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ABSTRACT: Amphoteric statistical equivalent copolymers (P(2VP/NaSS)n)
composed of 2-vinylpyridine (2VP) and anionic sodium p-styrenesulfonate
(NaSS) were prepared via reversible addition−fragmentation chain transfer
polymerization. The degrees of polymerization (n) were 19 and 95. The monomer
reactivity ratio, time conversion profile, and 1H nuclear magnetic resonance
diffusion-ordered spectra suggested that the copolymerization of 2VP and NaSS
provided statistical or near to random copolymers. P(2VP/NaSS)n exhibited an
upper critical solution temperature (UCST) in acidic aqueous solutions on the
basis of the charge interactions between the protonated cationic 2VP and anionic
NaSS units. With an increase in pH value, the interaction was weakened because of
the deprotonation of the 2VP units, thus reducing the UCST. At high [NaCl], the electrostatic interactions among the polymers
were weakened because of the screening effect, and again, the UCST was reduced. With an increase in polymer concentration, the
intra- and interpolymer interactions increased because of some entanglement, and the UCST consequently increased. Electrostatic
interactions among the polymer chains with high molecular weight occurred easier than those among the low-molecular-weight
polymer chains, which increased the UCST. The UCST also increased when deuterium oxide was used instead of hydrogen oxide,
which was due to the isotopic effect. Hence, the UCST of P(2VP/NaSS)n can be adjusted according to the desired application.

■ INTRODUCTION

Polymers that change their physical or chemical properties by
responding to their surrounding environment are known as
“stimuli-responsive” or “smart” polymers. These environmental
changes include temperature,1 pH,2 ionic strength,3 light,4

electric and magnetic fields,5,6 or a combination of each.7 By
responding to the stimuli, these polymers change their
conformation, morphology, solubility, and molecular assembly,
which generally involves a change in the molecular
interactions, hydrophilic−hydrophobic balance in the materi-
als, or energy variation. Among the stimuli-responsive
polymers, thermo-responsive polymers are the most studied
because of the easy control of the temperature. Thermo-
responsive polymers change their properties when experiencing
heating or cooling. The ability of these polymers to change
their properties via temperature changes is highly desirable
from the viewpoint of their desired applications. Since their
properties can be tuned according to the demand, thermo-
responsive polymers are widely used in various fields, including
drug release,8,9 gene therapy,10 bio-separation,11 thermally
switchable optical devices,12 bio-imaging,13 and catalysis.14

Besides the single-stimulus type, multiple stimuli-responsive
(e.g., temperature and pH15,16) polymers can also widen the
application scope. Various pH-responsive groups, such as
carboxyl, pyridine, phosphate, and tertiary amine groups, are
incorporated to achieve a pH-responsive property. The

characteristics of the pH-responsive behavior in combination
with the thermo-responsive behavior promote the numerous
applications of the polymers in the broader fields of science
and technology.17,18

Thermo-responsive polymers can be divided into two
classes, namely, lower critical solution temperature (LCST)
and upper critical solution temperature (UCST) polymers,
where the miscibility gap is observed at high and low
temperatures, respectively. The LCST and UCST polymers
have been studied by various research groups over the past few
decades. In 1968, Guillet and Heskins19 were the first to report
an LCST polymer, poly(N-isopropylacrylamide) (PNIPAM),
in water. Since then, PNIPAM has become the most studied
thermo-responsive polymer because of its phase transition near
physiological temperatures of 32 °C. The phase transition
between body temperature and room temperature is important
in medical applications.20 To increase the application scope,
various other LCST-type water-soluble polymers, including
poly(2-oxazoline)s,21 poly(N-vinyl caprolactam),22 poly(oligo-
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(ethylene glycol) methacrylate),23 poly(2-(N,N-diethylamino)-
ethyl acrylamide),24 and poly(2-(N,N-dimethylamino)ethyl
methacrylate),25 have been discovered.
Meanwhile, UCST water-soluble polymers have not been so

well documented, although they are as equally useful as LCST
polymers. This may be due to the major challenges in
preparing this type of polymer. Here, appropriate tuning in
terms of interpolymer attraction and hydrophilicity of the
polymer is required. However, UCST polymers offer numerous
advantages in biological science in terms of autoregulated drug
delivery when the body temperature is increased as well as in
various other fields.26 Thus, researchers have begun to turn
their attention to developing UCST-type polymers and to
investigate their full application scope. Up to this point,
poly(sulfobetaine)27 and poly(acrylic acid) and poly-
(acrylamide)28,29 are the most studied UCST polymers, all
of which exhibit a phase transition in water under workable
conditions. The UCST polymer in water can be divided into
two main types, namely, polymers with anion and cation
interactions, which are known as zwitterionic polymers,27 and
hydrogen-bonded polymers.30 Schulz et al.31 reported a
poly(N-(3-sulfopropyl)-N-methacroyloxyethyl-N,N-dimethy-
lammonium betaine) polymer that exhibited UCST behavior
because of the charge interactions. Following this, various
research groups have studied other ionic UCST polymers.32−35

