
The Effect of Molecular Weight on the
Behaviour of Step-growth Hydrophobically

Modified Ethoxylated Urethane (S-G HEUR)
End-capped with Dodecyl Alcohol

Two model thickeners of HEUR polymers were synthesized by step-growth poly-
merization of poly (ethylene oxide) (PEO) with dicyclohexylmethane diisocyanate
(H12MDI). First, the prepolymers were produced with different molecular weights by

changing the molar ratios of the initial reactants. Then, S-G HEUR model thickeners were
produced via reacting of the prepared isocyanate terminated prepolymers with mono-
functional dodecyl alcohol. In this way, two polyurethane based model thickeners were
obtained with different molecular weights arising from various hydrophilic lengths. The
response of these S-G HEUR thickeners in aqueous solutions to both steady shear and
oscillatory shear was determined. Considerable increases in thickening efficiency as
decreasing molecular weight of model thickeners were observed. Also dynamic meas-
urements verified the results obtained from the steady shear measurements about the
effect of molecular weight on the viscoelastic properties of aqueous S-G HEUR solutions.
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Hydrophobically modified ethoxylat-
ed urethanes (HEUR) are a well-
known class of associative thicken-
ers. These materials are divided in
two main groups of Uni-HEUR and
S-G HEUR. Uni-HEUR or HEURs
with narrow molecular weights are

synthesized by direct addition of a
monoisocyanate to PEO or the addi-
tion of a large excess of diisocyanate
to PEO and followed by the addition
of an alkyl amine to the terminal iso-
cyanate groups. But S-G HEURs or
HEUR thickeners with a distribution
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of molecular weights are produced by a step growth
process. These materials are prepared by reacting a
hydroxy-end-capped PEO with a diisocyanate and an
aliphatic alcohol [1,2].

Over the past few years, several major studies of
rheology of HEUR polymers in aqueous solution have
been reported [3-8]. The research has been carried out
in several areas, e.g. modelling of their viscoelastic
behaviour, interaction of HEUR with ionic and non-
ionic surfactants in aqueous solution [9-12]. 

The relationship between molecular weight distri-
bution and properties of HEURs was studied by May et
al. [13]. They synthesized two series of S-G and Uni-
HEURs with approximately similar molecular weights
of 20,000. It was concluded that, twice the concentra-
tion of broad molecular weight distribution HEUR was
required to achieve viscosities comparable to the nar-
row molecular weight distribution HEUR. Kaczmarski
and Glass investigated the influence of the ethylene
glycol spacer length between terminal hydrophobic
groups of a Uni-HEUR series with various hydropho-
bically modifications and molecular weight ranging
from 10,000-24,000 [14]. Also the properties of aque-
ous solution of model HEURs with molecular weight
ranging from 10,000 to 35,000 have been studied as a
function of concentration, molecular weight, tempera-
ture, and hydrophobic end-cap, but the details of syn-
thesis procedure, and raw materials’ specification such
as used PEO and diisocyanate, were not reported [15].
However, the solution properties of S-G HEUR models
with molecular weight less than 10,000 have not been
reported.

In this research work, the viscoelastic properties of
HEUR associative thickeners as a function of molecu-
lar weight below 8,000 were studied on two S-G HEUR
thickener models.

The models were synthesized via preparation of
prepolymers by the step-growth polymerization of
poly (ethylene oxide) (Mn= 6,000) with a proper
amount of dicyclohexylmethane diisocyanate
(H12MDI), with average molecular weight in the range
of 6,000-8,000. Then, the synthesized prepolymers
were fully end-capped with excess dodecyl alcohol.
Both steady shear and oscillatory flow measurements
were conducted to obtain the steady shear viscosity and
dynamic viscoelastic properties of the S-G HEUR
models.

EXPERIMENTAL

Materials and Methods
Poly (ethylene oxide) of molecular weight 6,000, dode-
cyl alcohol (C12H25OH), toluene and tetrahydrofuran
(THF) were supplied by Merck. Dicyclohexylmethane
diisocyanate (H12MDI) with trade name of Desmodur
W was used as received. The details of the synthesis
procedure were described in our previous work [16]. 

The rheological properties of HEUR models aque-
ous solutions were measured on a Paar Physica
rheometer model UDS 200, using a cone-and-plate fix-
ture with a 75 mm diameter, 2° angle cone. The dis-
tance of gap was 0.05 mm. The samples were protect-
ed from water evaporation by using a solvent trap dur-
ing the measurements. All rheology measurements
have been performed at 293°K. 

A standard procedure was used for all samples, to
ensure that the HEUR model solutions are subjected to
the same shear history. For the steady shear experi-
ments, an equilibration time of 10 s was given at each
shear rate to allow the system to reach steady state.

