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ABSTRACT: The interactions between poly(N-isopropylacrylamide), PNIPAM, and poly(sodium acrylate)
hydrophobically modified with octadecyl groups, HMPA, in aqueous solutions, were studied by using
viscometry and turbidimetry. The viscosity of mixtures of the two polymers, at 25 °C, may be several
orders of magnitude higher than the viscosity of the corresponding mixtures of PNIPAM with the
unmodified precursor poly(sodium acrylate). The higher the modification degree of the HMPA, the greater
the viscosity enhancement. Furthermore, increasing the molar mass of PNIPAM leads to a more
pronounced viscosity increase. The elevation of the phase separation temperature of PNIPAM in the
PNIPAM/HMPAmixtures reveals, also, the development of interactions between the two polymers. These
interactions are temperature-dependent, and a thermothickening behavior has been observed with
increasing temperature.

Introduction
Aqueous formulations exhibiting high viscosities at

rather low concentrations of dissolved materials find
uses in a wide variety of applications: pharmaceuticals,
cosmetics paints, enhanced oil recovery, etc.1,2 Such
formulations often contain, among others, hydrophobi-
cally modified water-soluble polymers (HMWSP). These
polymers are based on a hydrophilic backbone, ionic or
nonionic, to which some small amounts of very hydro-
phobic groups (long alkyl chains, for instance) have been
attached. The interesting feature of HMWSP is their
ability to produce highly viscous aqueous solutions
above a threshold polymer concentration, C°. This
viscosity enhancement, much higher than the viscosity
of the unmodified precursor under the same conditions,
is due to the strong tendency of their hydrophobic parts
to form intermolecular aggregates in aqueous solu-
tions.3-10

To improve the performance of these polymers, a
small amount of surfactant may be used. The surfac-
tant self-assembles around the hydrophobic parts of the
HMWSP, creating mixed micelles.11-22 The mixed
aggregates may cross-link several HMWSP chains,
depending on the relative polymer and surfactant
concentrations. At constant polymer concentration, the
viscosity first increases upon addition of surfactant,
passes a maximum, and finally decreases. At high
surfactant concentrations the mixed aggregates contain
mainly surfactant molecules and only a few alkyl groups
belonging essentially to the same HMWSP chain, rend-
ing the connectivity of the physical network looser.11,12,13,17
HMWSP adsorb also on hydrophobic surfaces and can
be used as stabilizers of hydrophobic particles1,23,24 and
of membrane proteins25 in aqueous solution.

Another way to improve the rheological properties of
such systems is by mixing two, appropriately chosen,
HMWSP. The mixed aggregates formed between the
alkyl groups of the two polymers lead to viscous solu-
tions, like in the case of HMWSP/surfactant mixtures.
Here again the rheological behavior (and the phase
diagram) depends on the mixing ratio, i.e., on the
efficiency of the formed hydrophobic cross-links.26

To our knowledge, the possibility of hydrophobic
interactions between a HMWSP and a homopolymer
exhibiting a lower critical solution temperature (LCST),
like for instance poly(N-isopropylacrylamide), PNIPAM,
has not been yet regarded, although it is possible to
reveal interesting rheological phenomena. PNIPAM is
maybe the most broadly studied LCST behaving water-
soluble polymer.27 Although it is soluble in water at
low temperatures, its solubility decreases rapidly upon
heating and, at =33 °C, it phase separates in a concen-
trated polymer solution in equilibrium with a dilute,
essentially aqueous, phase. Therefore, PNIPAM has
some inherent hydrophobicity and interacts with sur-
factants, like sodium dodecyl sulfate (SDS), forming
polymer/surfactant complexes. These aggregates pro-
vide charges to the PNIPAM chains which, as a conse-
quence, expand and the viscosity increases.28-30 In
addition, an elevation of the cloud point of PNIPAM is
observed.31,32

In this study we report on the interactions between
PNIPAM and poly(sodium acrylate) derivatives hydro-
phobically modified with octadecyl groups, HMPA.
Special attention has been paid to the effect of the
modification degree of HMPA and of the molar mass of
PNIPAM on the rheological properties of the mixtures.