Here, Agarwal and Seuring30 demonstrated a poly(N-acryloyl
glycinamide) polymer that exhibited UCST behavior due to
the hydrogen bonding interactions as well as various non-ionic
UCST polymers, before extending their research using
acrylamide (AAm) with another comonomer, such as styrene
or acrylonitrile.36,37 However, the application of these
polymers is hindered by various limitations. For one, the
chemical stability of the polymers is not sufficient since AAm
and N-acryloyl glycinamide tend to hydrolyze. A small amount
of ionic group substance generated as a result of hydrolysis
during polymerization can hinder the polymer’s capacity to
exhibit UCST behavior, whereas the ionic group generated
from the initiator or monomer can bring some impurity to the
system.38 Poly(sulfobetaine) is well suited to a system
containing salts, i.e., in a physiological environment with a
tunable UCST value, despite its higher molar mass. The
concept of charge interactions has encouraged researchers to
focus on the development of polyampholytes. Here, Zhang and
Hoogenboom26 reported the synthesis of polyampholytes from
methacrylic acid and 2-(N,N-dimethylamino)ethyl methacry-
late via reversible addition−fragmentation chain transfer
(RAFT) copolymerization. The resulting polymer exhibited a
UCST-type phase transition in an alcohol/water mixture,
which would limit its applications in certain cases. This
prompted the search for a new copolymer that exhibits UCST
behavior in pure water as well as under physiological
conditions. The development of several controlled polymer-
ization techniques, including group transfer polymerization,
atom transfer radical polymerization, nitroxide-mediated
radical polymerization, and RAFT, has facilitated the synthesis
of polymers with well-defined structures.39

A controlled polymer structure is often the prerequisite for
achieving certain special properties that cannot be obtained
from an uncontrolled polymer structure. Moreover, copoly-
merization, e.g., statistical, random, gradient, block, graft, and
star, can be used to manipulate the properties of the polymer.40

Here, Varoqui et al.41 prepared a diblock copolymer composed
of poly(sodium styrenesulfonate) (PNaSS) and poly(2-vinyl-

pyridine) (P2VP) via anionic polymerization and focused on
the polyelectrolyte behavior of this polyampholyte, that is, the
electrochemical characteristics of the basic P2VP in the
presence of the neighboring PNaSS chain. The degree of
ionization of P2VP in the diblock copolymer was studied as a
function of pH, with the phase separation of the polymer
solution found to occur at a pH of <2.5. Also, some amphoteric
copolymers were prepared via RAFT polymerization; however
they did not report the thermo-responsive behavior of the
amphoteric copolymers.42,43 In our previous study, we
prepared an amphoteric statistical copolymer from cationic
vinylbenzyl trimethylammonium chloride and anionic sodium
p-styrenesulfonate (NaSS) via a controlled RAFT method to
reveal the UCST thermo-responsivity in aqueous solutions due
to the charge interactions.32

In the present study, we prepared statistical poly(2-
vinylpyridine-co-sodium p-styrenesulfonate) (P(2VP/NaSS)n)
composed of pH-responsive cationic 2VP and anionic NaSS
via RAFT polymerization (Scheme 1). The abbreviation n in

P(2VP/NaSS)n represents the degrees of polymerization (DP),
which were 19 and 95. Under acidic conditions, the 2VP unit
became protonated, whereas electrostatic attraction occurred
with the anionic NaSS unit. Meanwhile, P(2VP/NaSS)n
exhibited UCST behavior in aqueous solutions because of
the charge interactions, whereas pH, molar mass, NaCl
concentration, polymer concentration, and deuterium isotope
were found to affect the UCST behavior. The UCST value
decreased with an increase in pH and NaCl concentration and
a reduction in polymer concentration and molar mass. The
UCST in deuterium oxide (D2O) was higher than that in
hydrogen oxide (H2O) because of the isotropic effect. Hence,
tunable dual pH- and thermo-responsive behavior of P(2VP/
NaSS)n could open new doors for applications in various fields.

■ RESULTS AND DISCUSSION
The controlled synthesis of P(2VP/NaSS)n with n = 19 and 95
was performed using pH-responsive cationic 2VP and anionic
NaSS via RAFT polymerization (Scheme 1).
We studied the relationship between the polymerization

time and the individual monomer conversion (p) of 2VP and
NaSS as well as their kinetics in a mixed solvent of D2O and
methanol-d4 (9/1, v/v) when 2VP and NaSS were equimolarly
copolymerized (Figure 1). The reaction was performed using
NMR equipment under an argon atmosphere at 70 °C. The p
value of 2VP was estimated from the average integral intensity
of the vinyl peak at 5.3 and 5.9 ppm, whereas for NaSS, this
value was determined from the average integral intensity of the
vinyl peak that appeared at 5.0 and 5.6 ppm before and after
polymerization. There was no polymerization within the first 5
min of the process. This is generally termed as the induction
period, which is a common phenomenon in the RAFT
process.44,45 At the initial stages of polymerization for 2VP and

Scheme 1. Chemical Structures of the Statistical Copolymer,
P(2VP/NaSS)n, in Acidic Form
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following the induction period for NaSS, the first-order kinetic
plot increased linearly with an increase in conversion up to 90
min, indicating that the growth of propagating radicals
remained constant in this period. The reaction was terminated
when the 2VP conversion reached 97.2% at 150 min. Within
this period, the conversion of NaSS reached 91.0%. This
suggests that the copolymer prepared using the two monomers
contained a higher mole fraction of 2VP, although they were
equimolarly copolymerized, which was due to the higher
reactivity ratio of 2VP compared with NaSS. The first-order
kinetic plots also support this (Figure 1b).
We wanted to ascertain whether the 2VP and NaSS

monomer pairs were alternatively, randomly, or statistically
copolymerized. One effective way to understand the nature of
the copolymerization of a monomer pair involves determining
the reactivity ratio. The nature of the copolymerization of the
2VP and NaSS monomer pairs was thus investigated when
polymerized, with their reactivity ratios determined via
conventional free-radical polymerization in a mixed solvent
of D2O/methanol-d4 (7/3; v/v) at 70 °C. A <15% conversion
was performed to determine the reactivity ratio at varying 2VP
molar feed ratios. As the reaction proceeded, there was the
possibility of a shift in the composition of the monomer feed.
To avoid this bias of composition, reactions were conducted at
a low conversion level.46,47 The conversion of 2VP was
estimated from the average integral intensity ratio of the
intensity peak at 5.3 and 5.9 ppm before and after
polymerization. Figure 2a shows the relationship between the
2VP content in the feed and in the copolymer. The ratio
(m2VP/mNaSS = f) of the contents of 2VP and NaSS in the
copolymer obtained via random copolymerization can be
represented by the following copolymer equation:

