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ABSTRACT: The complexation of partially ethyl-quater-
nized poly(4-vinyl pyridine) (QVP) and poly(methacrylic
acid) (PMAA) induces a dramatic change in solution
viscoelasticity. In this work, we investigated a model system
consisting of QVP (with 2% charge), PMAA, and dimethyl
sulfoxide (DMSO)−water mixed solvent (85 wt % DMSO−
15 wt % water), which exhibits a remarkable thermothicken-
ing behavior, characterized by an increase of viscosity by 3
orders of magnitude when the temperature is increased by 20
°C. At low temperatures, this system behaves as a low-
viscosity milky colloidal suspension that remains stable for periods of at least 1 year. At higher temperatures, the colloids swell,
increasing their effective volume fraction and giving rise to the observed viscosity increase. The thermothickening/
thermothinning transition temperature could be tuned by varying the stoichiometry of the mixed polymers. We utilized
rheometry, UV−vis spectroscopy, and dynamic light scattering to shed light on the mechanism of this phenomenon. This
simple approach for achieving tunable thermothickening capability provides a new platform for designing thermoresponsive
solutions from simple polymer mixtures.

■ INTRODUCTION

Thermoresponsive polymer solutions undergo structural
transitions as a result of changes in the temperature, with
marked changes in the resulting properties.1 This class of
materials is useful for various applications including drug
delivery, tissue engineering, energy storage,2 and rheology
modification in polymer processing.3 Depending on the nature
of the thermal response, these polymer solutions fall into two
categories: lower critical solution temperature (LCST) systems
and upper critical solution temperature (UCST) systems. Most
studies on thermoresponsive polymers in aqueous solution
involve LCST systems, including poly(N-isopropylacrylamide)
(PNIPAAm) and poly(propylene oxide) (PPO), enabling the
critical temperatures to be tuned.1 The transition from a one-
phase state below the LCST to a two phase state above the
LCST is an entropy-driven process, releasing solvent molecules
from polymer aggregates to increase the entropy of the system.
UCST systems, where the transition is enthalpy driven, are less
common but are observed in systems with stronger polymer/
polymer or polymer/solvent interactions, often involving
hydrogen bonding.4

Incorporation of more than one polymeric species is a
particularly useful strategy for designing thermoresponsive
polymers with more complex rheological properties.5−7

Papagiannopoulos et al. reported that the introduction of a
thermoresponsive moiety, PPO, to a bottle brush polymer leads
to an unexpected temperature-thickening/temperature-thinning
transition in aqueous solutions, corresponding to the conforma-

tional change from micellar structures to collapsed clusters with
increasing temperature.5 Other types of amphiphilic architec-
tures, for example, block copolymers, comb-shaped copolymers,
and star-shaped polymers, have also been utilized.7−13

In many applications of polymer solutions, the viscosity needs
to be stabilized at a certain level over a wide range of
temperatures. Most polymer solutions exhibit thermothinning
behavior, with a temperature-dependent viscosity that can be
described by an Arrhenius equation. To compensate the drop of
viscosity due to temperature increase, thermothickening
polymers are introduced to the system as viscosity modifiers.
For example, various additives are added to drilling fluids for
maintaining the viscosity level at high temperature.14 PNIPAAm
is the most frequently used thermosensitive moiety as grafting
chains in thermothickening polymer systems, with the viscosity
increasing by 3 orders of magnitude or more as the temperature
is increased from 40 to 60 °C.15−17 There has been some
investigation of thermothickening in mixtures of two homopol-
ymers,18 but a rich parameter space remains to be explored in
these types of systems.
Our group recently reported a series of solvent-rich polymer

complexes where one of the polymer species is partially
quaternized poly(4-vinyl pyridine) (QVP).19−21 Polymer
complexes in these systems are useful because of their
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sensitivities to environmental conditions, such as ionic strength,
pH, and solvent composition.19−21 In the present work, we build
on our previous understanding of these complexation
mechanisms and explore their thermoresponsive behavior. We
find that complexation of partially QVP and poly(methacrylic
acid) (PMAA) induces a significant thermothickening/
thermothinning transition. The multicomponent polymer
solutions form stable colloidal suspensions at low temperatures
that are stable for very long periods of time. An increase of
temperature swells the QVP−PMAA complexes and softens the
strength of the complexation simultaneously, resulting in an
unusual thermal response (schematic in Figure 1). The

simplicity of polymer architecture and the controllability of
polymer structures make this system a useful one for stabilizing
suspensions while maintaining good processibility. At the same
time, this new thermoresponsive mechanism inspires the design
of thermoresponsive polymers and rheology modifiers from
both scientific and application perspectives.

