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ABSTRACT: We have investigated the linear viscoelastic behavior of guar gum solutions as a function
of frequency, temperature, polymer concentration, and molecular weight. This was done to sort out the
importance of different relaxation mechanisms like reptation or the breakup of physical bonds. In the
kilohertz regime, Rouse behavior is observed. At lower frequencies, two storage modulus plateau zones
were found, indicating two additional relaxations. One is operative between 1 and 100 Hz and gives rise
to a very broad relaxation spectrum, even for monodisperse guar. Describing the dependencies of the
relaxation time and low-shear viscosity on concentration and molecular weight with power laws resulted
in unusually high coefficients. The second relaxation becomes manifest below 0.01 Hz and has not been
earlier reported. Here the temperature dependence is very strong whereas all other dependencies are
weak. Analyzing the experiments with existing models for transient polymer networks revealed that at
best a partial decription of the experimental dependencies can be obtained. It was concluded that at
least two different relaxation mechanisms must play a role, classical reptation not being one of these.
Best overall predictions were obtained with a model assuming two types of associations. However, also
the picture of star polymer-like structures held together via bonds with a long lifetime could give
comparable predictions. For a further distinction between these mechanisms, more information about
the mesoscopic structure is needed.

1. Introduction

Galactomannans are water-soluble polysaccharides
found in the seed endosperm of a variety of legumes.
They consist of a (1f4)-linked â-D-mannopyranosyl
backbone partially substituted at O-6 with R-D-galac-
topyranosyl side groups.6 One galactomannan which is
widely used as an industrial hydrocolloid is guar gum
which has a mannose:galactose ratio of 1.55. In connec-
tion to its use as a thickener in food products, several
research groups have investigated the rheology of guar
gum solutions.8,9,23,26,27

In a rheological study performed by Ross-Murphy,28

where start shear behavior and the validity of the Cox-
Merz rule were investigated, it was concluded that guar
gum solutions behave like an entangled solution, as
described by Doi and Edwards.7 This conclusion was
drawn despite earlier observations of Richardson and
Ross-Murphy26 who noted the onset of a transition at
low shear rates (0.01 s-1), although the Newtonian low-
shear plateau had already been reached. Robinson et
al.27 mentioned a strong nonlinear dependence of the
specific viscosity upon concentration. From this it was
concluded that not only purely topological entangle-
ments, but also specific attractive polymer-polymer
interactions must play a role. Indications for this were
also obtained by Goycoolea et al.15 and by Gidley et al.,13

who attributed a crucial role to the R-D-galactose side
groups in the process of network cross-linking by semi
helix-helix aggregation.

From this short overview, it is clear that the rheo-
logical behavior of guar gum solutions is still incom-
pletely understood and that specific polymer-polymer
interactions might play a role in the observed rheologi-
cal behavior as well as reptation phenomena. To sort
out the importance of different relaxation mechanisms,
we have systematically investigated the linear vis-
coelastic behavior as a function of frequency, concentra-

tion, temperature, and molecular weight. To support
interpretation we have characterized the molecular
properties by using GPC, intrinsic viscosity measure-
ments, and several microscopy techniques. In this paper,
we will compare the linear viscoelastic behavior with
predictions from existing microrheological models that
take into account topological constraints and/or physical
bonds.

The paper is further organized as follows. In section
2, the preparation of the solutions, the microscopic
characterizations and the rheological measurement
techniques are discussed. In section 3, the experimental
results are shown. These results will be compared to
rheological models in section 4, followed by a discussion
in section 5, after which conclusions will be drawn in
section 6.

2. Experimental Section

2.1. Materials. Guar gum (Meyhall) was purified from a
commercial flour using a modification of the method of
McCleary et al.4 Crude guar gum (10 g) was treated with 200
mL of boiling, aqueous 80% ethanol for 10 min. The obtained
slurry was collected on a glass filter (no. 3) and washed
successively with ethanol, acetone, and ether. This material
was added to 1 L of demiwater and allowed 1 h to hydrate. It
was then stirred with a food blender (125 W), homogenized (1
min), and centrifuged at 2300g for 15 min. The supernatant
was precipitated in two volumes of cold acetone. After redis-
solving in hot water, the polymer solution was ultracentrifuged
at 82000g for 1.5 h at room temperature. The supernatant was
precipitated with two volumes of ethanol. The precipitate was
collected on a glass filter (no. 4) and washed with ethanol,
acetone, and ether before freeze-drying. This lead to almost
monodisperse purified guar gum. Only one batch of guar was
purified in this laborious way, to get a monodisperse system.
Solutions of this material were prepared by adding known
weights of the dry guar to twice distilled water, and allowing
it to hydrate for extended periods (several days) to ensure that
the sample had completely dissolved. This was done at a
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temperature of 277 K for concentrations between 0.4 and 2.0%
(w/w). We will refer to this purification and dissolving method
as procedure I.

For the purpose of characterization with Mark Houwink
plots, three guar gums with different molecular weights
(Meyhall) were purified with a less laborious but otherwise
similar procedure. Here crude guar gum (10.0 g) was sus-
pended in 1 L of demiwater and stirred with a food blender
(125 W) for 1 min. The obtained solution was placed in a
refrigerator for 24 h and then centrifuged at 22000g for 5 h.
Then, 800 mL of the obtained supernatant was precipitated
in two volumes of cold acetone. The precipitate was collected
on a glass filter (no. 4) and washed with ethanol, acetone, and
ether. The so obtained purified guar gum was freeze-dried and
dissolved as described in procedure I. This procedure is called
procedure II.

Using these procedures led to very long dissolving times.
To shorten this, a third purification and dissolving procedure
was used. In this procedure four different guar gums (Meyhall)
with different molecular weights were purified by adding 10.0
g to 400 g acetate buffer of pH 4.66 (Merck). The slurry was
homogenized for 75 s with a food blender (500 W) and
centrifuged at 22000g for 5 h at room temperature. The
supernatant (typical concentration 2% w/w) was used as a
stock solution from which lower concentrations were obtained
via dilution. This is procedure III. Several control experiments
revealed that the rheological behavior was not significantly
changed on switching from procedure II to III.

2.2. Molecular Characterization. The molecular weights
of the purified guar gums using procedure I and II were
determined by GPC-MALLS-RI (multiangle laser light scat-
tering). The guar was dissolved in a 50 mM phosphate buffer
with pH 8.0 to a concentration of 0.1% (w/w) and filtered
through a 0.45 µm filter prior to injection. At the exit of the
GPC column the (instantaneous) values of M and Rg were
detected on line. The results are summarized in Table 1.