Experimental Section

Polymers. The origin of poly(sodium acrylate), the modi-
fication reaction for the synthesis of the HMPA samples, and
their characterization have been described elsewhere.33,34 The
modified polymers contain 1 mol %, 3 mol %, and 5 mol % of
octadecyl side groups randomly anchored onto the polymer
chain. They are denoted xC18, with x ) 1, 3, or 5, respectively.
For the sake of uniformity, the unmodified precursor poly-
(sodium acrylate) will be referred in the text as 0C18. The
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polymerization degree of all these derivatives is ≈2000. As
they are used in the sodium salt form, the pH of their aqueous
solutions is pH > 8.
The polyacrylamide, PAM, synthesis and characterization

were described elsewhere.35 Its molar mass, estimated by
viscometry, is 1.1× 105 g mol-1 (polymerization degree≈1500).
PNIPAM samples were prepared by radical polymerization

in aqueous solutions, using the redox couple (NH4)2S2O8/
Na2S2O5 as initiator. Details on the synthesis are given
elsewhere.29 By changing the Na2S2O5 to monomer ratio, we
have obtained three samples of weight average molar mass
3.8 × 104, 3.0 × 105, and 6.5 × 105 g mol-1. The molar mass
was determined by size exclusion chromatography using the
universal calibration method based on polystyrene standards
TSK. A Waters 150-CV+ apparatus equipped with four
Waters Ultra Styragel columns, thermostated at 40 °C, was
used.36 The elution solvent was tetrahydrofuran. Hereafter
these samples will be referred to as PNIPAM-38, PNIPAM-
300, and PNIPAM-650, respectively.
Rheology. For the more viscous solutions, viscosity experi-

ments were performed with a Carri-Med controlled stress
rheometer equipped with a cone and plate geometry. For the
less viscous solutions a Contraves LS-30 viscometer was used.
The constant temperature experiments were performed at 25.0
( 0.1 °C. For the temperature scan experiments the Carri-
Med controlled stress rheometer was used with an increasing
temperature gradient of 1°C/min. In all cases, the viscosity
at a shear rate of 10 s-1 is reported.
Turbidimetry. Turbidimetry experiments were performed

using a thermostated water bath equipped with a magnetic
stirrer. The cloud point temperature was determined by
simple visual observation upon heating and cooling the sample.
The heating/cooling rate was 0.5 °C/min. Repeated scans at
much lower heating rates were performed close to the cloud
point temperature. The accuracy of the reported values is
better than 0.2 °C.
Sample Preparation. First, stock solutions of the various

polymers in water were prepared. Water was purified with a
Millipore system, combining inverse osmosis membrane (Milli-
R) and ion exchange resins (Milli-Q). For both rheology and
turbidimetry experiments, polymer mixtures were prepared
by mixing the appropriate volumes of the corresponding stock
solutions. The measurements were performed at least 24 h
after mixing.

Results and Discussion
Rheology. Effect of Polymer Hydrophobicity.

The viscosity behavior for mixtures of PNIPAM-300
with the various xC18 samples at T ) 25 °C and shear
rate 10 s-1 is presented in Figure 1. The total polymer
concentration is 13 g L-1 for the mixtures containing
0C18 and 3C18 and 10 g L-1 for the mixture with 5C18.
The results are presented as a function of the xC18
weight fraction, WxC18:

where mxC18 and m2 are the masses of xC18 and
PNIPAM, respectively, in the mixture.
Poly(sodium acrylate), 0C18, is a highly hydrophilic

polymer, and it has been shown that it does not exhibit
any special attractive interaction with the PNIPAM, at
least at pH > 7.37 Indeed, for the mixtures of 0C18 with
PNIPAM the viscosity curve varies regularly within the
values of the two pure components at the same concen-
tration. The deviation from linearity is due to the
polyelectrolyte nature of 0C18, which applies a faster
increase in viscosity for the lower concentrations of this
polymer (lower WxC18 values). For comparison, the
viscosity curve of pure 0C18 in water is also shown,
corresponding to 0 e C0C18 e13 g L-1 (dotted line).