■ MATERIALS AND METHODS

Materials. Poly(4-vinyl pyridine) (P4VP, molecular weight, 200
kg/mol, Scientific Polymer Products Inc.) and PMAA (molecular
weight, >100 kg/mol, Scientific Polymer Products Inc.) were used
without further purification. Dimethyl sulfoxide (DMSO) was
purchased from Sigma-Aldrich Company and used as received.
Quaternization of P4VP was achieved by adding bromoethane (EtBr,
Sigma-Aldrich, 98%) to a P4VP solution to reach the desired charge
ratio. In our notation, QVP02 denotes partially quaternized P4VP with
a charge fraction of 0.02. The chemical structures of P4VP and QVP02
were confirmed by 1H NMR in a Bruker ADVANCE III, 500 MHz
system, with spectra reported in our previous work.19

Methods. Sample Preparation. Samples were prepared by mixing
the desired amounts of QVP02, PMAA, and solvents (DMSO and
water) in vials by constantly stirring the mixtures on a heating plate (T
≈ 65 °C) to obtain transparent solutions, which were then removed
from the hot plate and allowed to cool to room temperature. The
solvent condition used in this work was fixed to be a mixed solvent
containing 85 wt % DMSO and 15 wt % water. The total polymer
concentration used was in the range of 1−12 wt %. We use wxx-AYY to
represent a sample with a total polymer weight percentage of xx and a
mole percentage of methacrylic acid of YY. The mole fraction here is
defined as the percentage of methacrylic acid repeating units relative to
the total of all polymer repeating units (methacrylic acid, quaternized
vinylpyridine, and unquaternized vinylpyridine). Samples involved in
this work are listed here:

(1) For the colloid packing and solution scaling study, samples with
methacrylic acid mole fraction of 0.5 were used. These samples
include w01-A50, w03-A50, w05-A50, w08-A50, w10-A50, and
w12-A50.

(2) For the investigations of the role of stoichiometry, the total
polymer weight fraction was fixed at 8 wt %, varying the mole
fraction of methacrylic acid across the full composition range.
These samples include w08-A00 (pure QVP02), w08-A17, w08-
A33, w08-A44, w08-A50, w08-A60, w08-A67, w08-A75, w08-
A83, and w08-A100 (pure PMAA).

Turbidity. Turbidity measurements of polymer suspensions were
conducted on aHP (Agilent) 8452UV/Vis DAD spectrophotometer in
the temperature range, 20−75 °C. With constant stirring at the rate of
300 rpm, polymer solutions (3−10 wt %) were placed in plastic cells
and the absorbance of light at wavelength of 400 nm was recorded at
varied temperatures.

Dynamic Light Scattering. The sizes of aggregates in our
suspensions were characterized by dynamic light scattering (DLS)
utilizing a Zetasizer Nano ZS Malvern instrument, equipped with a
He−Ne gas laser (633 nm wavelength). The detector was located at
173° scattering angle. Samples with an overall polymer concentration of
8 wt % were homogenized at ≈65 °C and cooled to room temperature.
Prior to the measurements, they were diluted at room temperature to 1
wt % and then loaded in disposable solvent resistant microcuvettes. The
reflective index of mixed solvent is 1.459, and the dielectric constant is
61.6, respectively. The details of the instrumentation could be found
elsewhere.22

Rheology. Rheological properties of polymer solutions were probed
by an Anton Paar 302 rheometer, using a cone-plate geometry (plate
diameter, 50 mm; cone angle, 2°). To prevent solvent evaporation, a
transparent plastic hood was used to seal the measuring system. Zero
shear viscosities of samples were decided from flow tests at strain rates
ranging from 0.01 to 100 s−1.