The mannose/galactose ratio of guar HM/150/90/30 was
determined by HPLC after hydrolysis of the polymer to be 1.59
( 0.05.

Molecular weights of the guar gums, obtained via procedure
II, were obtained from intrinsic viscosity measurements. These
experiments were done with an Ubbelohde capillary viscometer
(Scott, type 532 01/0A).

From the reduced viscosity measurements, intrinsic viscosi-
ties were obtained using the Huggins equation:

Here c is the concentration guar gum, ηred is the reduced
viscosity, ηs is the solvent viscosity and [η] is the intrinsic
viscosity. hc is the so-called Huggins coefficient which is a
polymer constant which usually lies in the range 0.5-0.8. The
Huggins coefficient was determined for all the curves and
turned out to be constant within the experimental error range:
0.55 ( 0.05, which is within the expected range. With the
obtained intrinsic viscosities we made a Mark-Houwink plot
(Figure 2) and found the Mark-Houwink constants kMH and
R to be (6.7 ( 1.1) ×10-7 L/g and 1.05 ( 0.01. This relation
was used later as a calibration curve to determine the
molecular weights from intrinsic viscosity measurements for
the samples made by purification procedure III.

The critical concentration where overlap between polymer
chains starts to occur (c*) and the intrinsic viscosities for the,
via preparation procedure III obtained samples, were obtained

from specific viscosity measurements ((η/ηs) -1) as a function
of concentration. Figure 3 shows a typical result. From these
results we determined c*[η] to lie around 2 which is compa-
rable to earlier findings of others.19

In Table 2, the measured intrinsic viscosities, calculated
molecular weights, and critical concentrations are listed.

All measurements other than characterizations were per-
formed at concentrations higher than c*. Typically, three
concentrations were investigated for each guar system, with
the upper limit set by the extent to which the sample was
sufficiently fluidlike to be manipulated.

Table 1. Molecular Weights for Samples Prepared via
Procedures I and II

guar Mw (kD) Mw/Mn

HM 1048 1.02
150 1400 1.1
90 1000 1.5
30 350 1.7

ηred )

η
ηs

- 1

c
) [η] + hc[η]2c (1)

Figure 1. Reduced viscosity measurements: (2) guar 30; ([)
guar 30 duplo; (b) guar 90; (+) guar 150.

Figure 2. Mark-Houwink plot.

Figure 3. Determination of c* of guar 150: (b) Ubbelohde
measurements; (O) Contraves Low Shear 40 measurements.

Table 2. [η], Mw and c* for the Samples Prepared via
Procedure III

guar [η] (L/g) Mw (kD) c*(g/L)

150 1.217 910 1.3
90 0.958 730 2.8
60 0.510 400 4.5
30 0.333 270 4.5
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2.3. Mesoscopic Observations. To obtain information
about the mesoscopic structure of the guar gums we used three
microscope methods. AFM and replica-TEM did not provide
information from the bulk structure since surface and pre-
treatment effects were involved.

To obtain more direct information about the mesoscopic
structure as present in solution, we labeled guar gum with
rhodamine isothiocyanate (RITC)1,14 and observed the solution
with a Confocal scanning laser microscope via detection of the
fluorescence of RITC. Since no inhomogeneities could be
observed within the resolution of the instrument, it can be
concluded that the guar gum solutions must be homogeneous
at least down to length scales of 1 µm.

We also attempted NMR to detect hydrogen bridges and
DSC to locate a possible phase transition, but without provid-
ing conclusive evidence. Also light-scattering experiments gave
no useful information, since the solutions were too turbid.

2.4. Macroscopic Rheological Measurements. Linear
viscoelastic moduli measurements between 10-3 and 2 × 101

Hz and as a function of the temperature were performed using
a Bohlin VOR with a cone and plate geometry (cone angle of
1° and 60 mm plate diameter). Measurements were conducted
at six temperatures ranging from 10 to 60 °C. To avoid effects
of solvent evaporation, a homemade vapor lock filled with
paraffin oil was used. A correction was made for the temper-
ature dependence of the gap width (-1.9 µm/°C) between cone
and plate. To exclude inaccurate measurements, we checked
the Bohlin VOR with two Newtonian fluids: water and a
Baysilon oil (Bayer) with a viscosity of 300 mPa s. These
testsamples showed correct results, including the limiting
behavior of G′ and G′′ for low frequencies. Further on, we
ensured that all measurements resulted in data that were
clearly in the range of the torque resolution (2.35 × 10-5 N
m). A 10 mL syringe was used to insert the sample. After
insertion the sample was presheared at 80 s-1 for 1 min to
obtain a homogeneously filled gap and to define the mechanical
history of the sample. Then the sample was allowed to relax
for 30 min before the measurements were started.

Linear viscoelastic measurements were also performed at
high frequencies, using three torsion resonators and a nickel
tube resonator. Those instruments were developed in our
laboratory and details on design and principle can be found
in Oosterbroek et al.,24 Blom and Mellema,2 and van den Ende
et al.10 With those instruments, dynamic moduli of weak gels
can be measured at a discrete set of frequencies between 70
Hz and 250 kHz, at ambient temperatures. To allow interpre-
tation of the results the surface loading criterion should be
satisfied.10 This means that the shear wave generated by the
torsion bar must be damped significantly before it is reflected
by the walls of the container. For the data presented in this
paper, this criterion was satisfied.

Measurements of the viscosity as a function of shear rate
were performed at 10 °C, using a Contraves Low Shear 40. A
Couette geometry was used, with inner and outer radii of
respectively 5.5 and 6.0 mm.

3. Results

Our rheological measurements were done with the
focus to distinguish between different possible relax-
ation mechanisms via comparison of the results with
predictions from microrheological models. To obtain an
overview, we started the investigation by measuring the
frequency dependence over an extended range. The
results showed two storage modulus plateau zones with
different temperature dependencies. These plateaus
were investigated further as a function of the polymer
concentration and the molecular weight.

3.1. Frequency Behavior. To map out the frequency
domain we first measured the frequency dependence of
a 0.4 (w/w) % monodisperse guar HM solution. For this
system it was possible to cover 8 decades in frequency
by using the Bohlin VOR, the torsion resonators and

the nickel tube resonator. As shown in Figure 4 the data
obtained from the different instruments connect well to
a smooth curve.

