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ABSTRACT: The association of positively charged copolymers based on N-isopropylacrylamide with a
hydrophobically modified poly(sodium acrylate) derivative, containing 3 mol % octadecyl groups,
PANa3C18, is investigated. The NIPAM-based copolymers, PNIPAMx, contain a fraction x of a positively
charged comonomer, 0 e x e 25 mol %. In PANa3C18/PNIPAMx aqueous mixtures the formation of mixed
octadecyl/PNIPAM hydrophobic aggregates is strongly reinforced by the electrostatic attractions between
the two polymers, leading to a pronounced viscosity increase. The maximum viscosity enhancement as
well as phase separation phenomena are observed at a roughly constant polymer charge ratio, regardless
of x. For PANa3C18/PNIPAM5 mixtures an important thermothickening behavior is observed, but this
thermothickening ability weakens as x increases. The gradual loss of thermosensitivity with increasing
x is also supported by fluorescence probing experiments and phase separation studies.

Introduction

Poly(N-isopropylacrylamide), PNIPAM, is a nonionic,
rather hydrophobic water-soluble polymer, extensively
studied over the past two decades and already finding
numerous “smart” practical applications.1,2 Basically,
the great interest in this polymer is due to its moderate
hydrophobic character, which is revealed by its lower
critical solution temperature (LCST) behavior in water.
PNIPAM is soluble in water at low temperature, but it
phase separates as soon as temperature exceeds 33 °C.3
The appearance of the two phases is accompanied by a
large turbidity, and for simplicity we usually determine
the cloud point, i.e., the temperature at which the
solution turns cloudy. The hydrophobic character of
PNIPAM is also revealed by its ability to associate with
anionic surfactants. The most studied are the mixtures
of PNIPAM with sodium dodecyl sulfate, SDS.4,5 The
formation of mixed PNIPAM/SDS aggregates introduces
intrachain electrostatic repulsions, leading to the in-
crease of the reduced viscosity of the polymer in dilute
solution6-8 and to the elevation of the cloud point upon
addition of SDS.4,5

The hydrophobically modified derivatives of poly-
(sodium acrylate) containing x mol % pendent octadecyl
groups, PANaxC18, are typical examples9-11 of hydro-
phobically modified water-soluble polymers, HMWSP.
In aqueous solution and above a threshold polymer
concentration, C°, the octadecyl groups of several poly-
mer chains form interpolymer hydrophobic aggregates.12

These aggregates cross-link reversibly the polymer
chains, and a transient network is formed. As a result,
the aqueous PANaxC18 solutions are highly viscous
when the polymer concentration exceeds Co.

It has been shown13 that we can further improve the
thickening properties of PANaxC18 derivatives even at
concentrations lower than or near C° by simply mixing
them with PNIPAM. Similarly to the PNIPAM/SDS

mixtures, the PNIPAM chains are the nuclei onto which
the octadecyl groups of various PANaxC18 chains are
“adsorbed”, forming mixed PNIPAM/octadecyl aggre-
gates. A viscosity gain of 3-4 decades may be observed,
depending on the mixture composition, the molecular
weight of PNIPAM, and the modification degree x of the
PANaxC18 samples. Moreover, as the hydrophobic
character of PNIPAM strengthens upon heating, a
significant thermothichening is also observed. Never-
theless, any thickening ability is lost when temperature
exceeds ∼40 °C, because PNIPAM chains become very
hydrophobic and separate out from water.13

The use of positively charged NIPAM-based random
copolymers, instead of the homopolymer PNIPAM, is
expected to alter decisively the thickening properties of
the corresponding mixtures with PANaxC18. Similarly
to the behavior of mixtures of oppositely charged hy-
drophobically modified polymers,14,15 the introduction
of strong electrostatic attractions between PANaxC18
and the NIPAM-based copolymers, in addition to their
tendency to form mixed hydrophobic aggregates, is
expected to greatly improve the thickening ability of
their mixtures. Moreover, the thermal sensitivity of
NIPAM-based copolymers will weaken as their charge
content increases. Indeed, the cloud point of random
NIPAM-based copolymers containing 5 mol % charged
groups is elevated at ∼50 °C, while the cloud point of
those containing 10 mol % charged groups is higher than
70 °C.16-18 This will significantly influence the ther-
mothickening ability of their mixtures with PANaxC18,
and the observation of new interesting features is
expected.