=
[ ]
[ ]

×
[ ] + [ ]
[ ] + [ ]

m
m

M
M

r M M
r M M

2VP

NaSS

2VP

NaSS

2VP 2VP NaSS

NaSS NaSS 2VP (1)

where m2VP and mNaSS are the molar contents of 2VP and
NaSS in the random copolymer, [M2VP] and [MNaSS] are the
molar concentrations of 2VP and NaSS monomers, respec-

tively, before polymerization, and r2VP and rNaSS are the
monomer reactivity ratios of 2VP and NaSS, respectively.
Then, eq 1 can be rewritten in terms of the Fineman−Ross
equation:

−
=

−
F f

f
r F
f r

( 1) NaSS
2

2VP (2)

where F = M2VP/MNaSS and f = m2VP/mNaSS. A Fineman−Ross
plot was prepared based on eq 2, as shown in Figure 2b.48 The
r2VP and rNaSS were estimated from the slope and intercept,
with the values found to be 0.897 and 0.329, respectively.
Copolymerization with r1 × r2 ≪ 1 or r1 × r2 = 0 generally

favors alternating copolymerization.49 When r1 and r2, which
are the monomer reactivity ratios of monomer 1 and 2,
respectively, are close to 1, the monomer units are randomly
distributed in the copolymer, i.e., r1 × r2 = 1.50 Hence, the
obtained copolymers may be statistical or near to random. The
reactivity of the 2VP monomer was 2.7 times higher than that
of the NaSS monomer. Therefore, the NaSS monomer was less
reactive in terms of adding its own unit to the growing chain
than 2VP. As such, the copolymer contained a higher molar
content of 2VP than NaSS.
The nature of the copolymerization can be predicted based

on the interaction occurring between the monomer pairs.
Monomers tend to form a complex before participating in the
alternative copolymerization.51 Salamone et al.52 also noted
that the charge-transfer interaction between the monomers is
the prerequisite to yielding alternative copolymers. Here, the
authors demonstrated that a 4-vinylpydinium chloride and
NaSS charge-transfer complex is formed through the
interaction between the electron-withdrawing pyridinium
group and the electron-donating NaSS, which leads to the
formation of alternative copolymers. We investigated the
complex formation of 2VP and NaSS before copolymerization
in the polymerization solvent at room temperature. Here, 1H
NMR DOSY measurements were performed to investigate the
diffusion coefficient (D) of the individual monomer and the

Figure 1. (a) Time conversion and (b) first-order kinetic plots for
pH-responsive cationic 2VP (open red circle) and anionic NaSS
(open violet triangle) for RAFT copolymerization in a mixed solvent
of D2O and methanol-d4 (9/1 = v/v) at 70 °C performed using NMR
equipment.

Figure 2. (a) Relationship between the 2VP content in the copolymer
(m2VP) and the feed (M2VP). (b) Relationship between F( f − 1)/f and
F2/f, where f = m2VP/mNaSS and F = M2VP/MNaSS; mNaSS and MNaSS are
the molar contents of NaSS in the copolymer and the feed,
respectively.
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mixed equimolar monomer solution. If a complex is formed
between 2VP and NaSS, the D values for both monomers in
the mixed monomer solution should be both the same and
much lower than their individual values. Figure S1 shows the
DOSY measurement and the corresponding 2D DOSY data for
the individual and mixed monomer solutions. NaSS is soluble
in pure water, whereas the solubility of 2VP is limited.
However, this solubility is increased in the presence of NaSS.
Hence, we could not measure the diffusion for the individual
2VP monomer because of its lower solubility. Thus, we
estimated the D value for the individual NaSS monomer
solution and the 2VP/NaSS monomer equimolar mixed
solution. The D value obtained for the individual NaSS was
4.1 × 10−10 m2 s−1, whereas in the case of the 2VP/NaSS
mixture, the D values for 2VP and NaSS were both 2.8 × 10−10

m2 s−1. Besides being the same, the D values for both
monomers in the mixed monomer solution were also lower
than that for the individual NaSS monomer, which indicated
the presence of a slight interaction between the monomers.
Therefore, there is a trend for this type of monomer pair to
copolymerize randomly to alternatively under these polymer-
ization conditions. Moreover, we used noncharged 2VP, which
has an electron-donating nature. Therefore, there was a slight
chance of forming a charge-transfer complex of 2VP with
electron-donating NaSS. Also, in all cases of polymerization,
the solution pH was slightly acidic but above the pKa value of
2VP (4.98). This depicts that, there is a little or no chance of
protonation of 2VP and hence absence of ion-paired
interactions between 2VP and NaSS. Hence, our synthesized
copolymer was neither truly random nor alternative. The UV−
vis absorption spectra of the individual monomers, 2VP and
NaSS with a 3 × 10−5 M monomer concentration, and their
equimolar mixed solution were measured at room temperature
in pure water (Figure S2). The absorption spectra for the 2VP
monomer were observed at 234 and 278 nm, whereas for the
NaSS monomer, the absorption spectra were observed at 198
and 254 nm. For the mixed monomer solution, the absorption
spectrum was observed at 242 nm, with the difference clearly
indicating interactions between the two monomers.
We estimated the theoretical DP (DP(theory)) and the

theoretical molecular weight (Mn(theory)) of the synthesized
statistical copolymers via the following formula using the p
obtained from the 1H NMR measurement:

=
[ ]

[ ]
×

M p
DP(theory)

CTA 100
0

0 (3)

= × +M M M(theory) DP(theory)n m CTA (4)

where [M]0 is the initial monomer concentration, [CTA]0 is
the initial chain transfer agent (CTA) concentration, Mm is the
molecular weight of the monomer, and MCTA is the molecular
weight of CTA. The values of Mn(theory) for P(2VP/NaSS)19
and P(2VP/NaSS)95 were 2.97 × 103 and 1.51 × 104 g/mol,
respectively (Table 1).