■ RESULTS AND DISCUSSION

Rheology of Homogeneous Polymer Solutions at High
Temperatures. To obtain homogeneous samples, all materials
used in this study were first heated to temperature of ≈65 °C so
that the mixtures were in one-phase state, appearing as
transparent solutions. At high temperatures, the wxx-A50 set
of samples exhibit shear thinning at high shear rates. As an
example, Figure 2 shows the flow behavior of w08-A50 sample at

different temperatures (55−85 °C). These solutions possess a
significant thermothinning behavior, as is demonstrated by the
drop of viscosity at higher temperature. This is further illustrated
in Figure 3, where relative viscosities, ηr obtained by dividing the
zero-shear viscosities by the solvent viscosity (data shown in the
Supporting Information) are plotted as a function of temper-
ature for a series of solution concentrations. The following
results are consistent with the behavior of associating polymer
solutions driven by hydrogen bonding interactions between the
unquaternized P4VP units and PMAA:

Figure 1. Schematic showing the design of thermoresponsive polymers
based on the temperature-dependent formation of a self-stabilized
emulsion from a mixture of associating polymers.

Figure 2. Strain rate dependence of viscosity for the w08-A50 sample in
the high temperature regime (55−85 °C), where the polymer solution
is homogeneous and transparent.
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• The viscosities of the polymer mixtures are substantially
larger than the viscosities of either of the pure component
polymers at the same concentrations (Figure 3A).

• The relative viscosities of the sufficiently concentrated
solutions decrease with temperature (Figure 3B), with a
temperature dependence determined by the nature of the
hydrogen bonding interactions responsible for the
viscosity enhancement.

The picture of this mixed polymer system is similar to
Rubinstein’s entangled dynamic associating polymer solution
model,24 where polymer chains form dynamic associations
through secondary interactions, which in our case are hydrogen
bonding interactions. Figure 4 describes the scaling of viscosities
for mixed polymers and homopolymers, showing that mixed
polymer solutions are much more viscous than homopolymer
solutions at the same concentration. This behavior is direct
evidence for the existence of interpolymer attractions that
enhance the viscosity of the mixed polymer solutions. The
mixing of proton-donating polymers, PMAA, and proton-
accepting polymer, QVP02, causes the formation of dynamic
associations, which can be viewed as attractive ’stickers’ along
the polymer chains. Power law exponents describing the
concentration dependence of the different relative viscosities
are shown in Figure 4, primarily to illustrate the fact that the
difference between the mixed solution viscosity and the
homopolymer solution viscosity increases both with increasing
concentration and decreasing temperature.
To further evaluate the strength of the interactions

responsible for determining the behavior of this system, we
show Arrhenius plots of the relative viscosities in Figure 5. The
slope of log(ηr) versus 1/T is an indicator of the apparent

activation energy. It should be noted that we only use a narrow
temperature range (50−80 °C) for the fitting, and so, Arrhenius
equation only gives an approximation on the association energy
level, which is ∼100 kJ/mol, comparable to the reported values
with similar associating structures.15,25−28

Phase Behavior and Suspension Characterization at
Low Temperatures. At temperatures below ∼50 °C, the
mixed polymer system becomes a stable milky suspension. This
behavior mimics the behavior of the QVP polymer, the solubility
of which depends on the degree of charge, solvent composition,
and temperature.19,20Our chosen solvent composition (85 wt %
DMSO−15 wt % water) is not a good solvent for QVP02 at
room temperature, resulting in inhomogeneous polymer clusters
when the polymer concentration is 8 wt %. Increasing the
temperature enhances the solubility of QVP02, giving a
transparent polymer solution when the system is heated to
∼50 °C. The incorporation of a second polymer, PMAA (which

Figure 3. Temperature dependence of the relative viscosities of the polymer solutions in the high-temperature regime. (A) Comparison of PMAA,
QVP02, and equimolar mixture of PMAA and QVP02, each at the total polymer concentration of 12 wt %. (B) Viscosities of a series of equimolar
PMAA/QVP02 mixtures at different total polymer concentrations. In each case, the relative viscosity (ηr) is obtained by dividing the measured zero-
shear viscosity (η0) by the viscosity of the mixed solvent (15 wt % water−85 wt % DMSO) (ηsolvent): ηr = η0/ηsolvent. Values for the temperature-
dependent viscosities of this mixed solvent system are given in the Supporting Information. The measured mixed solvent viscosities were double-
checked by comparing with values in similar conditions reported in ref 23.