When 0C18 is replaced by 3C18 or 5C18, we observe
a considerable viscosity enhancement, which is very
pronounced for mixtures rich in xC18,WxC18 g 0.5. That
reminds us of the rheological behavior of xC18 mixtures
with micelles or proteins, where a pronounced viscosity
maximum (or even gelation) is observed at compositions
rich in xC18.12,21,38 The hydrophobic character of
PNIPAM is quite important at T ) 25 °C, as this
temperature is close to its LCST (=34 °C for our
samples). It is now well established that due to this
hydrophobic character PNIPAM associates rather
strongly with surfactants while more hydrophilic poly-
mers, like PAM, do not. Therefore, the formation of
mixed aggregates between the highly hydrophobic C18
groups of our polymers and the PNIPAM chains is quite
expectable. In some way, the PNIPAM chains play the
role of the hydrophobic or amphiphilic nuclei, onto which
the C18 groups aggregate. The PNIPAM and HMPA
chains are therefore cross-linked via the mixed ag-
gregates (Chart 1). On a macroscopic scale, this is
revealed by the spectacular viscosity increase. Of
course, the cross-linking efficiency depends on the
HMPA/PNIPAM ratio.
The other interesting information we get from Figure

1 is the effect of the hydrophobic substitution of HMPA.
5C18 is, by far, more efficient than 3C18, despite the
fact that the total polymer concentration is lower for
the 5C18/PNIPAM-300 system (10 g L-1) than for 3C18/
PNIPAM-300 (13 g L-1). On the other hand, 1C18 does
not show any viscosity enhancement when mixed with

WxC18 )
mxC18

mxC18 + m2
(1)

Figure 1. Variation of the viscosity of PNIPAM-300/xC18
mixtures with the mixture composition. (T ) 25 °C): (O) 0C18;
(0) 3C18; (4) 5C18. The total polymer concentration is 13 g
L-1 for the mixtures PNIPAM-300/0C18 and PNIPAM-300/
3C18 and 10 g L-1 for the mixtures PNIPAM-300/5C18. The
dotted line represents the viscosity behavior of a pure 0C18
aqueous solution in the absence of PNIPAM-300 but at the
same concentration as the actual 0C18 concentration in the
corresponding mixtures.
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PNIPAM-300 and follows the same curve as 0C18 (data
not shown). It is obvious that by increasing the C18
content of the HMPA polymers, we increase their
hydrophobic character. In the pure HMPA solutions,
this is revealed by a decreasing C° (the threshold
polymer concentration for aggregation) and, at C > C°,
by a greater viscosity enhancement as a function of C.
According to previous studies, C° ≈ 3%, 1%, and 0.3%
for 1C18, 3C18, and 5C18, respectively.33,39 Under the
experimental conditions used here, 1C18 is well below
its C° and has no tendency to form aggregates, 3C18 is
close to C°, especially for W3C18 > 0.5, while 5C18 is
above C° essentially for all theW5C18 studied. It seems,
therefore, that there is a qualitative correlation between
the tendency of xC18 to form hydrophobic aggregates
and its capacity to associate with PNIPAM. Again, we
can note the similarity in behavior with other mixed
systems containing HMPA for which the viscosity
enhancement was found to increase when the hydro-
phobic substitution of HMPA increases.11,12,18,22,38
Effect of PNIPAMMolar Mass. Figure 2 presents

the viscosity of mixtures of 3C18 with PAM and with
three PNIPAM samples. The same conditions as in
Figure 1 are used. The total polymer concentration is
13 g L-1 for all the mixtures. As expected, the highly
hydrophilic PAM does not exhibit any viscosity enhance-
ment when mixed with 3C18. Similarly to the 0C18/
PNIPAM system, the viscosity curve varies regularly
within the values of the two pure components. It has
been well established that poly(sodium acrylate) does
not associate with PAM under the pH conditions used
in this study, pH > 7.35
On the other hand, Figure 2 clearly shows the effect

of PNIPAM molar mass. The higher the molar mass,
the more pronounced the viscosity enhancement. By
increasing the molar mass, each PNIPAM chain can
form an increased number of mixed aggregates with
several 3C18 chains, which results in a more efficient
cross-linking of the system and therefore a higher
viscosity.
Effect of Temperature. Another way to monitor

the hydrophobic interactions between PNIPAM and the
HMPA samples is by varying the temperature. In
Figure 3 we have plotted the viscosity of PNIPAM-650,
of 3C18, and of two mixtures of these polymers atW3C18
) 0.75 and W3C18 ) 0.90 as a function of the tempera-
ture. The total polymer concentration for all solutions
is 13 g L-1, and the shear rate, 10 s-1. For the two pure
polymer solutions we observe a normal Arrhenius

behavior; i.e., there is a continuous viscosity decrease
as the temperature increases. On the contrary, the
temperature dependence of the viscosity for the two
polymer mixtures is completely different. Although
initially, at T = 10 °C, the viscosity is rather low, it
increases considerably as T increases, until the tem-
perature reaches about 25 °C. At higher temperatures,
the viscosity is rather constant or decreases slightly. At
an even higher temperature we observe a rapid viscosity
decrease in a temperature interval of =5 °C. Simulta-
neously, the viscosity measurements start to exhibit
fluctuations, indicating that now PNIPAM phase sepa-
rates from the solution. Indeed, the onset of this rapid