In this work, the investigation of the influence of the
charge content of positively charged NIPAM-based
copolymers on the behavior of their mixtures with
PANaxC18 is presented. The study is performed with a
sample of poly(sodium acrylate) containing 3 mol %
octadecyl groups, randomly anchored on the polymer
chain, denoted PANa3C18 (Scheme 1). The positively
charged comonomer of the NIPAM-based copolymers is
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the N,N-(dimethylaminopropyl)methacrylamide, MADAP,
neutralized with HCl (Scheme 2).19 These copolymers
will be referred to as PNIPAMx, where x is the mole
percentage of the charged MADAP units. We focus
mainly on the thickening and thermothickening proper-
ties of the PANa3C18/PNIPAMx mixtures. Moreover,
fluorescence probing experiments and phase behavior
studies were performed, to have a better insight into
their thermally induced properties.

The phase behavior of the mixtures is of interest,
since mixing two oppositely charged polyelectrolytes
usually leads to associative phase separation over
almost the entire mixing interval.20,21 However, when
the two polyelectrolytes are hydrophobically modified,
the phase separation domain is very reduced.14,15 A
similar behavior is expected to be observed also with
the mixtures PANa3C18/PNIPAMx. Nevertheless, due
to the thermal sensitivity of the NIPAM-based chain,
we also expect interesting phenomena as a function of
temperature.

Experimental Section
Polymers. Table 1 summarizes the main characteristics of

the charged NIPAM-MADAP copolymers. The synthesis and
characterization of these polymers are described elsewhere.19

Details on the origin and characterization of PANa3C18 can
be found elsewhere.12 The weight-average molar mass of the
precursor poly(sodium acrylate), PANa, is 150 000, and the
threshold concentration C° of the sample PANa3C18 is 0.01
g/cm3 as estimated from rheology data.

Rheology. A controlled-stress rheometer (Rheometrics SR-
200) equipped with a cone/plate geometry (diameter ) 25 mm,
angle ) 2°) was used for most of the rheology measurements.
The rheology measurements of the PANa3C18/PNIPAM mix-
tures were performed with a Contraves LS-30 viscometer
equipped with a Couette geometry.

Fluorescence Probing. Steady-state fluorescence spectra
were recorded on a Perkin-Elmer LS50B luminescence spec-

trometer. Pyrene was used as a fluorescence probe at a
concentration 6 × 10-7 M. The excitation wavelength was 334
nm, and the intensities at 373 and 384 nm were used to
calculate the first to the third peak intensity ratio (I1/I3).
Pyrene was introduced by adding the appropriate volume of a
stock pyrene solution 1 × 10-3 M in ethanol.

Turbidimetry. A thermostated water bath equipped with
a magnetic stirrer was used for the turbidimetry experiments.
Cloud points were determined by simple visual observation
upon heating the sample. The heating rate was ∼0.5 °C/min.

Sample Preparation. The water used for the preparation
of the various solutions was purified with a Seralpur water
purification apparatus, combining inverse osmosis membrane
and ion-exchange resins. Samples were prepared by mixing
the appropriate volumes of the already prepared stock solu-
tions of the corresponding polymers. The measurements were
performed at least 24 h after the preparation of the samples.
For the rheology and fluorescence probing experiments, the
sample were left to equilibrate at the desired temperature for
15 min before measurement. All experiments are made at
constant PANa3C18 concentration and increasing the PNIPAMx
concentration.

Results and Discussion

Thickening Properties. The viscosity behavior for
PANa3C18/PNIPAM10 mixtures at 25 °C and shear
rate 1 s-1 is presented in Figure 1. The concentration
of PANa3C18 is well below, 2.5 × 10-3 and 5 × 10-3

Scheme 1

Scheme 2

Table 1. Characterization of the NIPAM-Based
Copolymers Used in This Study

polymer
MADAP contenta

(mol %) [η]b (cm3/g) Mw
c × 10-6

PNIPAM 175 0.65
PNIPAM5 5 220 1.0
PNIPAM10 10 232 1.1
PNIPAM25 25 260 1.4

a Averaged values from potentiometric titration and 13C NMR
data. b [η] is measured in a 0.5 M LiNO3 aqueous solution at 20
°C. The copolymers were in the uncharged basic form. c Mw are
estimated from the relation [η] ) 0.047Mw

0.61, that it has been
established for the homopolymer PNIPAM under these conditions.

