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ABSTRACT: A new type of temperature-sensitive polymer systems based on mixtures of poly(acrylic acid)
(PAA) and poly(diallyldimethylammonium chloride) (PDADMAC) in strongly acidic aqueous medium is
described. The mixtures exhibit reversible separation into two liquid phases upon a decrease in temperature.
The phase separation is induced by the intermolecular binding between PAA and PDADMAC due to ion-
dipole interactions between protonated carboxylic groups of PAA and quaternary nitrogen atoms of
PDADMAC. Molecular and hydrodynamic characteristics of the interpolymer complexes are probed by
static and dynamic light scattering.

Introduction

Recent interest of the research community to temperature-
responsive polymers has been largely due to promising potential
applications of these systems in separation, biosensor, and mem-
brane technologies. Current approaches to engineering of micro-
and nanoscale smart, temperature-triggered polymer systems for
biomedicine and bioengineering often involve individual water-
soluble polymers (poly(N-isopropyl acrylamide) being the most
well-known example) or mixtures of polymers such as PEG and
polyvinyl alcohol and others.1 In the case of the mixtures, phase
separation is induced because of increased polymer incompat-
ibility, and each phase is enriched by one of the components. The
common feature of all reported temperature-sensitive polymer
systems is that they all have lower critical solution temperature
(LCST); that is, phase separation is induced by heat. Tempera-
ture-responsive polymer mixtures with upper critical solution
temperature (UCST) are well known for the nonpolar polymers
in nonpolar solvents (e.g., polystyrene in cyclohexane). However
the aqueous polymers solutions with UCST are more rarely
reported. In particular, the occurrence of UCST has been con-
firmed in water-salt solutions of poly(acrylic acid) (PAA) in
acidicmedium. Therefore, it was shown2 that the critical salt con-
centration, which induces the phase separation, enhanced with
increasing temperature. Similar features have also beenobserved3

for aqueous solutions of copolymers of AA and NIPAM. The
most extensively studied are the aqueous solutions of mixtures of
un-ionized PAA and polyacrylamide4-10 or poly(dimethyl acryl-
amide)11 as well as semi-interpenetrating polymer networks of
PAA and polyacrylamide.12,13 The temperature responsivity of
such systems is induced by the formation of hydrogen bonds
between carboxylic and amide groups at low temperatures. For
synthetic ionized macromolecules, water generally is a good sol-
vent, and changes in temperature usually do not lead to phase
separation. The same concerns interpolyelectrolyte complexes
(IPEC) composed of linear oppositely charged polyelectro-
lytes.14-19 Indeed, because of the weak dependence of the energy
of intermolecular salt bonds on temperature, phase separation

has usually been induced by an increase in concentration of low
molecular salt, and the phase diagrams for IPEC are traditionally
presented as salt concentration versus IPEC concentration. In the
case of complementary pairs of polyelectrolytes (sodium poly-
styrene sulfonate-poly(trimethylbenzylvinyl ammonium) chlo-
ride,20 sodium polyacrylate-polyethyleneimine,14 and other sys-
tems15,21-23), phase separation in IPEC occurs via a salt-induced
disproportionation mechanism when a water-insoluble polyelec-
trolyte complex of equimolar composition is included in a pre-
cipitating phase and a nonstoichiometric complex remains in
solution.

While being relatively insensitive to temperature variation,
ionic pairing within IPEC is strongly affected by pH variations
and at extreme pH values where one of the IPEC components
might become completely un-ionized (in acidic media in the case
of weak polyacids and in alkaline media in the case of weak
polybases), in some cases leading to IPEC dissociation. However
other types of interchain interactions (hydrophobic,24 dipole-
dipole,25,26 and ion-dipole interactions27) might come in effect
under these conditions, sometimes resulting in interesting tempera-
ture -responsive behavior of solutions of the polyelectrolyte com-
plexes. For example, solutions of sulfobetaine polymerswere found
to have both UCST26,27 and LCST as well as “apparent inverted”
UCST.25 As a whole, this process still remains poorly explored.