Dynamic viscoelastic properties of synthesized
model solutions were measured in the oscillatory shear
mode. The used frequency range was 0.06-314 Hz. The
shear strain was 20%, which was chosen so that the
measurement was carried out in the linear viscoelastic
region. From strain sweep measurements (f = 1 Hz, γ =
0.1-300%), the linear viscoelastic region was deter-
mined to be below 200% strain. In this region storage
and the loss modulus are independent of the applied
stress or strain.

RESULTS AND DISCUSSION

The molar ratio of initial reactants, number average
molecular weights and polydispersity indexes (PDI) of
synthesized S-G HEUR models are given in Table 1.
The molar ratios of OH/NCO were adjusted by weigh-

Table 1. Molecular weights of S-G HEUR models.

Thickener models OH/NCO Mn PDI

6-Dod

15-Dod

0.478

0.703

6204

7888

1.9

2.1
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ing the proper amounts of the reactants. The data of
molecular weights were obtained by gel permeation
chromatography(GPC), using a Gyukotek model pump,
and a “ERC 7512 (EKMA)” refractometer. Chloroform
was the mobile phase with a flow rate of 1 mL/min. A
Phenogel M 5 µm column with 60 cm length was used.
Polyethylene glycol (Polymer Labs) was used as uni-
versal calibration standards. 

The steady shear viscosity profiles as a function of
shear rate for aqueous solutions with various concen-
trations of S-G HEUR models 6-Dod and 15-Dod are
illustrated in Figures 1 and 2, respectively.

The aqueous solutions are divided into two groups,
medium and low viscosity due to differing of weight
percent of thickeners. All of the samples show New-
tonian behaviour, or shear rate independent viscosity at
low shear rates. There is another region at higher shear
rates, shear thinning for samples with higher viscosity.
In this section, the viscosity rapidly decreases with
increasing shear rate. The shear thickening is another
behaviour of S-G HEUR thickener solutions with
medium viscosity (6-Dod 1.5, 2, 2.5, 3, 4%, and 15-
Dod 5, 7%). Several theoretical models have been pro-
posed to describe the shear thickening behaviour in
HEUR solutions. They  fall  into  three  main  cate-
gories  as shear-induced  cross-linking, shear-induced
non-Gaussian chain stretching and network reorganiza-
tion [17]. The degree of shear thickening was reduced

with increasing viscosity levels. For example, the shear
thickening  in  the sample of  6-Dod  with  4% concen-
tration is too weak. In the samples with higher viscosi-
ty, the movement of the chains is very low, and hence it
is not possible for any shear induced or network reor-
ganization to take place.

By comparison between 4% solution of 6-Dod
(Figure 1) and 7% solution of 15-Dod (Figure 2), it
can be seen that, the lower concentration of 6-Dod
(4%) solution gives higher viscosity. It seems that 6-
Dod sample with lower molecular weight and shorter
hydrophilic sizes compared with 15-Dod, shows
stronger association network that improves the viscosi-
ty build-up and also viscosity profile sensitivity to
shear rate (all of the samples have constant hydropho-
bic section size), i.e. shear thinning is started at lower
shear rate for 6-Dod 4% solution.

The thickening efficiency is evaluated from the zero
shear viscosity [13-15]. The data were extracted from
the Newtonian plateaus, and are compared in Figure 3.
There are two important parameters in this typical
curve, critical association concentration and slope of
increasing viscosity with concentration. The critical
association concentration is the concentration at which
a macroscopic viscosity build-up is occurred. The value
of this parameter for 6-Dod model is half of 15-Dod
model. As already mentioned, with increasing S-G
HEUR model molecular weight, the relative sizes of

( x  )4% Conc., ( ) 3% Conc., ( ) 2.5% Conc., ( ) 2%

Conc., ( ) 1.5% Conc., ( ) 1% Conc.

Figure 1. The steady shear viscosity of S-G HEUR models at
various concentrations as a function of shear rate for 6-Dod
thickener model.

( x  ) 7% Conc.,  ( ) 5% Conc., ( ) 3% Conc.,( +   ) 2.5%

Conc., ( )2% Conc.; ( ) 1.5% Conc., ( ) 1% Conc.