Figure S3 shows the IR spectra for P(2VP/NaSS)19 and
P(2VP/NaSS)95, which were highly similar since the solutions
had the same composition. The characteristic peaks observed
at 2931 and 2856 cm−1 were due to the C−H stretching
absorption for the aromatic and aliphatic, respectively, whereas
the peaks that appeared at 1628 and 1470 cm−1 corresponded
to the CC stretching for the aromatic. Meanwhile, the peak
at 1595 cm−1 was due to the CN stretching, and that at 416
cm−1 was due to the C−N stretching in the pyridine ring,
whereas the peak at 1178 cm−1 was due to the −SO3
stretching. The peak at 679 cm−1 was due to the C−H out-
of-plane bending vibration for all,53 whereas the peak that
appeared at 3475 cm−1 was due to the stretching of O−H,
which may have been induced by the absorption of the water
by the polymer.
The 1H NMR spectra for P(2VP/NaSS)n were measured in

D2O at 25 °C (Figure S4). Characteristic peaks due to the
main chain protons were observed at 0.8−2.5 ppm. The
pendant aromatic protons attributed to the 2VP and NaSS
units were overlapped at 5.8−8.5 ppm. By comparing the
integral intensities of the pendant aromatic protons in the 2VP
units at 5.8−6.7 ppm and in the 2VP and NaSS units at 5.8−
7.7 ppm, the NaSS contents were estimated to be around 47.5
± 0.8 mol % in P(2VP/NaSS)19 and 48.2 ± 1.0 mol % in
P(2VP/NaSS)95, which was similar to the results obtained
from the quantitative 13C NMR spectra. Figure 3 shows the

quantitative 13C NMR spectra for P(2VP/NaSS)n in D2O at
room temperature. The average contents of NaSS were
estimated to be 47.2 mol % for P(2VP/NaSS)19 and 47.3
mol % for P(2VP/NaSS)95, which was achieved by comparing
the integrated intensity ratio of peak c appearing at 162 ppm
and of peaks g and j appearing at 148 ppm and by comparing
the integrated intensity ratio of peak c appearing at 162 ppm
and peak m at 139 ppm as well as peak e appearing at 142 ppm
and peak k at 128 ppm. The NaSS unit in the copolymer was
less than the feed ratio, which was due to the less reactive
nature of NaSS compared with 2VP. This finding was also in
line with our previous observations.

Table 1. Monomer Conversion (p), Composition, DP, Mn, and Tp for the Statistical Copolymers

samples pa (%) NaSS in feed (mol %) NaSS contentb (mol %) DP (theory)c Mn(theory)
d (×103 g/mol) Tp (°C)

e

P(2VP/NaSS)19 94.1 50 47.5 ± 0.8 19 2.97 52.4
P(2VP/NaSS)95 95.2 50 48.2 ± 1.0 95 15.12 72.5

aEstimated from 1H NMR after polymerization. bBased on 1H NMR. cEstimated from eq 3. dEstimated from eq 4. eTp upon cooling for 0.1 M
NaCl aqueous P(2VP/NaSS)19 solution and 1.2 M NaCl aqueous P(2VP/NaSS)95 solution at pH = 2 and Cp = 2.0 g/L.

Figure 3. Quantitative 13C NMR spectra for (a) P(2VP/NaSS)19 and
(b) P(2VP/NaSS)95 in D2O at 25 °C.
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The nitrogen center of a pyridine ring contains a single pair
of electrons. Under acidic conditions, this single pair of
electrons forms a N−H bond with the proton of the acid and
behaves like a positive ion. Thus, in the presence of an acid
pyridine ring, P(2VP/NaSS)n could be protonated (Scheme
1), and strong electrostatic attraction may occur with an
anionic sulfonate group. In our previous study, we demon-
strated that polyampholytes prepared from cationic vinylbenzyl
trimethylammonium chloride and anionic NaSS exhibit UCST
phase transition behavior due to the electrostatic attraction
between the cationic and anionic charged group in pure water
and in NaCl aqueous solutions.54 Hence, we expected a UCST
phase transition of P(2VP/NaSS)n under acidic conditions.
Figure 4 shows the %T under various pH conditions for

P(2VP/NaSS)n in water and in the 0.1 M NaCl aqueous

solution. Here, P(2VP/NaSS)19 maintained a 100%T in a pH
range of 3.4−10 in water. Following this, a sharp phase
transition from a clear to a cloudy state occurred and, within a
short pH range (=0.5), the %T reached 0%. From the
intersection, the critical pH value was estimated to be 3.4.
Meanwhile, in the NaCl aqueous solution, the critical pH value
was estimated to be 3.1. At the critical pH value, the pyridine
ring of the polymers was protonated, and electrostatic
attraction occurred with the anionic sulfonate group, resulting
in the solutions becoming cloudy. Salt can screen the charge of
the ionic group. For P(2VP/NaSS)19, the phase transition from
a clear to cloudy state shifted to a lower pH value in the
presence of NaCl because of the screening of the electrostatic
attractions. For P(2VP/NaSS)95, the %T remained at 100% in
a pH range of 4.4−10 in water before the %T reached 0%
within a narrow pH range (=0.5). In the presence of 1.2 M
NaCl, a broad phase transition was observed at pH = 5.4. A
relatively broad pH range (=2) was required for the %T to
reach or approach 0% at pH = 3. Following this, the %T
increased to 9% until pH = 2. For P(2VP/NaSS)95, the critical
pH value was estimated to be 4.4 and 5.4 in water and in the
1.2 M NaCl aqueous solution, respectively. These behaviors
suggested that the protonated 2VP units interacted with the