We corrected G′′(ω) for the contribution of the solvent,
to allow for analysis of the loss modulus of the guar
only: G′′guar. This correction was significant for fre-
quencies above 104 Hz. The G′(ω) and the corrected
G′′(ω) data shown in Figure 4 make it clear that, at high
frequencies, the agreement with the frequency scaling
of the Rouse model29 is very good. Both moduli follow a
slope of 0.5 in the log-log plot. At frequencies below
103 Hz, two plateau zones for the storage modulus can
be observed (at 10-2 and 101 Hz). To the best of our
knowledge, this is the first time a storage modulus
plateau for guar gum solutions at very low frequencies
is reported.

3.2. Scaling with Temperature. For the tempera-
ture range studied, it turned out that all investigated
samples showed a very similar frequency dependence
above 0.03 Hz. Therefore, it was possible to obtain
temperature master curves by scaling the moduli curves,
measured at different temperatures, along the frequency
axis. Figure 5 shows an example of the obtained master
curves for G′(ω) and G′′(ω). In particular, from these
reduced plots, it becomes evident that at low frequen-
cies, the storage moduli show a different temperature
dependence. A plateau is observed for G′(ω), with a
magnitude that increases strongly with temperature.
Remarkably enough, the loss modulus G′′(ω) does not
show these deviations in the scaling behavior with
temperature. Its slope in the log-log plot amounts to
0.8, which is close to the limiting behavior. Thus, it
corroborates that only the onset of the low-frequency
relaxation is observed, and that the characteristic
frequency must correspond to very long time scales
(>103 s). A salient detail of the relaxation spectrum
within the Hz range is that it is rather broad. This wide
range of relaxation times cannot be caused by polydis-
persity, since guar HM was almost monodisperse (see
Table 1).

From the obtained frequency scaling (for frequencies
above 0.03 Hz.) an Arrhenius plot was made, i.e.,
according to

Here aT is the frequency multiplication factor needed
to shift the moduli curves measured at temperature T

Figure 4. Linear viscoelastic behavior of a monodisperse 0.4%
(w/w) guar HM solution, measured at 25 °C over an extended
frequency range. The dashed line corresponds to Rouse
behavior: (+) G′; (b) G′′; (O) G′′guar.

aT ) exp(Eap

k [1
T

- 1
Tref]) (2)
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to the modulicurves at temperature Tref. Eap is the
apparent activation energy whereas k is the Boltzmann
constant. Figure 6 shows a typical result.

From the slope, the apparent activation energy was
obtained to be 10.0 ( 0.5 kT (at T ) 283 K). It turned
out that this apparent activation energy does not depend
on the molecular weight or the guar gum concentration.
Within the experimental error range, always (for all
guars listed in Tables 1 and 2 and all investigated
concentrations) the same apparent activation energy
was obtained.

3.3. Scaling with Concentration and Molar Mass.
To investigate the rheological behavior further so that
comparison with microrheological models becomes pos-
sible, we studied the moduli and flow curves as a
function of concentration and molecular weight. It
turned out that the shape of the moduli curves at
frequencies above 0.03 Hz was independent of both. To
illustrate this we scaled a 4% guar 30 solution on top of
a 0.5% guar 150 solution in Figure 7.

Because of this independence, all points within a
curve (except for frequencies below 0.03 Hz) can be
scaled onto a master curve. This makes it possible to
extrapolate some curves to high frequencies. Especially
interesting is that it also allows for an analysis of the
concentration and molar mass dependence by consider-
ing just the scale factors. The point where G′(ω) crosses
G′′(ω) is very suitable for both the scaling itself and for
the analysis. The inverse of the crossover frequency can
be seen as a characteristic time (denoted as τG′)G′′). The
magnitude of G′(ω) at this point (denoted as GG′)G′′) can
be seen as a representation of the characteristic strength
of the relaxation(spectrum). It is proportional to the

high-frequency storage modulus in the absence of Rouse
relaxations. The scaling results for τG′)G′′, and the
relaxation strength as a function of concentration and
molar mass are shown in Figures 8 and 9.

Also the flow curves were measured as a function of
concentration and molecular weight. An example of the
flow curves of guar 150 is shown in Figure 10.

The zero shear viscosities η(γ̆ f 0) obtained from the
flow curves were found to correspond well to the low-
frequency limits of η′(ω f 0) estimated from G′′(ω)
curves (Figure 10). Such a correspondence is expected
for materials that show liquidlike behavior at long time
scales. It is also interesting to investigate the applicabil-
ity of the Cox-Merz rule.5 This empirical rule, stating
that

does not apply to our guar solutions. We found that
|η*(ω)| g η(γ̆) for ω ) γ̆, which obviously is due to the
contribution of G′(ω) since G′′(ω) ≈ η(γ̆) ω as mentioned
before.

The power law scaling of the zero shear viscosity with
the guar gum concentration and the molecular weight
is shown in Figure 11. In Table 3 an overview of the
measured scaling relations is given.

3.4. Low-Frequency Behavior. One of the most
astonishing observations we have already presented is
the storage modulus plateau at low frequencies. Al-
though differences from the limiting linear viscoelastic
behavior were observed earlier by Richardson and Ross-
Murphy,26 a second storage modulus plateau at low

Figure 5. Moduli master curves for a 1.0% monodisperse guar HM solution (procedure I). Temperatures in °C: ([) 60; ()) 50;
(1) 40; (3) 30; (b) 20; (O) 10.

Figure 6. Arrhenius plot of the 1% (w/w) monodisperse guar
HM sample.

Figure 7. Master curves of 4% (w/w) guar 30 (2, 4) and 0.5%
(w/w) guar 150 (b, O) solutions: (2, b) storage moduli; (O, 4)
loss moduli.

|η*(ω)| ) x(G′
ω )2

+ (G′′
ω )2

) η(γ̆) for ω ) γ̆ (3)
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frequencies has not been reported before. It can be seen
from Figure 5a that the temperature dependence of this
plateau zone is rather strong. Further investigations
show that there is no clear dependence on concentration
and molecular weight as can be seen in Table 4.

From these data, we can conclude that there is only
a very weak concentration dependence with a scaling
power of 0.5 or less. Also, we can observe some correla-
tion with molecular weight, but this dependence is not
too clear.

4. Comparison with Microrheological Models

For the first time a low-frequency plateau in G′ has
been observed. We have observed it for differently
prepared samples (including a different purification),
and at different concentrations. The clear temperature

dependence of this G′ plateau demonstrates that the
associated stress relaxation is one of a dynamic struc-
ture and not that of, e.g., a permanent rubberlike
structure. In this context, we also like to note that the
magnitude of the elasticity is small and that a slight
shearing of the fluid is sufficient to make the plateau
disappear for 15 min. Analogous behavior was found in
other associating ionomers.35 This also indicates that
this behavior is of structural origin.