Figure 1. Variation of the viscosity of PANa3C18/PNIPAM10
mixtures with the PNIPAM10 concentration at a shear rate
of 1 s-1 (T ) 25 °C). The concentration of PANa3C18 is 1 ×
10-2 (9), 5 × 10-3 (2), or 2.5 × 10-3 g/cm3 ([).
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g/cm3, or near the threshold concentration of this
polymer, 1 × 10-2 g/cm3. In this concentration range
the viscosity of the two components is very low (less
than 2 × 10-2 Pa‚s for PANa3C18 and less than 5 ×
10-3 Pa‚s for PNIPAM10). Nevertheless, when they are
mixed, a remarkable viscosity enhancement is observed.
Depending on the mixture composition, the viscosity
gain may reach 3-4 decades. In all cases, the viscosity
of the mixtures initially increases upon addition of
PNIPAM10, passes through a maximum, and then
decreases. For higher PNIPAM10 concentrations phase
separation takes place. For the three sets of experi-
ments, the viscosity maxima and the onset of phase
separation are observed at roughly constant charge
ratios of the cationic charges concentration over the
sodium acrylate concentration. The maximum viscosity
is observed at a charge ratio ∼0.04, whereas phase
separation occurs when the charge ratio reaches the
value ∼0.2-0.25. It should be noted that when mixing
PNIPAM10 with the unmodified precursor, PANa,
phase separation occurs at a much lower charge ratio.
The higher charge ratio found for the PANa3C18/
PNIPAM10 mixtures, comparable to that observed by
Thuresson et al.,14 confirms that the formation of mixed
hydrophobic aggregates, containing octadecyl groups
and NIPAM sequences, enlarges the miscibility compo-
sition region between the two oppositely charged poly-
electrolytes.

Here, we have to note that the highest concentration
of PANa3C18 is close to its Co. At this concentration,
this polymer forms mixed hydrophobic aggregates even
with the homopolymer PNIPAM.13 The transient net-
work formed this way leads also to a viscosity enhance-
ment, however clearly less pronounced than that for the
PANa3C18/PNIPAM10 mixtures. In the latter case, the
corresponding transient network is strongly reinforced
by the electrostatic attractions between the two polymer
components.

The influence of the charge content of the PNIPAM
chain on the thickening properties of the PANa3C18/

PNIPAMx mixtures is presented in Figure 2. The
PANa3C18 concentration is always 2.5 × 10-3 g/cm3.
At this low PANa3C18 concentration, no significant
viscosity enhancement is observed for the mixtures of
PANa3C18 with the homopolymer PNIPAM. The vis-
cosity is less than 0.01 Pa‚s and increases regularly
upon addition of PNIPAM. On the contrary, the intro-
duction of charges in the NIPAM chain enhances the
interpolymer association and leads to an important
viscosity increase even at this low PANa3C18 concen-
tration. For the optimum mixture compositions, the
viscosity is about 3 decades higher than the viscosity of
the PANa3C18/PNIPAM system. Interestingly, for the
three PANa3C18/PNIPAMx systems, the viscosity maxi-
mum is of the same order, regardless of the charge
content of the copolymer PNIPAMx. Moreover, like in
Figure 1, the maximum is observed at a constant charge
ratio of about 0.05 ( 0.01. This constancy suggests that
there exists an optimum mixture composition, where
each PANa3C18 chain connects as much PNIPAMx
chains as possible. Before the maximum, interconnec-
tions are favored, whereas after the maximum their
number decreases. Finally, when the net charge of the
polyelectrolyte complexes formed is not sufficient to
keep them in solution, they separate out from water.
Such a qualitative description of the bell-shaped viscos-
ity variations at constant HMWSP concentration is
widely recognized now for their mixtures with mi-
celles,22 and it has been also suggested for protein/
HMWSP mixtures.23,24

Thermal Sensitivity. The influence of temperature
on the thickening properties of some PANa3C18/
PNIPAMx mixtures is presented in Figure 3. For the
mixtures of PNIPAM5 with PANa3C18 a considerable
viscosity increase is observed when temperature in-
creases. This increase is about 1 order of magnitude for
the PANa3C18/PNIPAM5 mixtures in the temperature
range 15-40 °C. Note that a similar viscosity enhance-
ment with temperature was also observed for mixtures
of PANa3C18 with the homopolymer PNIPAM at a
higher PANa3C18 concentration.13 In that case, the
thermothickening behavior was attributed to the fact

