The density of PEO and water are both close to
1 g=cm3; so these values correspond to :

c� ¼ 0:23wt:% and c�� ¼ 1:83wt:%

(2)

Viscosity and concentration regimes

The measured shear viscosities of the PW solutions are
shown in Fig. 3, where a pseudo-Newtonian plateau at low
γ is followed by significant shear thinning. Also shown in
Fig. 3 is the complex viscosity, η*, vs. angular frequency,
ω, which overlaps with the viscosity curve in the low

frequency limit, thereby validating the extended Cox–Merz
rule for the PW solutions both in semi-dilute and concen-
trated regimes.

The zero shear viscosity, η0, increases with PEO concen-
tration, c (Fig. 4), in quantitative correspondence with pub-
lished data for the same system (Fong et al. (1999)). The
change in slope of η0 vs. c on a log–log plot from 2.4 to 5.0
occurs at a concentration of about 3.2 wt.% PEO. Based on
the aforementioned calculations, we identify this as the
transition from the semi-dilute to the concentrated, entangled
regime. The difference with the calculated value of c**
(expression 2) is likely to be due to the large molecular
weight polydispersity (=3.5) in the PEO. The zero shear
viscosity is given by

�0 ¼ 0:0013� 0:0009ð Þc 5:0�0:4ð Þ (3)

in the concentrated regime.
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Fig. 3 Steady shear viscosity and validation of Cox–Merz rule
for PW solutions at 25°C (symbols—steady shear viscosity vs. shear
rate, lines—complex viscosity vs. angular frequency)
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Fig. 4 Concentration regimes of PW solutions as defined
by the zero-shear viscosity at 25°

Table 1 PW solutions prepared
for rheological characterization

Solution PEO (wt.%)

PW1 2.24
PW2 2.37
PW3 2.52
PW4 3.10
PW5 3.74
PW6 3.85
PW7 4.00
PW8 4.50
PW9 5.00
PW10 5.50
PW11 6.00
PW12 6.50

(2)

816



Time–temperature superposition

As discussed by Baumgärtel and Willenbacher (1996),
superposition should be possible with the rheology of
polymer solutions in the concentrated regime, namely
PW5 to PW12. All of these samples exhibited a nearly
Maxwellian response with appreciable storage modulus.
Figure 5 shows the frequency sweeps for PW12 measured
at four temperatures, namely, 4, 11, 18 and 25°C. In the
legends, the name of sample is followed by the letter T (for
temperature) and the measurement temperature in degrees
Celsius. Figure 6 shows the same data after time–tem-
perature superposition (TTSP) referenced to 25°C. As
anticipated, only horizontal (time) shifting was required as
the vertical shift factors, bT ¼ Tref�ref=T� , are expected to
be unity for such a limited temperature range. As PW12
superimposes well, it is a thermorheologically simple fluid
over this limited temperature range. The master curve in
Fig. 6 is denoted by the same symbol as used to denote the
reference curve in Fig. 5 as a reminder that the master
curve is only an extension of the reference curve in a larger

experimental (in this case, frequency) window. Similarly,
all the other master curves discussed later are represented
by the symbols used for the reference curve during super-
position. Shifting a low temperature data onto a higher
temperature data extends the latter into high frequency
domain as can be seen by comparing Figs. 5 and 6. TTSP
was also performed for samples PW10 and PW11 with
similar results as seen for PW12.

The shift factors resulting from the TTSP of PW10,
PW11 and PW12 data are shown in Table 2 and plotted in
Fig. 7. To gain insight into the molecular processes contrib-
uting to the viscosity and to predict the rheology at any
temperature within the range of measurement temperatures,
it is of interest to correlate the shift factors, aT, with tem-
perature. The glass transition temperature, Tg, of the PW
solutions were estimated by the Gordon–Taylor equation
using the Simha–Boyer rule (Hancock and Zografi 1994)
with the following values for the individual Tg and density,
ρ: Tg,PEO=218 K, Tg,water=135 K, ρPEO=1.1 g/cm3 and
ρwater=1 g/cm3. All the measurement temperatures em-
ployed were greater than (Tg+100) K of any solution and,
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Fig. 6 TTSP master curve of PW12 referenced to 25°C