We have attempted to interpret the variety of obser-
vations discussed in the previous section, in the sense
of identifying relaxation processes and proposing cor-
responding mesoscopic structure(s). Obviously a wealth
of information on the structure and relaxations is
contained in the measured rheological data themselves.
But the problem is how to disclose it.

Figure 8. Storage modulus plateau vs guar gum concentration (left) and molecular weight (right). Numbers indicate power law
coefficients. Left: (b) guar 150; (2) guar 90; (1) guar 60; ([) guar 30. Right: (b) 2% (w/w); (O) 1% (w/w).

Figure 9. τG′)G′′ vs guar gum concentration (left) and molecular weight (right). Numbers indicate power law coefficients. Left:
(b) guar 150; (2) guar 90; (1) guar 60; ([) guar 30. Right: (b) 2% (w/w).

Figure 10. Left. Flow curves for guar 150 at 10 °C measured with the Contraves LS 40 (low shear rates) and the Bohlin VOR
(high shear rates): (b) 2.0% (w/w); (O) 1.0% (w/w); (+) 0.5% (w/w). Right. Cox-Merz rule: (b) η(γ̆); (O) η′; (+) η*.
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Our first approach has been to obtain a focus for this,
based on physical characterizations of the polymer
structure at the mesoscopic level. Several microscopy
techniques (CSLM, replica-TEM, and AFM) were ap-
plied, but no conclusive evidence about the structure at
mesoscopic length scales could be obtained, other than
that the guar solutions appeared to be homogeneous
down to micrometer length scales (see section 2.3).

Characterizations of the chemistry of the polymer in
solution can also be used to guide interpretation. Guar
gum is a galactomannan chain with free mannose
backbone parts. Combining this with the empirical
relation between solubility and the galactose/mannose
ratio of galactomannans, it is implied that the free
mannose backbone parts have the tendency to form
bonds when dissolved into water. Another characteristic
is that all our samples were prepared above the critical
overlap concentration.

Using this information we have analyzed our rheo-
logical measurements by comparing them to predictions
of existing models in polymer rheology. In this compari-
son, we have considered the dependencies on temper-

ature and concentration as well as molar mass, to allow
for a maximum distinction between the predictions
according to different models. We realize that the scope
of such a comparison still has its limitations. Although
several models have been proposed to describe the linear
rheological behavior of polymer networks, many of these
contain idealizations that may not apply to a polymer
solution from practice, like guar gum. Therefore, a
comprehensive mapping between one of these models
and our observations is not to be expected. In the
following, we will investigate which of the existing
models gives predictions that bear the closest resem-
blance to our observations.

The appearance of two storage modulus plateau zones
indicates the occurrence of two distinct mechanisms for
relaxing the stresses imposed via the oscillatory defor-
mation. In a polymer network, stresses are induced via
distortions of the chain distribution function. This can
involve both the orientation and the length of chains or
chain strands. Since our polymer solutions are all above
c*, and since physical associations between polymer
chains can be expected, two mechanisms that should
be considered at first are the breakup of bonds and
diffusion of chain (strands) out of confining tubes
(reptation). To take into account the possibility that the
two types of relaxation are independent, we will first
compare our measurements with models that predict
only one relaxation. Thereafter, coupled relaxations will
be considered.

4.1. Reptation Model. For fluids containing en-
tanglements, one of the possible relaxation mechanisms
to consider is the diffusion of chains along their con-
tours. This process, called reptation has been modeled
by Doi and Edwards.7 In this model, the chains do not
form physical bonds with each other, but there are
topological constraints which restrict the transversal
motion of chains.

The reptation model predicts one storage modulus
plateau and a relaxation spectrum spanning approxi-
mately 1 decade. Comparing the predictions of the Doi-
Edwards model with our experimental observations for
the monodisperse system (shown in Figure 5), it is clear
that the model is not able to describe the experimental
high-frequency relaxations, which span almost 3 de-
cades in frequency.

Other discrepancies become evident from the com-
parison presented in Table 5. According to the reptation
model, the scaling of τG′)G′′ and the zero shear viscosity
(with the polymer concentration and the molecular
weight) would correspond to much weaker powers than

Figure 11. Zero shear viscosity zero shear viscosity vs guar concentration (left) and molecular weight (right). Numbers indicate
power law coefficients. Left: (b) guar 150; (2) guar 90; (1) guar 60; ([) guar 30. Right: (b) 2% (w/w); (O) 1% (w/w).

Table 3. Power Law Scaling of Linear Rheological
Quantitiesa

scaling Mw c

η0 5.8 ( 0.2 4.5 ( 0.8
GG′)G′′ 0 1.8 ( 0.1
τG′)G′′ 6.7 ( 0.8 2.7 ( 0.2

a Uncertainty ranges include differences between guar batches.

Table 4. Storage Modulus Plateau at Low Frequencies,
Where lmv ) Lowest Measured G′ Value

guar solvent Mw (kD) c (w/w%) Glow plateau (Pa)

HM bidest water 1048 2.0 lmv ) 1
HM bidest water 1048 1.0 0.5
HM bidest water 1048 0.5 0.5
150 acetate buffer 910 2.0 lmv ) 0.8
150 acetate buffer 910 1.0 0.20
150 acetate buffera 910 0.5 0.15
90 acetate buffera 730 2.0 lmv ) 0.1
90 acetate buffera 730 1.0 0.20
90 acetate buffera 730 0.5 0.15
30 acetate buffera 270 4.0 0.02
30r acetate buffera 270 4.0 0.02
30 acetate buffera 270 2.0 0.08
30r acetate buffera 270 2.0 0.04
30 acetate buffera 270 1.0 lmv ) 0.005
30r acetate buffera 270 1.0 lmv ) 0.005

a Acetate buffer was used to allow comparison with a future
study. The buffer did not show any other influence than to optimize
the performance of an enzyme to be added.
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observed in the experiments. An exception is the scaling
of the magnitude of the moduli, but considering the
magnitude of the storage modulus G0, again a discrep-
ancy is found. According to the model, the number of
steps in a primitive chain (L/a) (the number of tube
segments) follows from G′ via

with Nc the number of chains per unit volume. Here a
is a parameter which is on the order of the mesh size of
the network which defines the tube. When we take for
example the storage modulus of 20 Pa for the 0.5%
(w/w) guar HM solution, we obtain a number of steps
in the primitive chain equal to 2. Obviously the concept
of a confining tube, which forms a key element in the
reptation model can only hold for (L/a) .1.