Figure 4. Concentration dependence of the relative viscosities of the component polymers and equimolar solutions of the two components at 60 and
75 °C. Power law exponents, m, describing concentration dependence at the higher concentrations are included and correspond to the sold lines.

Figure 5. Arrhenius plots for the stoichiometrically balanced samples.
The solid lines correspond to an activation energy of 100 kJ/mol.
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is soluble at all temperatures used in our investigation), yields a
milky suspension when the solution is cooled to room
temperature. This suspension remains stable at room temper-
ature for at least 1 year. When heated to∼50 °C, the suspension
reversibly transitions to a more transparent solution, which
scatters less light as is demonstrated in Figure 6A.
In the appropriate concentration regime, the colloidal

suspensions formed at low temperatures have much lower
viscosities than the homogeneous solutions that exist at higher
temperatures. These suspensions remain macroscopically
homogeneous, behaving as Newtonian liquids or viscoelastic
liquids with slight shear thinning behavior (in Figure 6B). The
viscosities of these suspensions are affected dramatically by the
temperature. For w08-A50, viscosity value increases from 0.02 to
10 Pa·s as the temperature is increased from 20 to 50 °C. This
solution remains transparent at higher temperatures and the
viscosity decreases from its maximum value by a factor of about
50 as the temperature is increased to 85 °C, as is discussed in
previous section (see Figure 3B).
Hydrogen bonding is the attractive interaction that drives the

complexation of QVP02 and PMAA, forming insoluble colloids
at room temperature.19,20,29 The soluble component, PMAA, is
the hydrogen bonding donor for the association of QVP02 and
PMAA. PMAA presumably acts as a surfactant for stabilizing
colloids because PMAA favors both QVP02 and the solvent. An
increase in temperature weakens the QVP02−PMAA inter-
actions, swelling the colloids and increasing their overall volume
fraction in the suspension. This swelling is responsible for the
observed thermothickening behavior.
An open question concerns the role of the small degree of

charge in stabilizing the emulsions. We know from previous
work on the roles of solvent composition and charge density that
the charge enhances the one phase region where homogeneous
solutions are obtained.20We also observed in this previous work
that the viscosity in the one-phase region is strongly dependent
on the charge fraction of the QVP, much more than that would
be expected just from a simple dilution of the proton accepting
vinylpyridine groups. Presumably one effect of the charge is to
mediate the ability of hydrogen bonds to form in this system. A
more direct role in stabilizing the dispersion by providing an
additional stabilization mechanism directly related to the
incorporation of the charge cannot be ruled out entirely,
however.
Figure 7 gives the correlations between viscosity and

temperature for wxx-A50 samples in the full temperature
range, 20−85 °C. All of these mixtures follow the trend of
thermothickening/thermothinning transition, with a maximum
in the viscosity observed between 45 and 60 °C, with the specific
value of this temperature decreasing with increasing polymer
concentration. The key finding we want to emphasize is the well-

defined thermoresponsive behavior across in the polymer
concentration range. This maximum in the viscosity as a
function of temperature is rarely observed in polymer solutions.
To achieve the combined effect of thickening and thinning in
one single system, more complicated architectures (e.g., bottle-
brush, block copolymers) are typically needed.5,8 To the best of
our knowledge, the conventional mixing of QVP02 and PMAA
reported in this work is the simplest method for producing
polymer suspensions with this type of thermal response.