NaSS units due to electrostatic and reversible hydrogen
bonding interactions. Here, the phase transition occurred at a
higher pH value in the presence of NaCl. This behavior
differed from the normal phenomenon observed for P(2VP/
NaSS)19. In the experiment (Figure 4), the salt effect on
P(2VP/NaSS)19 was little because the additional NaCl
concentration was low (0.1 M). On the other hand, the salt
effect on P(2VP/NaSS)95 was obviously observed because a
large amount of NaCl was added (1.2 M). These observations
suggested that it was related with the transformation from
interchain interaction to intrachain interaction.31,55

Below the critical pH temperature, driven phase transition
behavior for the aqueous P(2VP/NaSS)19 solution was
observed following a heating and cooling process at pH = 2
and [NaCl] = 0.15 M with Cp = 2 g/L. The temperature
dependence of %T was measured to estimate the Tp (phase
transition temperature). First, two consecutive heating and
cooling cycles were performed (Figure S5). The intersection
point of the two tangents was at %T = 100%, with any decrease
from 100% taken as the Tp. The Tp values for the two heating
cycles were 47.7 and 47.8 °C, whereas those for the cooling
cycles were both 43.8 °C. The intersection point of the two
tangents was at %T = 100%, with any decrease from 100%
taken as the Tp. Although the Tp values for the heating and
cooling cycles were consistent, they were different with a
hysteresis of around 4 °C. During the cooling process, the
polymer chains aggregated from a unimer state and the
solution became cloudy, whereas during the heating process,
the aggregated polymers shifted to a unimer state and the
solution thus became clear. In this case, any entangled polymer
chains dissociated from the unimer state and became
kinetically unfavorable compared with the opposite phase
transition from unimer to aggregate. Moreover, the phase
transition during the heating cycle was somewhat broader than
that during the cooling cycle. Therefore, in this study, we
focused on the cooling process of the phase transition.
To estimate the Tp values for the aqueous P(2VP/NaSS)19

solutions, the %T values were measured as a function of
temperature at different pH values ranging from 1.9 to 2.6 at
[NaCl] = 0.1 M with Cp = 2 g/L during the cooling process
(Figure 5a). Here, the Tp values decreased with an increase in
pH value. For example, the Tp value at pH = 1.9 was found to
be 56.1 °C, whereas at pH = 2.6, the value was calculated to be
31.9 °C at [NaCl] = 0.1 M. The Tp values for the aqueous
P(2VP/NaSS)95 solutions were measured according to %T as a
function of temperature during the cooling process under
various pH conditions ranging from 2.0 to 3.8 at [NaCl] = 1.2
M with Cp = 2 g/L (Figure 5b). Here, the Tp shifted to lower
values when the pH value was increased. For the aqueous
P(2VP/NaSS)95 solutions, the Tp values at pH 2.0 and 3.8
were observed to be 72.5 and 34.7 °C, respectively. At a lower
pH value, 2VP was protonated and, because of the strong
electrostatic interactions with the anionic NaSS, intra- and
interpolymer aggregates were formed, with the Tp shifting to
higher values. However, with an increase in pH value,
deprotonation occurred and weakened the interactions.
Therefore, at higher pH values, the Tp shifted to lower
temperatures. As shown in Figure 5c, at the same pH value, the
Tp for P(2VP/NaSS)19 was lower than that for P(2VP/
NaSS)95. Moreover, the Tp values changed within a narrower
pH range with P(2VP/NaSS)19 than with P(2VP/NaSS)95.
These findings suggest that polymers with lower molecular

Figure 4. Percent transmittance (%T) for P(2VP/NaSS)n at various
pH values in water (open blue triangle) and in the NaCl aqueous
solution (open red circle): (a) n = 19 and [NaCl] = 0.1 M and (b) n
= 95 and [NaCl] = 1.2 M at 25 °C.
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weight are more sensitive to a change in conditions than those
with a higher molecular weight.
We studied the [NaCl] dependence on the Tp value of the

aqueous P(2VP/NaSS)19 solutions using the %T measure-
ments as a function of temperature at pH = 2 with Cp = 2 g/L
(Figure 6a). Here, the Tp shifted to lower values with an
increase in [NaCl], with the Tp values of the aqueous P(2VP/
NaSS)19 solution at [NaCl] = 0.05 and 0.2 M found to be 61.0
and 37.6 °C, respectively. The temperature dependence on the
%T was measured for the aqueous P(2VP/NaSS)95 solution at
various [NaCl] at pH = 2 with Cp = 2 g/L (Figure 6b). Here,
the Tp values decreased with an increase in [NaCl], with the Tp
values of the aqueous P(2VP/NaSS)95 solution at [NaCl] = 1.2
and 2.2 M found to be 72.5 and 34.2 °C, respectively, at pH =
2 with Cp = 2 g/L. At a low salt concentration, the Coulombic
interactions among the polymer units tend to be high.
However, added salt can screen the charges of the ionic
group. Therefore, at high [NaCl] values, the interactions
among the polymer chains will be weakened, and the polymer
could dissolve at a relatively low temperature, thus decreasing
the Tp value. We thus measured the Tp for the aqueous
P(2VP/NaSS)19 and P(2VP/NaSS)95 solutions. Here, the
aqueous P(2VP/NaSS)19 solution exhibited a phase transition
at 70.8 °C and at pH = 2 with Cp = 2 g/L. However, the
aqueous P(2VP/NaSS)95 solution did not exhibit any phase
transition at pH = 2 with Cp = 2 g/L. Heat was applied to
dissolve the polymer up to the boiling point of water. However,