Considering the various discrepancies, it can only be
concluded that our observations for the linear rheologi-
cal behavior cannot be interpreted with “simple” rep-
tation (i.e., as described by Doi and Edwards7), not even
when restricting to a certain part of the frequency
domain (0.03-100 Hz).

4.2. Associative Polymer Solution Model. Re-
cently Bromberg3 and English et al.11,12 reported ex-
perimental studies on the rheological behavior of asso-
ciative polymers. Some observations with a striking
similarity to ours were made in these investigations.
Bromberg3 found an unusually strong temperature
dependence for the storage modulus, comparable to the
temperature dependence we found for G′(ω) at low
frequencies. English et al.11 found storage moduli that
were not proportional to ω2 in the low frequency regime,
where this limiting behavior is usually observed. In-
stead they observed a slope of 0.7 in a log-log plot. Also
this is in qualitative accordance with our observations.
Already in the beginning of section 4, we have argued
that chain associations are to be expected on molecular
grounds. These notions make it interesting and ap-
propriate, to consider predictions of rheological models
developed for associative polymers.

In 1998, Semenov and Rubinstein presented a com-
prehensive modeling for associative polymer solutions,
including predictions for the linear viscoelastic be-
havior.30-32 Polymers with associative sites (stickers)
along the chain will form clusters in solution. Above a
certain threshold concentration cg, the clusters will
connect to a space-filling network. We will discuss only
the two possible regimes above this threshold concen-
tration, since only there is a storage modulus plateau
zone predicted, which can be compared to our experi-
mental G′(ω) data above 10 Hz.

Just above the gel concentration cg, the network
consists of large clusters which are singularly connected
with each other via so-called “critical bonds”. When such
a bond is broken, a cluster is released from the network
and will quickly relax its stress in a Rouse-like manner.
The relaxation time is then determined by the time it
takes to break up the critical bonds (see Figure 12 for

an illustration). At higher polymer concentrations, a
strong transient network will be formed, in which each
chain is multiply connected to other chains in the
network. Here critical bonds do not exist anymore and
the relaxation process has become the multiple breakup
of bonds before chains can undergo Rouse relaxation.
To investigate the applicability of the Semenov and
Rubinstein (S&R) model we consider both regimes in
the following.

4.2.1. Weak Network Regime. To make a compari-
son with the model, we have assumed that, for all
molecular weights and concentrations, our samples were
just above the gelation threshold. The number of stick-
ers per chain is expected to increase proportionally with
the molecular weight. According to S&R,32 cg is then
proportional to the chain length to the power (1 - 3ν)/
(1 + z), with ν ) 0.59 and z depending on the solvent
quality. Assuming good solvent conditions for the chain
without stickers, z ) 0.225. The scaling of the storage
modulus plateau G0 can then (using eq 3.16 of S&R32)
be expressed as

with c̃ ≡ c/cg
0, M̃ ≡ M/M0 and cg

0 the value of cg at
reference molar mass M0. According to eq 5, the
dependence of G0 on c or M will not show linearity in a
log-log plot. However, in the limiting case of c̃M̃0.63 .
1, the local slopes will be minimal, being 4 for the
concentration dependence and 0.89 for the molar mass.
For smaller c̃M̃0.63, the local slopes will be larger. Similar
arguments apply to the scalings of τG′)G′′ and the low
shear viscosity η0. The prediction for the relaxation time,
corresponding to the breakup of “critical bonds” is given
by

and the prediction for the zero shear viscosity is

The lower bounds for the power law coefficients are
listed in Table 6. Except for the concentration depen-
dence of the zero shear viscosity, the predicted power
laws are not observed in our measurements, and in
particular, the minimal predicted powers for G0(Mw) and
G0(c) are higher than the observed powers. Also, the
shapes of the predicted scaling curves (which are on a

Table 5. Predicted Scaling Behavior, According to
Reptationa

reptation scaling Mw c

η0 3 (5.8) 3.75 (4.5)
GG′)G′′ 0 (0) 2.25 (1.8)
τG′)G′′ 3 (6.7) 1.5 (2.7)

a Numbers in parentheses indicate experimental values.

G0 ) Nc
L
a

kT (4) Figure 12. Cartoon of the breakup of a critical bond.

G0 ∼ c̃M̃-1 (c̃M̃0.63 - 1)3 (5)

τ ∼ c̃M̃0.63 - 1 (6)

η0 ∼ 1
M̃1.63

(c̃M̃0.63 - 1)4 (7)
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log-log scale steadily increasing concave functions with
asymptotic power law behavior) do not agree with the
observed shapes in Figures 8, 9, and 11 which are either
linear or slightly convex functions.

Therefore, we can conclude that the model of Semenov
and Rubinstein for the weak network (critical bonds)
regime does not correspond well to our experimental
data.

4.2.2. Strong Network Regime. For a strong net-
work, the chains would have to be multiply connected
to other chains and the absolute magnitude of the
observed storage modulus plateaus should indicate so.
From the measured values, the mean number of con-
nections per chain can be accounted, comparable to the
calculation in section 4.1 for the number of entangle-
ments per chain. This leads to a the mean number of
connections per chain of 2 in the case of a 0.5% (w/w)
guar HM solution, indicating that for the lower experi-
mental polymer concentrations, the chains are on the
edge of being singly or multiply connected.

According to the model of Semenov and Rubinstein,
the relaxation time dependence changes for a strong
network into

Our observed molecular weight dependence of the
relaxation times (belonging to the high storage modulus
plateau) differs strongly from this prediction. Hence also
this regime of the S&R model bears no resemblance to
our observations.

4.3. Hindered Reptation. It was already mentioned
in the Introduction that specific polymer-polymer
interactions as well as reptation might play a role in
the observed rheological behavior of guar gum. There-
fore, we will now discuss the model of hindered repta-
tion20 (by Leibler, Rubinstein, and Colby), denoted in
the following as LRC. In this model each polymer chain
is supposed to contain many association sites. The
chains are also entangled with each other and therefore
diffusion is only possible along the chain.