Effects of Stoichiometry. In traditional colloidal suspen-
sions, additional surfactants are often added in order to
introduce repulsive interactions between individual par-
ticles.30−32 In our case, the colloids are presumably stabilized
by a PMAA-rich layer that forms at the particle/solution
interface. To gain a better understanding of the factors that
enable these self-stabilized emulsions to form, we investigated a
series of nonstoichiometric polymer suspensions at a fixed
polymer weight fraction of 8 wt %. Figure 8 shows the effect of
stoichiometry on the rheological behavior of this system. Images
of the samples are shown in Figure 9A, and we compare the
composition dependence of the relative viscosity at 20 and 70 °C
in Figure 9B. This comparison of ηr at 20 and 70 °C gives a
description of the conditions for which thermothickening is
observed, with thermothickening behavior observed for XMAA <
0.55 where ηr at 70 °C exceeds the value of ηr at 20 °C.
At room temperature, the QVP02 polymer does not form a

macroscopically homogeneous suspension but instead appears
as a collection of solvent-swollen precipitates that can be
emulsified by the inclusion of PMAA. The addition of 17%
PMAA toQVP02 is sufficient to enable the formation of a stable,
opaque suspension (Figure 9A). Further increases of the PMAA
content reduce the hydrodynamic diameter of the polymer rich
suspension droplets from 330 to 138 nm, as shown by the DLS
results in Table 1 and Figure 10. The specific particle size is
controlled at least partially by kinetic factors and is influenced by
the detailed processing scheme. For example, if the 1% solution
formed from dilution of the w08-A50 sample is reheated and

Figure 6. (A) Turbidity measurements for stoichiometrically balanced samples at different solution concentrations (wxx-A50). (B) Strain rate
dependence of viscosity for the w08-A50 sample in the low temperature regime (≤50 °C).

Figure 7. Full temperature dependence of the stoichiometrically
balanced solution viscosity at different concentrations.
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cooled back to room temperature, the hydrodynamic diameter
of the particles is reduced from 147 to 120 nm. Dilution or long-
term storage of the samples at room temperature, however, does
not lead to any measurable change in the size of the colloids

obtained during the cooling process. Clear solutions are
obtained when the PMAA mole fraction exceeds 0.83.
Figure 11 gives an overall picture of the temperature and

composition dependence of the viscosity response for systems
with an overall polymer concentration of 8 wt %. The diameters
of the symbols scale with the magnitude of d[log(ηr(T))]/dT,
obtained from the fits represented by the solid lines in Figure 8.
Red symbols correspond to thermothickening behavior where
the viscosity increases with temperature, and blue symbols
correspond to thermothinning behavior where the viscosity
decreases with increasing temperature. The boundary between
the thermothickening and thermothinning regimes corresponds
to the viscosity maximum, represented by the solid line in Figure
11. This transition temperature decreases as the PMAA content
increases and correlates very well with the cloud points obtained
from the absorbance measurements. These cloud points are
represented by the dashed line in Figure 11, and are defined as
the temperature at which the absorbance of the solution is
halfway between the limiting values obtained at high and low
temperatures. The detailed procedure for obtaining these cloud
points is described in the Supporting Information. It is clear

Figure 8.Temperature dependence of relative viscosities for samples with different stoichiometries, each with an overall polymer concentration of 8 wt
%. Samples with lower PMAA fractions (≤60%) are shown in (A) and those with higher PMAA fractions (≥67%) are shown in (B).

Figure 9. Influence of stoichiometry on the properties of a series of samples, each having an overall polymer concentration of 8 wt %. Images are shown
in (A) with the numbers corresponding to the mole percentages of PMAA in the polymer mixture. Viscosities at 20 and 70 °C as functions of PMAA
molar fraction are plotted in (B).

Table 1. Sizes and Polymer Concentrations of the w08-AYY
Colloids as Determined in a Series of Different Samples at 20
°Ca

sample
temperature

(°C)
diameter
(nm)

standard
error (nm)

ϕ*cd
(wt %)

cd
(ϕ* = 0.75)
(wt %)

w08-A17 20 330 73 9.04 12.0

w08-A33 20 166 36 8.81 11.7

w08-A44 20 151 45 14.2 18.9

w08-A50 20 147 30 13.3 17.7

w08-A60 20 138 27

w08-A50 30 11.7 15.6
aThe sizes were determined by DLS and the polymer concentrations
within the colloids, (cd), were obtained by forcing agreement of the
measured values of the viscosity at c = 8 wt % to the predictions of eq
3, with ϕ* = 0.75.