100 101 102

100

101

102

   G'
 PW12T25
 PW12T18
 PW12T11
 PW12T4

(G": filled symbols)

G
', 

G
'' 

[P
a]

ω [Pa.s]

Fig. 5 Dynamic moduli of PW12 at 4, 11, 18 and 25°C
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Fig. 7 Horizontal shift factors, aT, for TTSP of PW10, PW11
and PW12

Table 2 Horizontal TTSP shift
factors for PW10, PW11
and PW12

Solution T (°C) aT

PW10 25 1
PW10 20 1.2
PW10 15 1.46
PW10 10 1.79
PW11 25 1
PW11 18 1.3
PW11 11 1.71
PW11 4 2.32
PW12 25 1
PW12 18 1.28
PW12 11 1.68
PW12 4 2.26
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therefore, the TTSP shift factors are expected to follow the
Arrhenius equation,

aT ¼ exp
��H

R

1

T
� 1

Tref

� �� �
(4)

which is observed in Fig. 7. The activation enthalpy for flow
is found to be independent of concentration,

��H ¼ 26:4� 0:8ð ÞkJ=mol (5)

This is greater than that of the solvent, water (17 kJ/
mol) (Welty et al. 1984), and, therefore, consistent with
the fact that the viscoelasticity is due to polymer–polymer
interactions.

Time–concentration superposition

The dynamic moduli of PW solutions in the concentrated
regime, namely, PW5, PW6,…, PW9 measured at 25°C are
shown in Fig. 8 along with the TTSP master curves for
samples PW10, PW11 and PW12. The PW solutions
belonging to the semi-dilute concentration regime, namely,
PW1, PW2, PW3 and PW4, did not show any appreciable
elasticity and, therefore, were not considered further. As is
apparent from Fig. 8, concentrated solutions exhibit similar
rheology and, therefore, could be shifted horizontally and
vertically to create a concentration master curve referenced
to the 5.5 wt.% PW solution, (i.e., PW10 at 25°C, shown in
Fig. 9). Here, vertical shifting was also required because
the vertical shift factors depend upon the concentration
(Baumgärtel and Willenbacher 1996; Ferry 1980).

The shift factors resulting from the TCSP of PW5 to
PW12 data are shown in Table 3 and plotted in Fig. 10. Also
shown for comparison are the shift factors calculated using
the scalings expected for ideal Gaussian chains as reported
byBaumgärtel andWillenbacher (1996) (ac~ c

3:5;bc~ c
�2:2 ).
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Fig. 9 TCSP master curve of the PW solutions referenced to 5.5 wt.
% PEO (PW10) at 25°C
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Fig. 8 Dynamic moduli of PW solutions in the concentrated
regime: PW5 to PW12 (PW10, PW11 and PW12 from their TTSP
master curves) at 25°C
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Fig. 10 Horizontal and vertical TCSP shift factors for PW5
to PW12 and their comparison with the scaling for ideal
solutions (Baumgärtel and Willenbacher 1996)

Table 3 Shift factors for TCSP
of PW solutions

aValues were found by correlat-
ing ac and bc with concentration

Solution ac bc

PW3 0.03a 1.68a

PW5 0.168 1.26
PW6 0.186 1.2
PW7 0.234 1.17
PW8 0.457 1.15
PW9 0.525 1.07
PW10 1 1
PW11 1.41 0.912
PW12 1.86 0.794
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Our TCSP shift factors, ac and bc, also follow power law
correlations with concentration given as

ac ¼ 6:7� 10�4 � 2:6� 10�4
� �

c 4:2�0:2ð Þ (6)

bc ¼ 3:25� 0:38ð Þc �0:72�0:08ð Þ (7)

This difference in scaling can be rationalized in terms of
solvent quality effects, as will be discussed shortly.