the polymer remained precipitated throughout the temperature
range (Scheme 2), which will be further discussed later. As
shown in Figure 6c, the Tp of P(2VP/NaSS)19 changed within
a narrower [NaCl] range than that of P(2VP/NaSS)95. This
suggests that polymers with a lower molecular weight are more
sensitive to [NaCl] than those with a higher molecular weight.
The effect of the Cp on the Tp of the P(2VP/NaSS)19

aqueous solution obtained via the %T measurement as a
function of temperature at pH = 2 with [NaCl] = 0.1 M was
studied at a range of 0.5−4 g/L (Figure 7a). Meanwhile, the %
T of the aqueous P(2VP/NaSS)95 solution was measured as a
function of temperature at a Cp range of 0.5−2.2 g/L at pH = 2
and [NaCl] = 1.2 M (Figure 7b). At high Cp values, strong
interactions among the polymer chains occurred because of the
increasing entanglement of the polymer chains. Consequently,
a great deal of energy will be needed to weaken the interactions
among the polymer chains with high Cp values. Thus, the Tp
value shifted to a higher temperature at high Cp values. Here,
the Tp of P(2VP/NaSS)95 was higher than that of P(2VP/
NaSS)19 at the same Cp value (Figure 7c). With an increase in
chain length, the interactions among the polymer chains will
tend to occur more easily. Hence, the polymer chains will
aggregate easier in P(2VP/NaSS)95 because of its higher
molecular weight than in (2VP/NaSS)19, with a consequential
increase in Tp.
The polymers with Cp = 2.0 g/L could dissolve in pure water

at pH = 7 and 25 °C as a unimer state. At pH = 2 and 25 °C,
the aqueous P(2VP/NaSS)19 solution became cloudy (Scheme

Figure 5. %T at 700 nm for the aqueous solutions of (a) P(2VP/
NaSS)19 at [NaCl] = 0.1 M and (b) P(2VP/NaSS)95 at [NaCl] = 1.2
M with Cp = 2 g/L as a function of temperatures at varying pH values
during the cooling processes. (c) pH dependence on the Tp for the
aqueous solutions of P(2VP/NaSS)19 (solid blue triangle) at [NaCl]
= 0.1 M and P(2VP/NaSS)95 (solid red circle) at [NaCl] = 1.2 M
with Cp = 2 g/L.

Figure 6. Percent transmittance (%T) at 700 nm for the aqueous
solutions of (a) P(2VP/NaSS)19 and (b) P(2VP/NaSS)95 with Cp = 2
g/L at pH = 2 as a function of temperatures at varying [NaCl] during
the cooling processes. (c) [NaCl] dependence on the Tp for the
aqueous solutions of P(2VP/NaSS)19 (solid blue triangle) and
P(2VP/NaSS)95 (solid red circle) with Cp = 2 g/L at pH = 2.
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2a), whereas at 71 °C, the solution became as clear as before,
and upon cooling to 25 °C, it regained its cloudy dispersion.
However, when 1.2 M NaCl was added to the polymer
solution at pH = 2 and 25 °C, the solution became clear. At 25
°C, the polymer dissolved in pure water as a unimer state
because of the repulsion among the sulfonate anions, with a
zeta potential of −1.5 mV. The pendant pyridine rings in the
2VP units were protonated when the pH value decreased to 2.
Thus, the solution became cloudy following the occurrence of
strong intra- and interpolymer electrostatic attractive inter-
actions with the anionic sulfone and cationic protonated
pyridine groups. The interpolymer interactions of P(2VP/
NaSS)19 with a short chain length were weaker than those of
P(2VP/NaSS)95 with a long chain length. Meanwhile, the
aqueous P(2VP/NaSS)19 solution became cloudy at pH = 2
and 25 °C. At 71 °C, P(2VP/NaSS)19 dissolved in water at pH
= 2 as a unimer state since the molecular motion increased to
weaken the electrostatic interactions. When 1.2 M NaCl was
added to the P(2VP/NaSS)19 solution at pH = 2 and 25 °C,
the charge interactions were fully screened for dissolving in the
aqueous solution as a unimer state. For the aqueous P(2VP/
NaSS)95 solution, the polymer dissolved in pure water at pH =
7 and 25 °C as a unimer state; however, at pH = 2, the
polymer was precipitated out of the solution (Scheme 2b). At
pH = 2 and 25 °C, the P(2VP/NaSS)95 solution precipitated
to form a large aggregate due to the intra- and interpolymer
electrostatic interactions because the pendant pyridine rings in
the 2VP unit were protonated to generate cationic charges that
interacted with the anionic sulfonate anions. P(2VP/NaSS)95
with a long polymer chain facilitated the entanglement among

the polymer chains, which led to the formation of a large
aggregate with consequential precipitation of the aggregates
from the solution. Up to 90 °C, the aggregate could not be
dissolved because of the strong electrostatic interactions. The
addition of 1.2 M NaCl made the solution turn cloudy,
whereas when heat was applied at 73 °C, the solution returned
to a clear state. At pH = 7 and 25 °C, P(2VP/NaSS)95
dissolved in the aqueous solution as a unimer state because of
the electrostatic repulsions of the pendant sulfonate anions,
with the a zeta potential of −2.15 mV. At pH = 2 and 73 °C,
the molecular motion of P(2VP/NaSS)95 overcame the
electrostatic attractive interactions to allow for dissolution in
the aqueous solution as a unimer state.
DLS measurements were performed to obtain the Rh

(hydrodynamic radius) values and the distribution data for
the copolymers (Figure S6). For the P(2VP/NaSS)19 aqueous
solution, measurements were performed above and below the
UCST at [NaCl] = 0.2 M and pH = 2 with Cp = 2.0 g/L. Here,
the Rh distributions were unimodal, with those above and
below the UCST being 1.8 and 1268 nm, respectively. For the
P(2VP/NaSS)95 aqueous solution, measurements were per-
formed above and below the UCST at [NaCl] = 2.2 M and pH
= 2 with Cp = 2.0 g/L. Here, unimodal Rh distributions were
obtained, with those above and below the Tp being 2.9 and
2591 nm, respectively. The small and large values above and
below the Tp indicate the unimer and aggregation state of the
polymers.