Figure 10. (A) Correlation functions of different samples [w08-AYY (YY = 17, 33, 44, 50, and 60)] in DLS measurements at temperature 20 °C.
Measurements were performed at the polymer concentration of 1 wt %, obtained by room temperature dilution of w08-AYY. (B) Size distributions of
colloidal particles obtained from different samples.
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from Figure 11 that the maximum thermothickening response is
obtained for nearly stoichiometric solutions at temperatures just
below the onset of phase separation into a stabilized suspension.
Colloidal PackingModel.As discussed above, the behavior

of this system at high temperatures is not unusual for high
molecular polymer solutions with associating groups. The
unique signature of this system is the phase separation at lower
temperatures to regions of high and low polymer concentrations.
The more highly concentrated regions of the materials segregate
into a stabilized, sub-micrometer dispersed phase that is highly
resistant to subsequent coalescence. We can obtain an
estimation for the polymer concentration in the dispersed
phase by utilizing well-established models for the viscosity of
colloidal dispersions. A variety of models have been utilized, but
the following simple functional form is suitable for our
purposes33−36

η ϕ ϕ= [ − *]
−

1 /
r

2
(1)

Here ϕ is the volume fraction of the colloidal phase and ϕ* is a
critical packing volume fraction. Bicerano et al. have suggested
some corrections to eq 1,37,38 which account for the particle
rigidity, particle/particle interactions, and so forth. However,
these corrections are generally quite small and are not necessary
here, where we desire a simple and reasonably accurate
expression relating the particle volume fraction to the measured
viscosity. Considering that the sizes of particles are in the order
of ∼100 nm and the contribution of Brownian force is non-
negligible, the flow behavior of these suspensions in our study is
more complicated compared with Newtonian liquids. Shikata
and Pearson gave a comprehensive analysis of shear rate
dependence of concentrated spherical particle suspensions in
this regime, suggesting that eq 1 might still work for this
situation althoughϕ* needs to be adjusted correspondingly.39,40

In our own case, we are seeking for a relatively simple expression
that could be used for fitting our viscosity data and revealing the
packing details. Thus, we only utilize this simple form without

further discussing Brownian forces. The sufficiency of eq 1 for
this purpose is illustrated by Figure 12, where we plot measured

values of the relative viscosity against the particle volume
fraction for a range of systems, comparing to eq 1, with ϕ*
treated as an adjustable parameter. Data from the literature are
included for dispersed poly(methyl methacrylate) spheres,35

styrene isoprene block copolymer micelles with polystyrene
cores and polyisoprene corona block, providing steric
stabilization,35 a compact star-branched copolymer35 and an
emulsion with a viscosity ratio of ≈1000 between the dispersed
and continuous phases.41 For each of these situations, eq 1
provides an adequate description of the concentration depend-
ence of the relative viscosity, although this is no longer the case
for less compact star-branched polymers, which begin to behave
as polymer solutions but not as colloidal suspensions.35 The
emulsion data are most relevant to our case because our
situation is similar, although with a much larger value of the
viscosity ratio. A value of ≈0.75 for ϕ* is a representative of the
soft, deformable systems shown in Figure 12, and we use this
value in our analysis.
By assuming that all of the polymers exist in the colloidal

particle phase and the medium only consists of solvent, we
obtain the following for ϕ

ϕ = c c/ d (2)

where c is the overall weight fraction of polymer in the system
and cd is the weight fraction of polymer within the colloidal
particles. With this definition of ϕ, we can rewrite eq 1 in the
following form:

η
ϕ

= −
*

−

c

c
1

r
d

2

(3)

Figure 13 demonstrates the effectiveness of eq 3 in describing
the concentration dependence of the viscosity of our systems at
low temperatures.We obtainϕ*cd = 13.3 wt % at 20 °C andϕ*cd
= 11.7 wt % at 30 °C. By choosing a value of 0.75 for ϕ*
(consistent with the behavior of the soft colloids in Figure 12),
we obtain cd = 17.7 wt % at 20 °C and cd = 15.6 wt % at 30 °C.
The situation is more complicated at 40 °C, where the picture of
isolated non-interacting colloids is not a suitable representation
of the behavior of the system.