Here we study mixtures of PAA and poly(diallyldimethylam-
monium chloride) (PDADMAC) exposed to extremely acidic
environments, where PAA is completely protonated and the
formation of ionic pairing between PAA and PDADMAC is
suppressed, and find that the onset of ion-dipole interactions
between PDADMAC/PAA interpolymer complex results in
temperature-dependent, UCST-type behavior of the polyelectro-
lyte mixture.

Experimental Section

Materials and Sample Preparation. PAAhas been synthesized
using the procedure that we previously developed.28,29 In brief,
solution of free-radical initiator azo-bis-isobutyronitrile (10-3

mol/L) and a RAFT agent dibenzyltrithiocarbonate (synthe-
sized as described in ref 18, 4� 10-3 mol/L) in 20 mL of freshly*Corresponding author. E-mail: elit@genebee.msu.ru.
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distilled monomer tert-butyl acrylate was prepared. The reac-
tion mixture was poured in an ampule, degassed to 5� 10-3

mmHg pressure using four freeze-vacuum-thaw cycles, and
sealed under vacuum. The ampule was immersed for 8 h in an oil
bath thermostatted at 60 �C. After polymerization, the reaction
mixture was cooled in liquid nitrogen and diluted with benzene.
The polymer was extracted by lyophilization from benzene and
analyzed by SEC (number degree of polymerization of 1000 and
polydispersity index equal to 1.3) and 1H NMR (in CDCl3, δ:
1.38 (CH3), 1.78 and 2.17 (CH2), 2.52 (CH)). The product was
then subjected to hydrolysis in acidicmediumwith concentrated
hydrochloric acid, which did not affect the trithiocarbonate
group located in the middle of the polymer chain and therefore
had no effect on the molecular weight of the polymer.28 The
polymer was then dissolved in 1,4-dioxane, and concentrated
HCl was added on stirring. The reaction mixture was immersed
for 24 h in an oil bath thermostatted at 85 �C. The solvents were
then evaporated under vacuum, the polymer residue was col-
lected and dissolved in distilled water, and dialysis against
distilled water was performed for 1 week, followed by freeze-
drying. The completeness of the hydrolysis was confirmed by 1H
NMR (in (CD3)2SO, δ: 1.75 and 2.20 (CH2), 3.50 (CH), 12.22
(COOH)). The final characteristics of PAA were the following:
Mw = 94 000, Mw/Mn=1.3.

PDADMAC with Mw = 400 000 was purchased as a 34%
water solution from CPS Chem. Comp.

The required concentration of HCl in PDADMAC solu-
tions was achieved by the addition of a calculated amount of
1MHCl to the stock polymer solution. Polymer mixtures con-
taining desired concentration of HCl were then prepared by
mixing stock PDADMAC solutions with PAA solutions con-
taining the same concentration of HCl. The polymer mixtures
were stirred for several days prior to their use. Here we useHCl
concentration instead of pH because high polyelectrolyte
concentrations might result in considerable changes in the
activity of low-molecular-weight ions, including counterions.
The composition of the mixtures z is defined as the molar ratio
of PDADMAC to PAA repeating units. All other reagents
were of analytical grade and obtained from commercial
sources.

Static Light Scattering.All measurements were performed on
a “Photocor Complex” photometer (Photocor Instruments). A
10 mW He-Ne laser (λ = 633 nm) was used as a light source.
The refractive index increments were measured on a Chromatix
KMX16 refractometer (Germany) with 5 mW He-Ne laser
light source (λ=633 nm). Solvents and polymer solutions were
filtered using 0.45 μm Millipore filters.

Measurements of the average scattering intensity were done
at angles from 30 to 150� in 0.05 M HCl at 25-40 �C. The
molecular weight (Mw), the gyration radii (Rg), and the second
viral coefficient (A2) were determined from Zimm’s plot. The
concentrations of the solutions used for Zimm’s approximation
were 0.6, 1.3, 2.8, and 4.9 g L-1 for PAA/PDADMACmixtures
and 0.25, 0.5, 1.0, and 2.0 g L-1 for PDADMAC.

We have carried out the critical opalescence measure-
ments by cooling the solution with a 0.5 �C step. Prior to
each measurement, all samples were incubated at a preset
temperature for 12 min. The measurements have been con-
ducted after the scattering intensity has reached the constant
value. It is a standard procedure30-32 for measuring the
critical opalescence.