To understand the relaxation processes that take
place, let us consider the step-strain experiment in
which polymer chains will be stretched and placed in
preferred orientations. Since the chains are connected
via physical bonds to the rest of the system, the whole
chains will not be able to return to their equilibrium
length at once. Only the loose chain ends can perform
such a (virtually instantaneous) Rouse relaxation. The
parts of the chains that belong to the network have to
remain stretched until the bonds are thermally broken.
These strands are only able to reach their equilibrium
length after all bonds have been broken at least once.
After stress has been released via this mode, there will
still be residual stress, since the preferred orientations
have remained. To restore the equilibrium orientation
distribution, the chains have to diffuse reptation-like
out of their tubes (which represent their topological
constraints). This diffusion process can only take place

for chainstrands that are not directly connected via
bonds to the rest of the system. Since the bonds break
and form continually, chain strands are only tempo-
rarily not connected to the system. In this fashion, the
presence of stickers acts to slow the diffusion process.
It is via this so-called hindered reptation, that the
chains will acquire random orientations and release the
remaining stress.

The relaxation time belonging to Rouse relaxation of
the network strands is in the model set equal to the
breakup time of a physical bond: in other words the
breakup event is modeled as a trigger for these Rouse
relaxations. Assuming thermal breakup as a random
event, characterized only by a temperature-dependent
probability, the temperature dependence of the relax-
ation time is modeled with an Arrhenius equation. The
equalization also implies that the relaxation time is
predicted to be independent of the molecular weight.
With respect to the dependence on concentration, no
predictions are made in the LRC model.

The second and longest relaxation time is determined
by both the reptation and the breakup time scales. In
the case that the relaxation times of thermal breakup
and of the hindered reptation are well separated, the
LRC model predicts two storage modulus plateaus as
shown in Figure 13. The magnitude of the low frequency
plateau must obviously be identical to the one predicted
by the Doi-Edwards model, and the magnitude should
scale with the polymer concentration to a power of 2.25.

When we confront these predictions with our experi-
mental data, we see in both cases two storage modulus
plateau zones. The observation that the relaxation time,
corresponding to the high frequency plateau, shows an
Arrhenius-like temperature dependence is explainable
with the breakup of stickers involving a certain activa-
tion energy. Also this would be in accordance with the
LRC model. An observation not covered by the LRC
model is that the relaxation time associated with the
thermal breakup, was in our experiments found to
depend strongly on molecular weight.

A more serious difference between the model and the
experiments becomes evident when the magnitude of
the low frequency G′ plateau is considered. As in the
discussion of the Doi-Edwards model, again eq 4 can
be used to estimate the number of tube segments
((L/a)). Applying this method now to the low frequency
G′ plateau, we find for the 0.5% (w/w) guar HM solution
a number of only 0.05 which means that the network
mesh size is large compared to the tube length. There-
fore, we cannot justify the attribution of the low
frequency relaxation to reptation. In addition we would
like to point out that it is not only the magnitude of the
low frequency G′ plateau that fits poorly. Also, its
concentration dependence is much weaker than the
predicted scaling with a power of 2.25. This makes the
reptation of single chains an unlikely cause for the
storage modulus plateau at low frequencies.

4.4. Two Types of Associations. Another possible
reason for the occurrence of two distinct relaxations
could be a variability in the stickers present on the guar
chains. It has been suggested that a minimum number
of six free backbone units in a row is needed to form a
stable bond.15 Following this reasoning, it is conceivable
that stronger bonding is achieved for an increased
number of subsequent bare backbone units. In the
simplest case, this situation could be represented by a
two-sticker model. Therefore, we will now discuss a

Table 6. Predicted Minimal Scaling Behavior for
Associative Polymer Solutions without Entanglementsa

associative polymer scaling Mw c

η0 g0.89 (5.8) g4 (4.5)
GG′)G′′ g0.89 (0) g4 (1.8)
τG′)G′′ g0.63 (6.7) g1 (2.7)

a Numbers in parentheses indicate experimental values. See
text for further details.

τ ∼ c̃3.2M̃2 (8)
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recently developed model in which two types of physical
bonds cause two different relaxation possibilities.17,34

In these models, it is assumed that the polymer chains
contain regularly spaced association sites (stickers),
which are available for physical bonding. In solution a
transient network is formed, of which the dynamics is
governed by the breakup and forming rates of the bonds.
Equality between these rates (detailed balance) defines
a steady state. All stickers are considered to be present
in one and the same network (as illustrated in Figure
14).

An important ingredient of the model (and also an
improvement compared to earlier models) is that the
connectivity of the chains is taken into account. All
network strands that are enclosed between two bonded
stickers are modeled to carry stress. Here the bonded
stickers may be provided by any of the association sites
located on the same chain. Chain strands that become
part of loose ends, are supposed to release their stress
instantaneously. Chain parts not constituting loose ends
are supposed to carry stress due to their confinement
in virtual tubes. Here the tubes represent the topological
constraints imposed by the other chains in the network.
Because of the introduction of these concepts, the
predicted relaxation spectrum shows a dependency on
the number of stickers per chain Nst (which has the
molecular weight as its experimental counterpart). Both
τG′)G′′ and the broadness of the time spectrum are
predicted to increase with Nst.

It is now a simple matter to qualitatively explain the
predicted relaxation behavior of this model. In a step-
strain experiment, all chain strands that are enclosed
between two bonded stickers will be stretched and will
take preferred orientations. Subsequently, stress will
be released via the breakup of bonds as explained above.
First, stress will be released on the shortest time scale
of breaking the weak bonds. What remains after this
relaxation is the stress of the network held together by
the strong bonds. The breakup time of these bonds is
longer, and in case the two breakup times are very
different, the relaxation behavior will resemble that of
Figure 14.

Two important model quantities that lend themselves
to a comparison with experimental results are the
breakup time(s) and the number density of bonds. The
former quantity can be identified as proportional to the
relaxation time whereas the latter is proportional to the
storage modulus plateau. To calculate them, the breakup
and forming rates (h and g) need to be specified. We
would like to point out here that the dependencies of
these rates on experimental variables (like the temper-
ature and concentration) are not specified by the model
itself, and hence need to be separately introduced.

A concentration dependence for h and g can be
incorporated by assuming that breakup is an indepen-
dent process and that the formation of a bond involves
a random encounter of two stickers. In that case h ∼
n•• and g ∼ no

2 with no and n•• the number densities of
open stickers and closed sticker-pairs, respectively. The
steady state is then characterized by a chemical equi-
librium constant, i.e.

where x is the fraction of bonded stickers. N is the total
number density of association sites (irrespective of
whether they are bonded or not) and is proportional to
the polymer concentration. Recalling that the relaxation
strength G′ is proportional to the number density of
bonds Nx, it is easily verified that G′ ∼ N2 for small K
(x , 1) whereas G′ ∼ N for large K (x ≈ 1).