Chart 1. Schematic Representation of the Proposed
Association Mechanism between PNIPAM and

HMPAa

a The C18 side groups of HMPA adsorb onto the PNIPAM
chain and form mixed aggregates that cross-link the system.
Note that this illustration is not intended to be drawn to scale.
Especially the size and the composition of the mixed ag-
gregates are still unknown. Key: (solid line) HMPA; (dashed
line) PNIPAM.

Figure 2. Variation of the viscosity as a function of the
mixture composition for mixtures of 3C18 with PAM (O),
PNIPAM-38 (0), PNIPAM-300 (4), or PNIPAM-650 (3). T )
25 °C. The total polymer concentration is 13 g L-1.

Figure 3. Temperature dependence of the viscosity of the
polymers PNIPAM-650 (O) and 3C18 (4) and of PNIPAM-650/
3C18 mixtures at two mixture compositions, WxC18 ) 0.75 (3)
and WxC18 ) 0.90 (0). The total polymer concentration is 13 g
L-1, and the shear rate, 10 s-1.

Macromolecules, Vol. 30, No. 26, 1997 Hydrophobic Interactions of PNIPAM and HMPA 8295



viscosity decrease coincides well with the phase separa-
tion temperature observed visually (see also Figure 4),
at least for the PNIPAM richer mixtures where we could
observe visually the cloud point of the solution.
The clear thermothickening behavior at lower tem-

peratures is probably the most interesting feature of
these curves. However, the exact interpretation of this
phenomenon is not easy. We must note that it takes
place in a temperature region not much lower than the
LCST of PNIPAM where the hydrophobic character of
PNIPAM increases drastically with temperature, re-
sulting in a more efficient cross-linking between the two
polymers and therefore a higher viscosity. A similar
increased association as a function of temperature was
observed for PNIPAM/SDS mixtures.29,40 Finally, note
that the thermothickening behavior of HMPA/PNIPAM
systems is reversible and essentially the same curves
were obtained when decreasing temperature scans were
applied to these systems.
The question to answer now is why does the viscosity

level off, and even decrease, above a given temperature?
To the strengthening of the hydrophobic interaction,
which tends to increase the viscosity, is superimposed
the normal Arrhenius behavior, which decreases the
viscosity as a function of T. The resulting apparent
viscosity of the mixture can therefore be considered as
a result of these two opposite acting mechanisms.
Moreover, when the critical temperature is approached,
the dimensions of the PNIPAM coil decrease, as re-
flected by the decrease of the hydrodynamic radius.41
That possibly affects the composition and the number
of the mixed aggregates formed per PNIPAM chain,
which in turn should influence the system behavior.
Nevertheless, the exact contribution of this last effect
on the viscosity of the mixture is not obvious to estimate.
The thermothickening behavior observed here is

rather unusual and has been reported only for a small
number of systems. The most common examples offer
the comb or block copolymers consisting of a backbone
(or main block) that is very hydrophilic and bear grafts
(or blocks) exhibiting LCST behavior. At temperatures
close to the LCST, the tendency of the LCST parts to
phase separate induces the formation of intermolecular
aggregates that cross-link the polymer chains. Never-
theless, the system still remains one phase because of
the hydrophilic parts of the polymer (backbone or
blocks). The final result is a reversible thermothick-
ening (or thermogelling) behavior, as at temperatures
lower than the LCST no aggregates are formed.42-46 The
same principle holds also for some polymer/surfactant
mixtures, where the thermothickening behavior is due
either to the polymer47 or to the surfactant temperature
sensitivity.48