Scheme 2. Solution Behaviors of (a) P(2VP/NaSS)19 and
(b) P(2VP/NaSS)95 under Acidic and Basic Conditions in
the Absence and Presence of NaCl Above and Below the
UCST

Figure 7. Percent transmittance (%T) at 700 nm for the aqueous
solutions of (a) P(2VP/NaSS)19 at [NaCl] = 0.1 M and (b) P(2VP/
NaSS)95 at [NaCl] = 1.2 M and pH = 2 as a function of temperature
at varying Cp in the cooling processes. (c) Cp dependence on the Tp
for the aqueous solutions of P(2VP/NaSS)19 (solid blue triangle) at
[NaCl] = 0.1 M and P(2VP/NaSS)95 (solid red circle) at [NaCl] =
1.2 M and pH = 2.
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The UCST behavior was investigated in terms of the
temperature dependence on the light scattering and DLS
measurements (Figure S7). The Rh and SI (scattering
intensity) values for the aqueous P(2VP/NaSS)n solutions
were measured as a function of temperature in the cooling
processes. Here, the Tp was determined as a point where the Rh
and SI suddenly increased with a decrease in temperature. The
Rh values of P(2VP/NaSS)19 and P(2VP/NaSS)95 remained
almost constant as small values above the Tp, whereas the
respective SI values remained small above the Tp. These small
Rh and SI values suggest that P(2VP/NaSS)n had a unimer
state above the Tp. Meanwhile, below the Tp, large aggregates
were formed, and the solutions became cloudy. The Tp values
obtained via the light scattering measurements were in good
agreement with the results of the %T measurements. For
example, the Tp for P(2VP/NaSS)19 at [NaCl] = 0.2 M and
pH = 2 with Cp = 2.0 g/L was estimated to be 37.6 °C in the
Rh and SI measurements, whereas it was estimated to be 36.9
°C in the %T measurements.
The Tp value of the aqueous P(2VP/NaSS)n solution was

also affected by isotopes (Figure 8). The effect of isotopes on

the Tp of LCST and UCST polymers has been studied by
various research groups.56−58 Here, the Tp value of P(2VP/
NaSS)n was found to be higher in D2O than in H2O, with the
Tp values of P(2VP/NaSS)19 copolymers being 60.4 and 52.1
°C in D2O and H2O, respectively, at pH = 2 and [NaCl] = 0.1
M with Cp = 2 g/L. Meanwhile, the Tp values of P(2VP/
NaSS)95 were 63.4 and 54.2 °C in D2O and H2O, respectively,
at pH = 2 and [NaCl] = 1.6 M with Cp = 2 g/L. Since
deuterium is heavier than hydrogen, the amplitude of atomic
vibration is lower in D2O than in H2O,

59 which also facilitates
the D2O molecules to be structurally more organized than
those in H2O.

60 In polymer solutions, there is a hydration layer
around the polymer, which is commonly known as hydro-
phobic hydration. The hydration layer formed by D2O is
structurally more stable than that formed by H2O molecules.
Because of the high stability of the hydration layer formed by

D2O, it seeks more energy than H2O to break the layer, with a
consequential increase in Tp value.

■ CONCLUSIONS

The controlled synthesis of statistical copolymers, P(2VP/
NaSS)n with n = 19 and 95, was achieved via the
copolymerization of 2VP and NaSS using the RAFT technique.
The time conversion plot, monomer reactivity ratios, 1H NMR
DOSY, and UV−vis absorption measurements suggested that
P(2VP/NaSS)n is a close to ideal random copolymer with a
slightly higher molar content of the 2VP unit. Under acidic
conditions, the protonated 2VP units interacted with the
anionic NaSS units. P(2VP/NaSS)n exhibited temperature-
mediated phase transition behavior because of the charge
interactions. The Tp values for the aqueous P(2VP/NaSS)n
solutions increased with an increase in pH, Cp, and molecular
weight and with a reduction in [NaCl]. Therefore, the Tp value
can be modulated via the appropriate adjustment of these
factors. The deuterium isotope also affected the Tp value,
which was higher in D2O than in H2O. Thus, a tailorable Tp
will facilitate the application of the copolymers in various
fields.

■ EXPERIMENTAL SECTION

Materials. Sodium p-styrenesulfonate (NaSS, 98%) and
4,4′-azobis(4-cyanopentanoic acid) (V-501, 98%) were
purchased from Fujifilm Wako Pure Chemical Industries,
Ltd. (Osaka, Japan) and used without further purification.
Meanwhile, 2-vinylpyridine (2VP, 97%) was purchased from
the same company and was distilled under reduced pressure
after drying with 3 Å molecular sieves, whereas 4-
cyanopentanoic acid dithiobenzoate (CPD) was prepared
according to a previously reported method.61 Methanol
(MeOH) was distilled following drying using 3 Å molecular
sieves, whereas water was purified using an ion exchange
column system. All other reagents were used as received.