Dynamic Light Scattering. The time correlation function of
the scattered light intensity fluctuatuion g2(τ) was measured by
digital real-time 288 channel multi-tau correlator Photocor-FC,
equipped with pseudocrosscorrelative photon counter (Photocor
Instruments). Data processing was performed using DynaLS
software by the following equation

gð2ÞðτÞ ¼ Bþ β expð- 2ΓτÞ

where B is the baseline of the correlation function at infinite
delay, β is the correlation function amplitude at zero delay, τ is
the delay time, and Γ is the decay rate.

Correlation functions were then used to determine z-
mean values of diffusion coefficient using cumulant analysis.
The distribution by diffusion coefficients in the program Dy-
naLS is calculated using the combination of regularization
procedure and Pike’s eigenfunctions. Hydrodynamic radii of
the particles were then calculated using the Stokes-Einstein
equation

Rh ¼ kT

6πη0D

where Rh is the hydrodynamic radius, k is the Boltzmann
constant, T is temperature, η0 is the viscosity of the solvent,
and D is the diffusion coefficient.

Results and Discussion

Prior to studying the phase behavior of the investigated
polymer mixtures, we explored the effects of temperature and
HCl concentration on solutions of PAA and PDADMAC.

1. Effect of HCl concentration and Temperature on the
Solvent Quality. Static Light Scattering. Figure 1 sum-
marizes static light scattering measurements with PDAD-
MAC and PAA solutions exposed to different temperatures.
Positive values ofA2 denote that 0.1MHCl is a good solvent
(like water) for PDADMAC in a wide temperature range
from 12 to 60 �C. Such a behavior is typical for aqueous
polyelectrolyte solutions, where the major contribution to
the free energy of mixing is due to the entropy of low-
molecular-weight counterions. The slight growth of A2 with
temperature increase is probably due to increased entropy of
counterions at higher temperatures.

In the case of PAA solutions, A2 temperature dependence
was measured for two HCl concentrations of 0.1 and 0.2 M
(Figure 1, curves 2 and 3). As in the case of PDADMAC,
positive values for A2 are also observed, indicating that HCl
is a good solvent for PAA. However, in contrast with the
polycation solutions, values of A2 are lower, as is expected
for unionized polyacids. Another important observation is
that as comparedwith PDADMAC, PAA solutions exhibit a
somewhat stronger decrease in A2 (i.e., deterioration of the
quality of the solvent) at lower temperatures. This is con-
sistent with the formation of hydrogen bonds between the
protonated groups of PAA under acidic conditions33-36 and
with the increased number of such bonds at lower tempera-
tures. The linear extrapolation of the data for PAA in 0.1 and

Figure 1. Second virial coefficient A2 as a function of the temperature
for solutions of: (1) PDADMAC in 0.1MHCl, (2) PAA in 0.2MHCl,
(3) PAA in 0.1 M HCl, and (4) mixture of PDADMAC and PAA
(z = 1) in 0.1 M HCl.
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0.2 M HCl solutions gave θ temperatures of 10 and 15 �C,
respectively.

In the case of PDADMAC/PAAmixtures, much stronger
dependence of the quality of the solvent on temperature is
observed (Figure 1, curve 4). The A2 value falls drastically
and reaches zero value at a temperature value significantly
higher than θ temperatures for PAA solutions. Such depen-
dence is indicative of an UCST behavior of polymer mix-
tures. We then explored the phase behavior of PDADMAC/
PAA mixtures when homogeneous solutions were prepa-
red at a high temperature (60 �C) and cooled at a lower
temperature.