The temperature dependence of h and g can be
modeled with Arrhenius equations (like eq 2). The rates
are then expressed in their respective activation ener-
gies (Eb for breakup, Ef for forming) and the tempera-
ture. Combining this proposed temperature dependence
with the proposed concentration dependence, the equi-
librium constant K would scale as

Figure 13. Snapshot of a polymer showing hindered reptation (left) and the corresponding predictions for the relaxation behavior
(right). The dots are the surrounding polymers.

Figure 14. Cartoon of a transient network with strong and weak physical bonds (left), and the corresponding predictions for the
relaxation behavior (right).

n••

no
2

)

1
2
Nx

N2 (1 - x)2
) K (9)

K ∼ e(Eb-Ef)/kT (10)
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The dependence of the relaxation time upon the molec-
ular weight (in terms of the model: Nst) cannot be chosen
but is defined by the model. This dependence is quali-
tatively an increasing convex function. Figure 15 shows
a typical result of this dependence. It can be seen that
the local slope depends strongly on the number of
stickers per chain.

Comparing these predictions to our experimental
data, we see in both cases two storage modulus plateau
zones together with the broad relaxation spectrum. Also
the dependence of τG′)G′′ upon the number of stickers
per chain (Figure 15), matches qualitatively with its
experimental counterpart (in Figure 9b): increasing and
slightly convex. Assuming that six free backbone units
are needed to form a stable weak bond15 and that the
galactose units are placed randomly on the backbone
chain, the number of stickers on the chain is of order
10, but is difficult to pinpoint precisely. The local scaling
power of roughly 3.0 for 10 stickers per chain is
obviously low compared to the observed 6.7, but as
mentioned above, the slope depends strongly on the
number of stickers, which could only be roughly esti-
mated.

The found scaling power with concentration of 1.8 for
the experimental high frequency G′ plateau lies in
predicted range and is close to 2.0 as predicted from eq
9: G′ ∼ N2 for x , 1.

The scaling of the low frequency G′ plateau with
concentration and temperature is less satisfactorily
described by the model supplemented with the afore-
mentioned description for chemical equilibrium. The
weak concentration dependence as evidenced by Table
4 lies below the lower limit predicted by eq 9, i.e. G′ ∼
N for x ≈ 1. To explain the strong temperature depen-
dence of the low frequency G′ with eqs 9 and 10, it would
be required that Eb

strong > Ef
strong; in other words, the

bonded state should have a higher energy than the free
state. This is qualitatively different for the weak bonds.

Perhaps a more plausible assumption would be, to
consider the weak and strong bonds to have a different
nature. For example the weak bonds may be hydrogen
bridges whereas the strong bonds could be of a hydro-
phobic nature. Hydrophobic bonds cannot be character-
ized by an activation energy that is more or less
independent of temperature, but instead they may a
show a strongly increased tendency to bonding when
the temperature is raised.16

Summarizing, the two-sticker model of stickers is
capable of successfully describing several observations,

like the two storage modulus plateau zones and the
temperature dependence. The flexibility of the model
with respect to the choice for the creation and annihila-
tion rates makes it both versatile and more difficult to
corroborate or falsify. The concentration dependence of
the storage modulus plateau at low frequencies remains
difficult to understand.

5. Discussion

In this paper, we presented the linear rheological
behavior of guar gum solutions. Comparing our experi-
mental results to earlier work, no discrepancies are
found. However since we investigated the moduli down
to 10-4 Hz, we were able to observe the second storage
modulus plateau zone at low frequencies. The extensive
mapping of the concentration and molecular weight
dependence allowed us to compare the experimental
results with microrheological models. In this section,
two subjects that arise from this comparison are dis-
cussed. First we discuss some (not yet worked out)
model concepts that may lead to comparable predictions.
Second, we make some remarks about guar gum as a
model system and comment on the need to obtain
additional information about the mesoscopic structure.

5.1. Other Model Concepts. Comparison our ex-
perimental data on guar gum with different microrheo-
logical models has shown that existing models can
predict qualitatively only parts of the observed behavior.
This was not unexpected, since the models are based
upon idealizations that are needed for simplicity which
do not apply to guar gum solutions. However, from this
comparison it became clear that not even a part of the
frequency behavior is described by the reptation model
and that physical bonds are needed most likely for
explaining the complex overall behavior.

From the predictions of the different associative
polymer models we can conclude that the picture of
having two types of stickers with a clearly different
bonding behavior (different energies needed for breakup
and forming) leads to the closest match with the
experiments. Sticking to the concept of having two
different relaxation mechanisms, determined by differ-
ent physical bonds, we can also think of other (not yet
developed) model ideas. An important difference be-
tween these ideas and the model presented in section
4.4 is that only a few strong bonds (and no weak bonds)
are assumed to be present per chain.

Assuming a few strong bonds would lead to large
polymer structures, more or less comparable to star
polymers. For star polymers also two storage modulus
plateau zones have been reported by Pakula et al.,25

Vlassopoulos et al.,33 and Kapnistos et al.18 They
compared their experimental results to predictions from
Milner and McLeish22 for starlike polymers and found
an extra storage modulus plateau at low frequencies.
To explain this, a mesoscopic structuring of the star
polymers was proposed, similar to that of dense colloidal
particle systems. The central parts of stars with a high
number of arms are then considered as cores occupying
a volume excluded for elements of neighboring stars.
Because of this, the centers of mass of these stars show
distinct positional correlations in the sense of a con-
figurational distribution function. The free energy stored
in this configuration then causes the storage modulus
plateau at low frequencies.

When we assume that, in our experimental system,
polymer chains form a few strong physical bonds with

Figure 15. Typical result of the dependence of the mean
relaxation time on the number of stickers per chain, according
to the model of Jongschaap et al. in the case that K ) 1.
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a very long lifetime, these bonds will cause the forma-
tion of large structures, similar to polymer stars but
with nonlinear and nonmonodisperse polymer arms.
These structures will also show slow structural rear-
rangements on a long time scale, caused either by the
breakup of strong bonds or via a diffusive relaxation of
the mass centers of these “stars”. On a short time scale,
the classical arm retraction mechanism will be observed
(reptation of stars) which causes the storage modulus
plateau at high frequencies. Figure 16 shows an ex-
ample of such a starlike polymer structure.