Rheology of PEO–water–laponite solutions

The concentrations of PWL mixtures (PWL1 (2.49%
P/0.94% L) to PWL9 (6.47% P/0.42% L)) are listed in
Table 4. These concentrations were chosen to investigate
the effects of adding laponite to concentrated PW solutions
(PW base solutions). As shown in Table 4, five different

groups were formed with each group containing a PW base
solution and corresponding PWL mixtures with the PEO to
water ratio (100P/(P+W)) equal to the PW base solution.
Thus, successive mixtures in each group can be compared
to the corresponding neat PW base solution in the group to
determine the effects of laponite addition upon the rheol-
ogy of PW solutions.

Effect of laponite on viscosity

The shear thinning response of the PWL mixtures is shown
in Fig. 11 along with the corresponding dynamic viscosity
η*(ω), which are in reasonable agreement. As expected of
the PWL mixtures containing PEO in excess, the shear
viscosity is qualitatively similar to the PW solutions.
Quantitative comparison of Figs. 3 and 11 shows that at the
same total solids loading, the viscosity is higher for higher
laponite concentrations (e.g., PW7 and PWL5 (2.48%
P/1.52% L) are both 96% water, but PWL5 is about three
times as viscous).
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.
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 PWL9η

η
,

 *  [P
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s]

-1  γ s ω [rad/s]],   [

Fig. 11 Steady shear viscosity and validation of Cox–Merz rule
for PWL mixtures at 25°C (symbols—viscosity vs. shear rate,
lines—complex viscosity vs. angular frequency)

Table 4 PWL mixtures prepared for rheological characterization

Ternary mixture PW base solution Group P (%) L (%) W (%) 100×P/(P+W) 100×L/(L+P) Mixing time (day)

PWL1 PW3 1 2.49 0.94 96.57 2.51 27.31 2
PWL2 PW5 2 3.71 0.66 95.63 3.73 15.09 1
PWL3 PW8 3 4.48 0.49 95.04 4.50 9.79 1
PWL4 PW10 4 5.49 0.26 94.26 5.50 4.48 2
PWL5 PW3 1 2.48 1.52 96.00 2.52 38.00 2
PWL6 PW5 2 3.69 1.18 95.12 3.74 24.28 1
PWL7 PW8 3 4.45 0.97 94.57 4.50 17.96 3
PWL8 PW10 4 5.46 0.70 93.84 5.50 11.33 4
PWL9 PW12 5 6.47 0.42 93.10 6.50 6.10 2
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 PWL1T18
 PWL1T11
 PWL1T4

G
', 

G
'' 

[P
a.

s]

ω [rad/s]

Fig. 12 Dynamic moduli of PWL1 (2.49% P/0.94% L) at 4, 11, 18,
25 and 32°C
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Time–temperature superposition

The frequency sweep measurements were performed for
laponite-filled systems at five different temperatures each,
namely, 4, 11, 18, 25 and 32°C. Upon TTSP of the data
referenced to 25°C, the data superimposed well showing
that the PWL mixtures are thermorheologically simple, at
least, in this limited temperature range. Once again, no
vertical shifting was required for TTSP because of the
narrow temperature range. As an example, the dynamic
shear moduli of PWL1 (2.49% P/0.94% L) are shown at
five different temperatures in Fig. 12. It is remarkable to
note that unlike its corresponding base solution, PW3, the
PWL1 (2.49% P/0.94% L) mixture with less than 1 wt.%
laponite showed a substantial elasticity and a Maxwellian
behavior. Shown in Fig. 13 is the TTSP master curve of
PWL1 referenced to 25°C, the TTSP master curve of
PWL5 (2.48% P/1.52% L) referenced to 25°C, and the
curve for PW3 predicted from the PW master curve shown
in Fig. 9 using the shift factor correlations, 6 and 7. This is a
hypothetical prediction by extrapolation from the PW
master curve made for purposes of comparison; sample
PW3 does not exhibit this viscoelasticity in experiment as it
falls in the semi-dilute regime.

Listed in Table 5 are the TTSP shift factors (master
curves not shown for brevity), aT, for all PWL samples
along with the activation energy for flow, obtained by
fitting aT vs. T data of PWL mixtures to Arrhenius equation
Eq. (4). The fitted values can be used to predict aT, and
hence the rheology of PWL1 (2.49% P/0.94% L) to PWL9
(6.47% P/0.42% L) in the range of 4 to 32°C.