Dynamic Light Scattering. The particle size distributions
in PDADMAC/PAA mixture with concentration equal
to 1.23 g/L in 0.05 M HCl at different temperatures
are presented in Figure 2. In homogeneous solutions at
60 �C, the apparent hydrodynamic radius of the particles is
12 nm. The apparent size of PAA and PDADMAC coils
under the same conditions are 11 and 18 nm, respectively.
These data indicate that at high temperature, solution
probably contains the unbound macromolecules of PAA
and PDADMAC. The small difference in the size of the
coils does not allow us to obtain separate peaks for the
components of the mixture by means of dynamic light
scattering. Significant changes in the hydrodynamic size
occur upon cooling. At 25 �C, the apparent particle
size increases to 69 nm; that is, a size is much larger than
that of individual PAA or PDADMAC coils. Because such
an increase does not occur in solutions of individual
polymer components, we suggest that complexation be-
tween PAA and PDADMACmacromolecules occurs. The
driving force of such binding probably involves ion-di-
pole interactions between carboxylic groups of PAA and
quaternary nitrogen atoms of the polycation. It should be
noted that the variation of particle size distribution is
reversible: the rise of the temperature from 25 to 60 �C is

accompanied by decrease in the apparent particle size from
69 to 12 nm.

To determine the molecular mass characteristics of the
particles of interpolymer complex (IPC), we were then seek-
ing to select precisely the appropriate mixture composition.
If an IPC of a certain composition is formed, mixing the
components in ratio different from that of the IPCwill result
in disproportionation. In this case, particles of both the
complex and the excessive component will be present in the
system. An optimal composition to perform light scattering
measurements should be equal or close to the composition of
the complex.

2. Choosing the Mixture Composition. Figure 3 shows the
average scattering intensity and the hydrodynamic radii of
the IPC particles as a function of the composition of the
PDADMAC/PAA mixture.

At 0 e z e 0.15, the scattering intensity significan-
tly increases with increased content of PDADMAC and
limits off at higher relative concentration of the polyca-
tion. The limiting value of the IPC particles of 30 nm is
significantly larger than those of the individual compo-
nents. Whereas these results do not provide information
on the composition of the complex, we conclude that (a)
aggregates, most probably PDADMAC/PAA IPC par-
ticles, are formed with the composition of z>0.15 and
(b) the concentration of the polycation does not affect the
light scattering results for mixture compositions from z=
0.15 to 0.30. On the basis of these conclusions, we chose a
“working” composition of the mixtures z = 0.18. While
having virtually no influence on the results, the slight
excess of polycation (compared with the composition of
the complex) assures us that all PAA molecules will be
bound within IPC.

Figure 2. Particle size distributions for mixture with z=0.18, [HCl] =
0.05 M.

Figure 3. Effect of the composition of PDADMAC/PAA mixture
(a) on the average scattering intensity and (b) on the hydrodynamic
radius of the particles; concentration 2 g/L, [HCl]=0.01M,T=20 �C,
angle θ = 90�.
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Static Light Scattering. The molecular weights, gyration
radii, and the second virial coefficients for the particles were
determined by static light scattering. The results are pre-
sented in Table 1. An important trend is that as the tem-
perature is lowered and A2 decreases (as also observed in
Figure 1 for PDADMAC/PAA mixture of a different com-
position), both Mw and Rg consistently increase.

Further lowering of temperature is accompanied by the
appearance of the critical opalescence (the abrupt growth of
scattering intensity nearby the spinodal). Figure 4 shows a
typical temperature dependence of scattering intensity in
PDADMAC/PAA mixture with z = 0.18. A decrease in
temperature below 25 �C results in the onset solution turbid-
ity. A rapid increase in solution turbidity occurs in a narrow
interval of temperature as the system approaches the spino-
dal temperature, indicated by the maximum in Figure 4. At
even further cooling below 14 �C, microphase solution
layering occurs, resulting in a decrease in the intensity of
scattered light. We found that the onset of solution turbidity
below 25 �C resulted in errors in determination of the
molecularweight of the IPCparticles. Therefore, we consider
25 �C to be the lowest temperature at which the accurate
values for the molecular weight of the particles in mixtures
in 0.05 M HCl can be acquired. Table 1 shows that the Mw

of the particles was 1.6 � 106 at 25 �C. This value may
correspond to possible compositions of IPC: z = 0.15 (1
molecule of PDADMAC and 13 molecules of PAA), z =
0.47 (2 molecules of PDADMAC and 8 molecules of PAA),
and z=1.52 (3molecules of PDADMACand 4molecules of
PAA). Having inmind the previous results (see Choosing the
Mixture Composition section) and the five-fold excess of the
monomeric units concentration of PDADMAC in the initial
mixtures comparing to PAAconcentration,we conclude that
the composition of the IPC form in these conditions is z =
0.15.