This model idea would predict two storage modulus
plateau zones and a very broad relaxation spectrum
(belonging to the arm retraction mechanism), since the
distribution of starlike arms will clearly be polydisperse.
When we assume that the via strong physical bonds
formed stars do have only a few arms (4-6) we can
predict a strong molecular weight dependence for the
relaxation time and the zero shear viscosity since they
already show an exponential behavior upon the molec-
ular weight for “normal” starlike polymers.7 In fact,
Lusignan et al.21 measured in 1999 the viscosity of
randomly branched polymers as a function of the
molecular weight of the linear polymer chain arms. They
found a scaling of 6.0 where we found a scaling of 5.8 (
0.2. In the case that the long time scale process is caused
by the breakup of strong (hydrophobic) bonds, the found
temperature dependence for the storage modulus pla-
teaus at low frequencies can be predicted qualitatively
(see section 4.4).

So, although the two-sticker model (discussed in
section 4.4) predicts qualitatively many of the observed
phenomena, other model concepts which predict quali-
tatively the same behavior are also conceivable. At
present, we cannot make a sharp distinction between
these. A very suitable experiment for getting a sharper
focus would be to remove part of the galactose side
groups by means of enzymatic modification (and study
the rheological consequences). In case the relaxation
between 0.1 and 10 Hz would involve the breakup of
hydrogen bridges, modest changes in G′(ω) are expected.
But in the case of starlike reptation of loose ends, the
length distribution of these ends may change signifi-
cantly, giving rise to more noticeable changes in G′(ω).
These experiments will be done in a future study.

5.2. The Mesoscopic Structure. Although the fre-
quency spectrum between 0.1 and 10 Hz is easily
characterized regarding the dependencies on experi-
mental variables (time-temperature and time-concen-

tration superposition), the shape of the spectrum and
the relaxation strengths can be only qualitatively
mapped with existing microrheological models. The
behavior at lower frequencies is more difficult to un-
derstand and describe, since here the relaxation times
are difficult to probe.

Our primary goal was, however, to understand and
describe the linear rheological behavior of guar gum.
Our systematic investigation of the dependencies on T,
c, and M have made it possible to rule out classical
relaxation mechanisms. However, pinpointing alterna-
tive mechanisms that are in agreement with all obser-
vations is difficult. The identification of associative sites
as the mechanism responsible for stress relaxation at
low frequencies was made on the basis of exclusion of
other possibilities, combined with chemical information.
And it is the models with the lowest specificity that best
survive the comparison with experimental data. On one
hand, this reflects that the state of art in modeling has
not proceeded far enough for covering the complex and
diverse behavior of associative polymers. On the other
hand, it underlines the need for information in addition
to rheological data.

Additional experiments aimed at understanding the
chemistry or elucidating the structure may further
guide interpretation and modeling. It is however dif-
ficult to find suitable techniques for characterizing the
guar. However, scattering experiments like SANS may
help to obtain more information about the internal
structure and to understand the mesoscopic structure.

6. Conclusions

From our extensive investigation of the rheological
behavior we can conclude that at high frequencies guar
gum (>100 Hz) solutions show Rouse behavior. At lower
frequencies, guar gum shows two storage modulus
plateau zones and a very broad relaxation spectrum (at
the high storage modulus plateau) which is not caused
by polydispersity.

Guar gum shows very strong scaling behavior with
molecular weight and polymer concentration as can be
seen in Table 3. Recent investigations demonstrate that
associative polymer systems generally show strong
scaling behavior, comparable to our observations. The
exception from these strong scalings is the scaling of
the storage modulus plateau zones. The plateau at high
frequencies scales as predicted by reptation. Still, the
scaling lies also in the range of what can be expected
by assuming physical bonds. The plateau at low fre-
quencies however scales very weak with the concentra-
tion and the molecular weight and it is not clear what
causes this weak dependence.

Comparison with different microrheological models
showed that two or more relaxation mechanisms are
needed for explaining this complex behavior. The clas-
sical reptation model cannot even predict a part of the
observed frequency behavior, and at least one type of
physical bonds is needed for obtaining qualitatively
correct predictions. However it was not possible to
discriminate between the model ideas of two types of
associations (section 4.4) and starlike structures caused
by strong physical bonds (section 5). For a better
understanding of the relaxation mechanisms that cause
the rheological behavior of guar gum solutions, more
information would have to be obtained about the in situ
mesoscopic structure. This could make a more specific
modeling both feasible and appropriate.

Figure 16. Large starlike reptating structures, formed by
physical bonds. The dots present the surrounding polymer
chains.
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List of Symbols

a ) parameter of the reptation model which is of order of
the mesh size of the network (m)

aT ) frequency multiplication factor
c ) polymer concentration (g/L)
c* ) critical concentration (g/L)
cg ) gel concentration (g/L)
cg

0 ) value of cg at reference molar mass Mo (g/L)
c̃ ) c/cg

0

Eap ) apparent activation energy (kT)
Eb ) activation energy for breakup (kT)
Ef ) activation energy for forming (kT)
f ) frequency (Hz)
G′ ) storage modulus (Pa)
G′′ ) loss modulus (Pa)
G0 ) storage modulus plateau (Pa)
g ) forming rate (1/s)
h ) breakup rate (1/s)
hc ) Huggins coefficient
k ) Boltzmann constant
kMH ) Mark-Houwink constant (L/g)
K ) chemical equilibrium constant
L ) contour length of the primitive chain (m)
Mw ) weight-average molecular weight (Da)
M0 ) reference molar mass (Da)
M̃ ) M/M0

n•• ) number density of closed sticker pairs (m-3 )
no ) number density of open stickers (m-3 )
N ) number density of association sites (m-3 )
Nst ) number of stickers per chain
Nc ) numer of chains per unit volume (m-3 )
T ) temperature (K)
Tref ) reference temperature (K)
x ) fraction of bonded stickers
z ) 0.225
R ) Mark-Houwink constant
γ̆ ) shear rate (1/s)
η ) steady shear viscosity (Pa s)
η* ) complex viscosity (Pa s)
η′ ) dynamic viscosity (Pa s)
η0 ) zero shear viscosity (Pa s)
ηs ) solvent viscosity (Pa s)
[η] ) intrinsic viscosity (L/g)
ηred ) reduced viscosity (L/g)
ν ) 0.59
τ ) relaxation time (s)
τG′)G′′ ) characteristic relaxation time (s)
ω ) angular frequency (rad/s)
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