First time–concentration superposition

As shown in Fig. 13 for group 1, the viscoelastic spectra for
samples in the same group had a similar shape but were
displaced as the laponite content was increased. Therefore,
the curves of PWL mixtures in a group were superimposed
onto curves for the respective PW base solutions belonging
to that particular group. Figure 14 shows the five pairs ofG′
and G″ master curves, one for each group. This shifting is
referred to as TCSP1 henceforth and the shift factors
referred to as ac1 and bc1 are listed in Table 6. As within
each group the PEO–water concentration is fixed, this first
TCSP (TCSP1) accounts for the changes associated with
the addition of laponite to a base PW solution. Compar-
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Fig. 13 TTSP master curve of PWL1 (2.49% P/0.94% L), TTSP
master curve of PWL5 (2.48% P/1.52% L) and the calculated PW3
curve all referenced to 25°C
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Fig. 14 Groupwise TCSP (TCSP1) master curves of PWL mixtures
at 25°C referenced to PW base solution in each group

Table 5 Horizontal TTSP shift
factors and activation energy
of flow for PWL mixtures

32°C 25°C 18°C 11°C 4°C −ΔH (kJ/mol)

PWL1 0.778 1 1.32 1.81 2.57 30.0
PWL2 0.768 1 1.33 1.81 2.54 30.0
PWL3 0.772 1 1.32 1.78 2.48 29.3
PWL4 0.771 1 1.34 1.77 2.41 28.6
PWL5 0.843 1 1.24 1.61 2.18 23.9
PWL6 0.793 1 1.29 1.73 2.37 27.5
PWL7 0.801 1 1.3 1.74 2.42 27.8
PWL8 0.787 1 1.29 1.72 2.34 27.4
PWL9 0.796 1 1.28 1.67 2.24 26.0
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isons of master curves between groups compare samples
with different concentrations of polymer.

Upon further inspection, and as shown in Fig. 15, it is
apparent that the shift factors, ac1 and bc1, are strong
functions of the percentage of laponite in the mixture on a
water-free basis tabulated as 100L/(L+P) in Table 4. The
shift factor, ac1, was found to conform to a piecewise
exponential function Eq. (8), whereas the shift factor, bc1,
was described well by a single exponential function
Eq. (9).

ac1 ¼

ð1:04� 0:05Þexp 0:036� 0:007ð Þ 100L

Lþ Pð Þ
� �� �

;

0 � 100L

Lþ Pð Þ < 10

ð0:42� 0:08Þexp 0:139� 0:005ð Þ 100L

Lþ Pð Þ
� �� �

;

100L

Lþ Pð Þ � 10

8>>>>>>>>>>><
>>>>>>>>>>>:

(8)

bc1 ¼ 1:09� 0:10ð Þ exp 0:022� 0:004ð Þ 100L

Lþ Pð Þ
� �� �

(9)

Complete time–concentration superposition

The master curves formed by shifting the various laponite
concentrations onto the base PW solutions (i.e., the results
of TCSP1) are observed to successfully TCSP. This TCSP
is shown in Fig. 16 and denoted by TCSP2. The group 4
master curve was chosen as reference for TCSP2. This is
equivalent to shifting the curves for base solutions PW3,
PW6, PW8 and PW12 onto PW10 chosen as reference.
Therefore, the shift factors, ac2 and bc2, for TCSP2 should
be and were found identical to the shift factors that result
from the TCSP of PW solutions as listed in Table 3. By the
same reasoning, the relaxation spectrum of the PW TCSP
master curve is found (not shown here) to reproduce the
PWL master curve obtained after TCSP2.