A spinodal of a ternary system represents a surface in
ternary coordinates: concentration of PAA, concentration of
PDADMAC, and temperature. Measurements at the fixed
composition of the mixture give a section of the surface.
Spinodals at z = 0.18 are presented in Figure 5. The

temperature of phase separation increases with the increase
in HCl concentration.

3. Composition of Phases. Phase separation in PDAD-
MAC/PAA mixtures results in the formation of two liquid
phases. To determine the composition of the phases, we have
performed titration of the separated phases in PDADMAC/
PAAmixtures in 1:1 (by volume) water-acetone media. The
use of water-acetone media was essential because it pre-
vented precipitation of polymers, otherwise occurring when
using water as a solvent in the titration experiment.

For calculation of the composition of the phases from the
titration data, we first experimentally confirmed that hydro-
chloric acid is evenly distributed between both phases.
Indeed, our measurements showed that phases exhibit equal
pH values.

We then assumed that an increase in pH promotes the
formation of ionic pairs between PAA and PDADMAC,
leading to the formation of the IPC of equimolar composi-
tion. In this reaction, additional quantities of HCl are
released in the solution. The total amount of HCl released
in the course of the ionic pairs formation is equal to the
number of functional groups of the polyelectrolyte that are
present in the deficient amount in the system, that is, of that
of the polycation. The released HCl is titrated along with the
HCl originally added to the solution. In this case, two jumps
in pH should be observed during titration, the first one
corresponding to the total amount of initially added HCl
and the amount of the polycation and the second one
corresponding to the amount of the free PAA so that both
the PAA and PDADMAC concentrations can be evaluated.
Prior to applying this procedure to PDADMAC/PAA mix-
ture, we checked its consistency using model systems con-
taining known quantities of the components. The relative
deviation in the determination of the concentrations and
the compositions (Δz/z) was <5% (data not shown). This
procedure enabled us to determine the composition of the
coexisting, that is, diluted (Zdil) and concentrated (Zconc)
phases at different temperatures and HCl concentrations
(Table 2).

Table 2. Composition of the Phases

T, �C [HCl], mol/L Zdil Zconc

8 0.075 0.41 0.14
0.10 0.44 0.13
0.15 0.48 0.15
0.20 0.50 0.13

14 0.10 0.33 0.13
19 0.10 0.22 0.13

Table 1. Static and Dynamic Light Scattering Results forMixtures in
0.05 M HCl; z = 0.18

T, �C Mw/10
5 Rg, nm Rh, nm Rg/Rh

A2 � 104,
mol � cm3/g2

40 3.5 35 20 1.75 12.2
30 13 45 37 1.22 3.85
25 16 73 64 1.14 3.55

Figure 4. Scattering intensity versus temperature; z = 0.18, [HCl] =
0.05 M.

Figure 5. Spinodals for mixtures with z = 0.18 at different HCl
concentrations: (1) 0.05, (2) 0.10, (3) 0.15, and (4) 0.20 M.
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Importantly, the composition of the concentrated phase
with z = 0.13 to 0.15 is independent of both HCl concen-
tration and temperature. The polymer components ratio in
the concentrated phase in the PDADMAC/PAA system
corresponds to 13-15 molecules of PAA per 1 molecule
of the polycation, which is close to the composition of
aggregates formed in homogeneous solutions of PDAD-
MAC/PAA mixtures. There, the concentrated phase con-
sists mostly of PDADMAC/PAA complex of certain
composition.

It is unusual that IPC formed contains a noticeable
excess of PAA. However the similar complexes of 5:1
and 3:1 compositions have already been described for the
aqueous solutions of the mixtures of polycarboxylic acids
with 5,6-ionene bromide37 and poly-N-ethyl-4-vinylpyri-
dinium bromide.38 The formation of the complexes of such
a composition can be explained by strong folding of the
chains of nonionized PAA owing to intrachain H-bond-
ing. As a result, in the reaction with polycation, only the
fragments of the PAA chains participate; the rest of the
fragments of PAA macromolecules remain unbound with
polycation.