Figure 2. Variation of the viscosity of PANa3C18/PNIPAMx
mixtures with the PNIPAMx concentration at a shear rate 1
s-1 (T ) 25 °C). The concentration of PANa3C18 is 5 × 10-3

g/cm3. (b) PANa3C18/PNIPAM5, (1) PANa3C18/PNIPAM10,
([) PANa3C18/PNIPAM25, (9) PANa3C18/PNIPAM.

Figure 3. Temperature dependence of the viscosity of various
PANa3C18/PNIPAMx mixtures at a shear rate 1 s-1 (T ) 25
°C). The concentration of PANa3C18 is 2.5 × 10-3 g/cm3. The
concentration of PNIPAM5 is 5 × 10-4 (b), 1 × 10-3 (9), or 3
× 10-3 g/cm3 (2). The concentration of PNIPAM10 is 1 × 10-3

g/cm3 ([), and the concentration of PNIPAM25 is 5 × 10-4

g/cm3 (1).
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that the temperature increase strengthens the hydro-
phobic character of PNIPAM and leads to a stronger
association of the PNIPAM chains with the octadecyl
groups of PANa3C18.

For the PANa3C18/PNIPAMx mixtures, thermothick-
ening properties become smoother as the charge content
of the NIPAM-based chain increases, so that the viscos-
ity of the PANa3C18/PNIPAM25 mixture is almost
constant with temperature. This tendency, verified for
several mixtures of PANa3C18 with the three copoly-
mers at various compositions (results not shown here),
is apparently related to the decreasing thermosensitive
character of the copolymers PNIPAMx: as x increases,
the PNIPAM sequences are shorter and less sensitive
to temperature changes. Therefore, it is possible to
control the viscosity profile as a function of temperature,
from strong thermothickening to temperature indepen-
dent, just by controlling the charge content of the
NIPAM-based copolymer.

Another observation worthy of note is that the
viscosity of most of the mixtures seems to reach a
plateau at 40-45 °C. Because of water evaporation
problems, we did not perform viscosity measurements
at higher temperatures. However, we confirmed by
simple visual inspection that the solutions with mixture
compositions well below the phase separation charge
ratio remain viscous and homogeneous even at higher
temperatures. This is important as it suggests that the
PANa3C18/PNIPAMx mixtures can find uses as (ther-
mo)thickeners in a large temperature region, compared
to the PANa3C18/PNIPAM mixtures, where phase
separation occurs always at T ∼ 40 °C, accompanied by
a dramatic viscosity decrease.13

More information on the thermosensitive character
of the PANa3C18/PNIPAMx association can be obtained
by fluorescence spectroscopy using pyrene as a fluores-
cence probe. As known, the ratio I1/I3 of the intensity of
the first vibrational band over the intensity of the third
vibrational band of the fluorescence emission spectrum
of pyrene is sensitive to the polarity of the microenvi-
ronment experienced by this probe. High I1/I3 values,
of the order of 1.8-2, reveal a highly polar aqueous
microenvironment, and low I1/I3 values, of the order of
1-1.2, are typical for a micellar microenvironment.25

Note that aqueous PNIPAM solutions at temperatures
just above the cloud point are characterized by an
intermediate I1/I3 value of about 1.5.26

Figure 4 presents the variation of the ratio I1/I3
with temperature, for mixtures of PANa3C18 at a
concentration of 5 × 10-4 g/cm3 with each PNIPAMx
copolymer at a concentration of 2.5 × 10-4 g/cm3. The
values of the ratio I1/I3 for the pure polymers (in the
figure are presented only PNIPAM25 and PANa3C18)
are slowly decreasing with temperature from ∼1.73
to ∼1.65, revealing that pyrene experiences a polar
aqueous microenvironment. On the contrary, the hy-
drophobicity of the PANa3C18/PNIPAMx mixtures is
significant already at 25 °C, the decrease of the I1/I3
ratio being more important as x increases. Moreover,
all mixtures become gradually more hydrophobic with
temperature, as the ratio I1/I3 decreases upon heating
to 45 °C. This change is more pronounced for the
mixtures of PANa3C18 with PNIPAM5 or PNIPAM10
and very smooth for the mixture PANa3C18/PNIPAM25,
which is considerably hydrophobic already at room
temperature. The temperature dependence of the ratio
I1/I3 of the PANa3C18/PNIPAMx mixtures is in ac-