Turbidimetry. The variation of the cloud point of
HMPA/PNIPAMmixtures gives additional evidence for
the development of interactions between the two poly-
mers. In Figure 4 we have plotted the phase separation
temperature of the mixtures of PNIPAM-650 with 3C18
or with the precursor 0C18, as a function of the mixture
composition,WxC18. The total polymer concentration is
always 13 g L-1. For the 3C18/PNIPAM-650 mixtures
we have superimposed the data of the phase separation
temperature determined by viscosity, as described in
Figure 3.
For the sake of comparison we have also plotted the

cloud point of PNIPAM-650 solutions in the absence of
xC18 but at the same concentration as the actual
PNIPAM-650 concentration in the mixtures. As ex-

pected, it is almost constant (about 34 °C), depending
only slightly on the polymer concentration.49,50 Addition
of the unmodified poly(sodium acrylate), 0C18, to the
PNIPAM solutions leads to a continuous decrease of the
cloud point asWxC18 increases. The influence, therefore,
of 0C18 on the phase separation temperature of
PNIPAM-650 corresponds, as expected, to the addition
of salt to the PNIPAM solutions. For most salts, the
LCST decreases continuously as the salt concentration
increases.48

The charge density of 3C18 is practically the same
as for 0C18, leading to the plausible supposition that
the above mentioned salt effect should be the same as
for 0C18. Nevertheless, if it still takes place, this is
happening only in the PNIPAM rich mixtures and at
W3C18 > 0.3 it starts to be less pronounced than in the
corresponding 0C18/PNIPAM-650 mixtures. In addi-
tion, for the 3C18-rich mixtures (WxC18 > 0.8) we observe
a rather significant elevation of the phase separation
temperature. We can note here that this composition
region corresponds to the high-viscosity region in Figure
2.
The curve of the 3C18/PNIPAM-650 system strongly

reminds us of the corresponding behavior of PNIPAM/
SDS mixtures and it can be explained in a similar way,

Figure 4. Variation of the phase separation temperature of
PNIPAM-300/0C18 (0) and PNIPAM-300/3C18 (O, b) mixtures
as a function of the mixture composition. The total polymer
concentration is 13 g L-1. Open symbols refer to the cloud point
determination by visual observation, and filled symbols refer
to the phase separation temperature revealed from viscosity-
temperature curves like in Figure 3. The dotted line (4)
represents the cloud point curve of a pure PNIPAM-300
aqueous solution in the absence of xC18 but at the same
concentration as the actual 0C18 concentration in the corre-
sponding mixtures.
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i.e., by assuming the formation of mixed hydrophobic
aggregates between PNIPAM and 3C18. This corre-
sponds to an indirect introduction of charges to the
PNIPAM chain, as 3C18 is a polyelectrolyte. The highly
hydrophilic units of 3C18 enable the solubility of the
PNIPAM above 34 °C. This can explain the elevated
phase separation temperatures at high WxC18. At low
WxC18, on the other hand, the HMPA does not associate
efficiently with all the PNIPAM chains. Thus, the
normal phase separation temperature was observed
and, in this region, the cloud point varies like in the
case of 0C18/PNIPAM-650 mixtures.

Conclusions

Both rheology and turbidimetry have revealed the
ability of PNIPAM to interact strongly with hydropho-
bically modified poly(sodium acrylate) in aqueous solu-
tions. This specific interaction is due to the hydrophobic
character of the two polymers: at 25 °C the hydropho-
bicity of PNIPAM is high, as this temperature is close
to its LCST, and the HMPA polymers, although they
are composed of the hydrophilic poly(sodium acrylate)
backbone, they contain also the highly hydrophobic octa-
decyl groups. The high hydrophobicity of both polymers
is a prerequisite for the development of attractive
interpolymer interactions. If poly(sodium acrylate) is
not hydrophobically modified, no association is observed.
The same holds when we use the hydrophilic polymer
PAM instead of PNIPAM.
The elevation of the phase separation temperatures

of the mixtures is similar to that observed when
PNIPAM is mixed with ionic surfactants, like SDS. This
similarity suggests that mixed hydrophobic aggregates
are also formed in the case of HMPA/PNIPAM systems,
involving the PNIPAM chains and the C18 groups of
the HMPA. These mixed aggregates act as cross-linkers
between the PNIPAM and HMPA chains and conse-
quently the viscosity of the mixtures increases.
The results of this study clearly show the interest of

using mixtures of amphiphilic polymers to improve the
rheological properties of aqueous formulations. Fur-
thermore, a thermothickening behavior can be obtained
if one of the polymers exhibits a LCST. Preliminary
results with other LCST polymers (poly(ethylene oxide),
hydroxypropylcellulose) confirm that the above de-
scribed behavior is quite general. Nevertheless, it is
obvious that further research is needed in order to
understand the details of the association mechanism
and to characterize the network and the aggregates
formed by those systems.
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