Monomer Reactivity Ratios. The monomer reactivity
ratios of 2VP and NaSS were determined using the following
method. 2VP was dissolved in a D2O/methanol-d4 (7/3; v/v)
mixed solvent before NaSS was added with a feed ratio of 10−
90 mol %. An initiator, V-501, was then added to the solution,
([2VP] + [NaSS])/[V-501] = 100/0.5, whereas 1,4-dioxane
was used as an internal standard for the nuclear magnetic
resonance (NMR) measurements. The pH of the solution was
recorded to be 6.88. Then, the solutions were purged with
argon gas, and polymerization was conducted at 70 °C below
15% of the monomer conversion. The content of 2VP in the
copolymer was estimated from the conversion of 2VP
evaluated by 1H NMR analysis.

1H NMR Diffusion-Ordered Spectroscopy. Self-diffusion
of monomers and their complexes is different. 1H NMR
diffusion-ordered spectroscopy (DOSY) measurements were
performed to understand the interactions between the
monomers. The measurements were conducted using a
JEOL (Tokyo, Japan) JNM-ECZ 400 spectrometer, with the
diffusion-ordered spectra acquired at 25 °C. Analysis was
conducted using Delta 5.3.1 software to obtain 1D or 2D data.

Preparation of P(2VP/NaSS)n. To study the relationship
between the polymerization time and the conversion of
equimolar amounts of 2VP and NaSS via RAFT polymer-
ization, the following method was used. Samples of 2VP (105
mg, 1.00 mmol), NaSS (206 mg, 1.00 mmol), CPD (27.9 mg,

Figure 8. %T at 700 nm for the H2O (open blue triangle) and D2O
(open red circle) solutions of (a) P(2VP/NaSS)19 at [NaCl] = 0.1 M
and (b) P(2VP/NaSS)95 at [NaCl] = 1.2 M and pH = 2 with Cp = 2
g/L as a function of temperature.
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0.10 mmol), and V-501 (14.0 mg, 0.05 mmol) were dissolved
in a mixed solvent of D2O (1.8 mL) and methanol-d4 (0.2 mL)
([2VP]/[NaSS]/[CPD]/[V-501] = 10/10/1/0.5; molar
ratio). The solution pH was 6.77. To obtain NMR data at
regular intervals, polymerization was conducted at 70 °C under
an Ar atmosphere using NMR equipment. Conversion was
estimated from the integral intensity of the vinyl protons
observed at 4.9−6.0 ppm in relation to the peak of the internal
standard at 3.7 ppm.
P(2VP/NaSS)n samples were prepared via RAFT polymer-

ization (Scheme S1). In terms of the preparation method for
P(2VP/NaSS)19, 2VP (262.8 mg, 2.5 mmol), NaSS (515.7 mg,
2.5 mmol), CPD (69.9 mg, 0.25 mmol), and V-501 (35.9 mg,
0.13 mmol) were dissolved in a mixed solvent of water (4.5
mL) and MeOH (0.5 mL) ([2VP]/[NaSS]/[CPD]/[V-501] =
10/10/1/0.5; molar ratio) before the solution was heated at 71
°C for 14 h under an Ar atmosphere. The pH of the
polymerization solution was 6.35. Following polymerization,
the total monomer conversion, estimated from the 1H NMR
data, was 94.1%. The reaction mixture was initially dialyzed
against methanol for 16 h and then against pure water for 24 h.
P(2VP/NaSS)19 was recovered using a freeze-drying method
(565 mg, 74.6%). The theoretical DP and number-average
molecular weight (Mn) were calculated as 19 and 2.97 × 103 g/
mol, respectively. The same method was also used to prepare
P(2VP/NaSS)95 (1.30 g, 83.2%).
Measurements. Both 1H and 13C NMR spectra were

obtained using a JEOL (Tokyo, Japan) JNM-ECZ 400
spectrometer, whereas infrared (IR) spectroscopic measure-
ments were performed on a Jasco (Tokyo, Japan) FT/IR-4200
using the attenuated total reflection (ATR) technique. The
incident angle applied for the sample was 45°. The samples
were measured using 256 scans, with Jasco Spectra Manager
Version 2 software used to analyze the spectra. The phase
separation temperatures of the polymer aqueous solutions were
measured in terms of percent transmittance (%T) with a 700
nm light beam exerted through a quartz sample cell with a 10
mm path length. The %T was recorded using a Jasco (Tokyo,
Japan) V-630BIO UV−vis spectrophotometer equipped with a
Jasco ETC-717 temperature controller system, with the
temperature controlled using an Eyela (Tokyo, Japan) NCB-
1200 thermostatted water bath. The temperature was increased
from 20 to 80 °C and then reduced from 80 back to 20 °C,
with a heating and cooling rate of 1.0 °C/min. The absorption
spectra of the monomer aqueous solutions were measured via a
190−350 nm light beam using the same UV−vis spectropho-
tometer at 25 °C. Dynamic light scattering (DLS) measure-
ments were conducted using a Malvern (Malvern, UK)
Zetasizer Nano-ZS instrument equipped with a He−Ne laser
at 20−45 °C. The laser operates at λ = 632.8 nm, whereas the
scattering angle was fixed at 173°. For the DLS measurements,
all the sample solutions were filtered with a 0.2 μm pore size
filter, with the obtained data analyzed using Malvern (Malvern,
UK) Zetasizer Software 7.11. The SI and Rh used in this study
are the average value of three measurements. The Tp based on
the Rh and SI was determined during a cooling process where
the temperature was reduced from 50 to 20 °C with a cooling
rate of 0.3 °C/min. During the phase transition, the
temperature measurement samples were filtered with a 0.2
μm pore size filter placed above the UCST of the respective
sample.
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