Table 6 Shift factors for the TCSP(TCSP1) of PWL mixtures
on their respective PW base solutions

ac1 bc1

Group 1 PW3 1 1
PWL1 20.9 2.45
PWL5 81.3 2.24

Group 2 PW5 1 1
PWL2 2.95 1.62
PWL6 9.95 2.01

Group 3 PW8 1 1
PWL3 1.45 1.32
PWL7 4.37 1.74

Group 4 PW10 1 1
PWL4 1.26 1.07
PWL8 1.95 1.23

Group 5 PW12 1 1
PWL9 1.35 1.15

The required rheology of PW3 for TCSP of group 1 mixtures was
predicted from the PW TCSP master curve shown in Fig. 9
with shift factors (Eqs. 6 and 7) extrapolated to the concentration
of PW3

0 5 10 15 20 25 30 35 40
1

10

100

Exponential fits

R2=0.823

R2=0.998

R2=0.940

ac1
bc1

a c1
 , 

 b
c1

100L/(L+P)

Fig. 15 TCSP shift factors for groupwise shifting (TCSP1) of PWL
TTSP master curves at 25°C on the respective PW base solutions
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Fig. 16 Complete TCSP (TCSP2) master curve of PWL mixtures
at 25°C referenced to group 4 (or PW10)

(8)
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Discussion

Reducing temperature reduces molecular motion and,
hence, increases the relaxation time of the entangled
polymer chain. This is the basis for the corresponding
increase in the TTSP shift factors, aT, for both neat and
laponite-filled PW solutions. Over this limited temperature
range, however, the density does not change significantly
(Ferry 1980) so vertical shifting is not required.

TCSP shift factors for the PW solutions, ac1 / c� and
bc1 / c� , are related to the concentration dependence of
the zero shear viscosity �0 / c� by � ¼ �� � . The value
of �� � ¼ 4:92� 0:28 from (Eqs. 6 and 7) is in
agreement with the measured value of � ¼ 5:0� 0:4
Eq. (3).

The concentration scaling of PWTCSP shift factors differ
from those proposed by Baumgärtel and Willenbacher
(1996) for polystyrene–ethylbenzene systems. The scaling
exponent of bc is −0.72 is found here in comparison to −2.2,
which implies a weaker dependence of the plateau modulus
upon the concentration of polymer for the PW solutions as
compared to ideal solutions. This can be understood as an
effect of solvent quality. Water is a good solvent for PEO
around 25°C as observed from the measured second virial
coefficient, A2 ¼ 1:2� 10�3 mLmol=g2 at 30°C (Devanand
and Selser 1991) and a favorable Flory–Huggins interaction
parameter, � ¼ 0:12 ¼ �w=RTð Þ at 30°C in the range
between 5 and 40 wt% PEO (2,290 g/mol) solution in water
(Kjellander and Florin 1981). As the polymer concentration
increases, the solvent quality should tend toward theta
conditions. Hence, the swollen PEO chains in good solvent
will reduce in coil size with increasing polymer concentration.
Thus, adding PEO will not lead to the expected increase in
chain overlap and, hence, a weaker concentration dependence
of the plateau modulus (and hence the vertical shift factor bc)
is expected. The higher-than-expected scaling exponent for
the relaxation time (ac) can be rationalized through an increase
in molecular friction with increasing polymer concentration
due to specific polymer–polymer segment interactions
mitigated by hydrogen bonding. Indeed, hydrogen-bonded
clusters have been reported for similar PEO water solutions
(Hammouda et al. 2002, 2004; Ho et al. 2003).

Adding laponite to the base PW solutions increased the
relaxation time yet decreased the plateau modulus. This
counter-intuitive observation is a consequence of the
specifics of the PEO–laponite interactions. The concentra-
tion variable, 100L/(L+P) was observed to correlate the
TCSP1 shift factors over the different polymer and laponite
concentrations. This variable is closely related to the
parameter Γt proposed earlier to characterize the phase
behavior of PWL solutions (Pozzo and Walker 2004).
Assuming, the specific adsorption surface area provided by

the laponite discs for PEO adsorption to be s m2/g, Γt
-1 is

given as

��1
t ¼ sL

100P

m2

mg
(10)

where, P and L denote the weight percent of PEO and
laponite in a PWL mixture. For small laponite concentra-
tions, as is the case here, the two parameters are nearly
proportional. Therefore, the trend in the shift factors, ac1 and
bc1, with the relative laponite concentration variable, 100L/
(L+P), can be understood simply in terms of the surface area
provided by laponite per unit mass of PEO present.