Figure 11. Overall picture of the QVP02−PMAA system at an overall
polymer concentration of 8 wt %. XMAA is the mole fraction of PMAA
within mixed polymers. The diameters of the symbols scale with
d[log(ηr(T))]/dT, with positive values of this quantity in red and
negative values in blue. Viscosity values correspond to the data in Figure
8. Cloud points were taken from the turbidity measurements (detailed
results in the Supporting Information) and correspond closely to the
temperature at which the viscosity is maximized.

Figure 12. Literature data for the reduced viscosity as a function of the
normalized reduced volume fraction of the dispersed phase. Values of
ϕ* used for the normalization in each case are shown in the legend.
Data are included for styrene/isoprene block copolymer micelles (SI,
sample SI-600 from ref 35), poly(methyl methacrylate) (PMMA, 640
nm sample from ref 35), a highly branched star molecule (star, sample
12 880 from ref 35), and an emulsion with a viscosity ratio for the
dispersed and continuous phases of ≈1000 (emulsion, from ref 40).
The solid line is a representation of eq 1.
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We further use the measured values of ηr in w08-AYY (Figure
8) in conjunction with eq 3 to estimate the value ofϕ*cd for each
suspension at 20 °C. Again, assuming a value of 0.75 for the
critical packing fraction, ϕ*, we obtain the estimates for cd, the
polymer concentration within the suspended, polymer-rich
phase, listed in Table 1. The colloidal particle phase is most
concentrated for systems that have the same mole concentration
of two polymers or have a slight excess of QVP02 relative to
MAA (XMAA = 0.44 and XMAA = 0.5). In these systems, the
polymer concentration in colloidal particles (12−19 wt %) is
approximately twice as large as the average polymer concen-
tration in the mixture (8 wt %), giving value for the effective
polymer volume fraction, ϕ of ∼0.5, which is substantially less
than the critical packing fraction, ϕ*. As the suspension is
heated, the value of cd decreases, increasing ϕ and giving a rapid
increase in the viscosity as ϕ approaches ϕ*. When ϕ exceeds
ϕ*, eq 3 can no longer be used. In this case, the suspension
property transitions to one-phase homopolymer solution, the
viscosity of which is much higher than that of the low
temperature suspension, with details discussed in previous
sections.

■ CONCLUSIONS

In this work, we performed extensive experimental study of
multicomponent associating polymer solutions, made from
mixtures of PMAA and QVP02, in a solvent consisting of 85 wt
% DMSO and 15 wt % water. Clear, one-phase solutions are
obtained above an UCST that ranges from 45 to 60 °C,
depending on detailed composition of the polymer mixture.
Above this temperature, the system behaves as an associating
polymer solution, with a viscosity that is much larger than the
viscosity of either of the component polymers at the same overall
polymer concentration. Below this critical temperature, the
solution forms a colloidal suspension of more concentrated
submicron polymer droplets, with polymer concentration within
the droplets ranging from 12 to 19 wt %, depending on the
temperature and relative amounts of QVP02 and PMAA in the
system. This droplet phase is stabilized against coalescence, and
this suspension has a much lower viscosity than the associating
polymer solution formed at higher temperatures. As a result of
this behavior, it is possible to design solutions for which the
viscosity increases by a factor of 1000 as the temperature is
increased by 20 °C. The behavior is controlled by the hydrogen
bonding interactions between acid and pyridine groups, which
are mediated by the small amount of charge (2% of the pyridine
moieties) introduced by the partial quaternization. This work
paves the way for designing thermoresponsive polymers

solutions that are quite easy to formulate and yet exhibit a
range of temperature-dependent properties.
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