cordance with the viscosity-temperature profiles of
these mixtures at much higher concentrations. The
mixtures of PNIPAM5 or PNIPAM10 with PANa3C18
exhibit important thermothickening properties as their
hydrophobic character increases considerably upon
heating, while the viscosity of the PANa3C18/PNIPAM25
mixture is almost constant with temperature since its
hydrophobic character changes very smoothly in the
same temperature range.

Phase Behavior. The gradual loss of the thermosen-
sitive features with increasing x is also reflected in the
phase behavior of the PANa3C18/PNIPAMx mixtures.
Thus, as is observed in Figure 5, the aqueous mixtures
of PNIPAM5 with PANa3C18 exhibit lower critical
solution temperature properties, and they separate into

Figure 4. Influence of temperature on the ratio I1/I3 for
mixtures containing 5 × 10-4 g/cm3 PANa3C18 and 2.5 × 10-4

g/cm3 PNIPAM5 (2), PNIPAM10 (9), or PNIPAM25 (1). (O)
Pure PANa3C18: 5 × 10-4 g/cm3. (b) Pure PNIPAM25: 2 ×
10-3 g/cm3.

Figure 5. Phase behavior of mixtures containing 2.5 × 10-3

g cm-3 PANa3C18 and PNIPAM5 (b), PNIPAM10 (- - -), or
PNIPAM25 (‚‚‚).
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two phases upon heating. The results presented in this
figure are performed at a constant PANa3C18 con-
centration of 2.5 × 10-3 g/cm3. When the concentration
of PNIPAM5 is lower than 1 × 10-2 g/cm3, these
mixtures are clear in the whole temperature range
studied, 10-80 °C, while when it is higher than 2.5 ×
10-2 g/cm3, they phase separate, regardless of temper-
ature. Nevertheless, for intermediate PNIPAM5 con-
centrations, turbidity appears only if temperature reaches
a certain value. The cloud points determined that way
are gradually shifted toward lower temperature as the
PNIPAM5 concentration increases. Such a thermosen-
sitive phase behavior is not the case for the mixtures of
PANa3C18 with the other two copolymers, PNIPAM10
or PNIPAM25. Depending on the PNIPAMx concentra-
tion, these mixtures are either fully homogeneous or
precipitated out from water regardless of temperature.
The characteristic concentrations where the phase
separation appears are indicated in Figure 5 by the
vertical dashed and dotted line for PNIPAM10 and
PNIPAM25, respectively, and they correspond to a
constant charge ratio of ∼0.2-0.3. This constancy,
similar to that observed in Figure 1, probably suggests
that to obtain soluble interpolymer PANa3C18/PNIPAMx
complexes, their net charge should overcome a critical
value. We have not investigated the composition of the
two phases, but an associative phase separation mech-
anism is the most probable, as in the usual formation
of polyelectrolyte complexes.20

Conclusion
We investigated the association of positively charged

NIPAM-based copolymers, PNIPAMx, with the nega-
tively charged hydrophobically modified poly(sodium
acrylate) derivative, PANa3C18. Since both electrostatic
and hydrophobic interactions stabilize the interpolymer
complexes, the PANa3C18/PNIPAMx mixtures exhibit
a striking thickening efficiency, as compared to single
PANa3C18 solutions or to mixtures of PANa3C18 with
the uncharged homopolymer PNIPAM.

The rheology response of the mixtures to temperature
changes can be successfully tuned by changing the
charge content x of the PNIPAMx copolymers. When x
is low, their mixtures with PANa3C18 preserve an
important thermothickening ability, while the ther-
mothickening properties become gradually smoother
with increasing x. Another important advantage of
the PANa3C18/PNIPAMx mixtures is their ability to
maintain the thickening properties in a wider tem-
perature region, as compared to the corresponding mix-
tures of PANa3C18 with the homopolymer PNIPAM.
Interestingly, a roughly constant viscosity as a func-
tion of temperature is obtained for mixtures with x )
25 mol %.
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