The increase in the shift factor, bc1, with 100L/(L+P)
reflects the corresponding reduction in the plateau modulus
apparent in Fig. 13. A decrease in the plateau modulus with
the addition of laponite particles to the PW base solutions
suggests that PEO adsorbs to the laponite, thus reducing the
entanglement density. However, some bridging must also be
evident, as despite this reduction in plateau modulus, there is
a net increase in the longest relaxation time as characterized
by ac1 (Fig. 15). To confirm this proposition, the gel and the
solution phases of two representative PWL mixtures, PWL5
and PWL6, were separated by centrifugation at 1,200 rpm
for 15 min and the concentration of both phases was
measured by thermogravimetric analysis (TGA) as listed in
Table 7. The gel phase contains a higher concentration of
both PEO and laponite, which is consistent with the
aforementioned hypothesis. The removal of PEO from the
network to form gel particles is a relatively small effect,
however, as the gel phase is only about a fifth of the sample.
This confirms that the removal of PEO chains from the
entanglement network by adsorption onto laponite is a
modest effect. The presence of some bridging, adsorbed
PEO chains on laponite, in the solution phase increases the
dominant relaxation time (and hence ac1) as seen in Fig. 13.

Figure 15 demonstrates that above the value 100(L+
P)/≈10, the addition of laponite greatly increases the
longest relaxation time for the polymer solution. It has been

Table 7 Weight and concentration of solution and gel phases
of PWL5 (2.48% P/1.52% L) and PWL6 (3.69% P/1.18% L) by
TGA analysis

Overall
concentration
(wt.%)

Solution phase weight
and concentration
(wt.%)

Gel phase weight
and concentration
(wt.%)

PWL5 P=2.48,
L=1.52

(27.24 g) (5.64 g)
P=2.43, L=1.02 P=2.78, L=2.76

PWL6 P=3.69,
L=1.18

(22.97 g) (5.12 g)
P=3.38, L=0.79 P=4.27, L=1.82
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reported that ∼1 wt.% PEO is capable of saturating the
laponite surface in a 2-wt.% aqueous dispersion of laponite
(Lal and Auvray 2000, 2001). Therefore, the laponite par-
ticles in our mixtures are expected to be saturated with
adsorbed PEO. However, the likelihood of bridging
relative to nonbridging polymer will depend upon the
relative concentrations, i.e., at low relative laponite
concentrations there is less probability of a chain adsorbing
to multiple laponite particles. Whereas at higher laponite
concentrations, polymer bridging is more likely and
percolation of the bridge network is possible. Conse-
quently, the change in behavior of the TCSPs with relative
laponite concentration is interpreted to suggest changes in
the structure of the adsorbed polymer layer and the
likelihood of polymer bridging.

Conclusions

PEO–water solutions were observed to be thermorheolog-
ically simple in the concentrated solution regime over the
limited temperature range of 4–32°C. However, unlike
previous measurements for nearly ideal chains in theta
solvents, aqueous PEO solutions exhibit a weaker increase
in plateau modulus and a stronger increase in relaxation
time with increasing polymer concentration. The former is
qualitatively understood as a consequence of the good
solvent quality whereas the latter is attributed to specific

hydrogen bonding interactions present in aqueous PEO
solutions.

The addition of laponite to these solutions also yielded
thermorheologically simple solutions (although ageing
effects were observed over longer time scales), but with
nontrivial concentration dependencies of the shift factors.
Specifically, adding laponite was observed to decrease the
plateau modulus while weakly increasing the relaxation
time up to a critical relative concentration, whereupon the
dominant relaxation time was observed to diverge rapidly.
This complex behavior is interpreted as a competition
between PEO adsorption on laponite removing PEO from
the entanglement network vs. forming new bridging net-
works. Evidence of gel formation upon ageing within the
solutions confirms this simple interpretation.

These results provide a practical framework for correlat-
ing rheological data on polymer–nanoparticle solutions and
for predicting linear viscoelasticity of such solutions. They
also illustrate the value in using a master curve analysis to
derive microstructural insights from bulk rheological
measurements.
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