The diluted phase might contain either unbound indivi-
dual components or IPC. To determine the state of the
components in the diluted phase, we have carried out the
following experiment. The solution of the mixture at z=
0.18 has been kept at 23 �C during 1 month; the separat-
ion in two transparent liquid phases occurred. Then,
the diluted phase was carefully separated, and it was
then investigated under various temperatures by means
of DLS.

Figure 6 shows the DLS data for the diluted phase in
PDADMAC/PAA system at different temperatures. For
measurements performed at 23 �C, the hydrodynamic size

of the particles ofRh= 45 nm is significantly higher than the
size of both individual components of the mixture. This
suggests that the diluted phase contains a PDADMAC/
PAA IPC and possibly additional free polycation because
the ratio of polycation to PAA in the diluted phase is higher
than that in the IPC. An increase in temperature leads to
dissociation of IPC, andwhen temperature is raised to 40 �C,
the particle size (Rh=18 nm) becomes close to the size of
individual macromolecules.

The fact that the composition of the concentrated phase
appeared to be independent of the concentration of hydro-
chloric acid was quite unexpected. Indeed, it is well known
that at pH 4 and higher PAA forms insoluble stoichio-
metric complexes with polycations,14 and we would expect
that with a decrease in HCl concentration, the composition
of the IPC and thus the composition of the concentrated
phase would increase and reach z= 1 at pH 4 (i.e., in 10-4

MHCl solutions). Nothing of the kind was observed, so we
assumed that in a narrow range of concentrations of HCl,
there occurred a transition from the IPCs stabilized by
ion-dipole interactions to a more traditional type of IPCs
stabilized by intermolecular ionic pairing. To confirm our
hypothesis, we have conducted experiments illustrated in
Figure 7.

Specifically, a mixture with z = 0.18 was first dialyzed in
0.01 HCl. The solution remained transparent, with no signs
of precipitation or phase separation (Figure 7, left). The
concentration of HCl in the external solvent was then
lowered to 8� 10-3 mol/L. The solution became opaque
but did not show precipitation of PDADMAC/PAA IPC
(Figure 7, middle). Temperature sensitivity of the PDAD-
MAC/PAA mixture was retained, and the turbid solution
could be reversibly turned transparent by heating from 20 to
60 �C.However, further decrease inHCl concentration led to
the formation of white precipitate, which could not be
dissolved upon heating. Therefore, the transition between
the two types of complexes stabilized by ion-dipole and
ion-ion interactions occurred at HCl concentration equal
to 5 � 10-3 M, as shown in Scheme 1.

Figure 6. Particle size distribution for diluted phase at z = 0.18,
Tph.sep. = 23 �C.

Scheme 1. Schematic Representation of the Transition between the
Two Types of IPCs (the Fragments of PAA Bound with Polycation

Are Shown)
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Conclusions

Here we present the first report on the formation of IPC
between a weak polyacid and a strong polybase under conditions
when carboxylic groups are fully protonated and ionic pairing
between the polyacid and the polycation does not occur.We show
that at high temperatures (∼60-70 �C) the PDADMAC/PAA
system represents as a mixture of noninteracting polymers whose
unlimited compatibility originates from the high entropy of
polycation counterions. Upon lowering the temperature, the
ion-dipole interactions between the carboxylic groups of PAA
and the functional groups of PDADMAC occur, resulting in the
formation of the IPC complex enriched with PAA. Binding of a
larger number of PAA macromolecules within IPC probably
becomes possible because of additional intramolecular hydrogen
bonding (or formation of dimers of carboxylic groups) within
PAA chains.

Lowering the solution temperature strengthens both ion-di-
pole and hydrogen bonding interactions within IPCs, eventually
resulting in phase separation of IPCs within a concentrated
phase. Importantly, the acidic PDADMAC/PAA mixture re-
ported here shows a completely reversible UCST-type transition,
which is rare to find with other polymer systems. Therefore, the
mixtures of PAA and polycations in acidic media can be referred
to as a new type of equilibrium temperature-responsive polymer
systems.
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Figure 7. Precipitation in the PDADMAC/PAA system induced by lowering the concentration of HCl. T = 20 �C.