Figure 2. The steady shear viscosity of S-G HEUR models at
various concentrations as a function of shear rate for 15-Dod
thickener model.
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the hydrophobic length to the hydrophilic length
decreases considering the constant terminal alkyl size.
Therefore, the extent of association is lower, and high-
er weight percent of the thickener models are required
for viscosity build-up to occur. Also, the rate or slope of
increasing zero viscosity versus concentration curve for
6-Dod is higher than 15-Dod. It seems the phase sepa-
ration rated in aqueous solution, related to the strength
and   uniformity of the network, is better for lower
molecular weight S-G HEUR models with constant
hydrophobic size. It was observed that the aqueous
solutions of S-G HEUR models show linear viscoelas-
tic behaviour for strain below 250%. Hence, the fre-
quency sweeps were carried out in the range of 0.01-
50 Hz at 200% shear strain. The storage and loss mod-
ulus as a function of the frequency for 6-Dod sample is
plotted in Figure 4 for various concentrations. The
same behaviour was shown for the 15-Dod model. The
S-G HEUR model solutions with weak viscosity build-
up did not show storage and loss modulus crossover.
Despite the differences in concentration, the oscillatory
behaviour was similar for all of the samples. The stor-
age modulus (Gí) asymptotes to a constant value at
high frequency. This plateau implies that the solution
behaves as an elastic body in this region. The infinite
storage modulus increases with increasing concentra-
tion. At low frequencies the solution behaves like a
Newtonian fluid, as shown in steady shear measure-
ments. Some authors have reported the storage and loss

modulus of HEUR associative thickeners generally fol-
low the single-relaxation Maxwell model [6, 18-20].
The relaxation time λ is an important parameter in
investigation of viscoelastic behaviour of polymer
solutions. In the present study, considering Maxwell
viscoelastic model, the relaxation times were obtained
from the intersection of the Gí and Gî curves. 

The number of elastically effective chains (ν) is the
other important parameters for investigation of associ-
ation system. The simple theory of rubber elasticity
was extended to transient networks by Green and
Tobolsky [21]. They started from a rubber like system
but assumed that the cross-links in the network are
weaker connections than covalence bonds. Then, they
predicted the magnitude of the plateau modulus Gω is
related to the number of elastically effective chains per
unit volume (V): 

Gω = gϑRT (1)   

where, g is a correction factor which is approximately
equal to unity for HEUR systems[12], ϑ is the number
of elastically effective chains per unit volume (mol. m-3),
R is the gas constant  and T is the temperature in
Kelvin.

All of the viscoelastic parameters, i.e. relaxation

( ) 6-Dod; ( ) 15-Dod.

Figure 3. The comparison of zero steady shear viscosity of
S-G HEUR models as a function of concentration (T= 20°C).

( )Gí 4%;( ) Gî 4%; ( ) Gí 3%; Gî 3%( ) Gí 2.5%;

( ) Gî 2.5%; ( ) Gí 2%; ( ) Gî 2%; ( x   ) Gí 1.5%;

( - )Gî 1.5%; ( ) Gí 1.0%; ( ) Gî 1%.

Figure 4. The storage and loss modulus (G’, G”) versus fre-
quency for 6-Dod model at γ = 0.2 and T= 20°C for different
concentrations.



times, infinite storage modulus and the number of elas-
tically effective chains per unit volume of S-G HEUR
models as a function of concentration are shown in
Table 2. The relaxation times of S-G HEUR model
solutions increase monotonically with concentration,
but the rate of increasing in the 6-Dod model is more
than 15-Dod model. Also, the number of effective
chains of S-G HEUR models increases with increasing
concentration as well. These results show, we have
stronger association network in 6-Dod model, and in
both models with increasing concentration of thicken-
er, resulted more effectively association network, that
presents higher efficient thickening system.

CONCLUSION

Two S-G HEUR models were synthesized by a step
growth polymerization with varying hydrophilic sizes
with a constant hydrophobe, which contributed with
dodecyl alcohol. The shear steady state viscosity meas-
urements demonstrated on S-G HEUR models show
two regions, Newtonian and shear thinning. Also, some
samples show another region, shear thickening. The
onset and the magnitude of shear thickening decreases
as concentration increases. It was observed the thicken-
ing efficiency decreases with increasing the length of
hydrophilic section, from 6-Dod to 15-Dod.

In oscillatory shear experiment, a good agreement
was found between the data and single-relaxation
Maxwell model. Then the relaxation time was calculat-
ed and compared. Also, the simple theory of rubber
elasticity was applied to calculate the number of elasti-
cally effective chains per unit volume. The obtained
data showed the similar phenomena with steady shear
viscosity measurement. It was concluded from both of
shear steady and oscillatory shear investigation, the

association strength could be varied by changing the
length of the hydrophilic section. With the lower length
of the hydrophilic section, the stronger association
strength is achieved for the constant length of the
hydrophobic section. 
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Table 2. Viscoelatic parameters of S-G HEUR models.

Viscoelastic 

parameters

6-Dod
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