Volume 14
Number 15

21 April 2023
Pages 1683-1826

Polymer

Chemistry

rsc.li/polymers

+ V)
- N ') \ \ —~t
P “AD "‘l“"?/ ! /;’,\/‘/\ / &
‘+ NS \_‘/‘ ‘/\‘\.\/\ qia \/'-\’ e L
< A B v P\ ~ ~
A~ S¢AiCseangesn/A g
g (Bl /~ - ‘
e ot v.\/"'*'/ / N /) ‘/\\ (A ~ -
= | ~ ¥ 7 >
AL B RS

(&

" salt-Induced
- Thermoresponse

ISSN 1759-9962

o~ ROYAL SOCIETY PAPER

Takaya Terashima et al.
“ O F CH EMIST RY Self-assembly and salt-induced thermoresponsive properties

of amphiphilic PEG/cation random terpolymers in water




7® ROYAL SOCIETY

Polymer
P OF CHEMISTRY

Chemistry

View Article Online

View Journal | View Issue

Self-assembly and salt-induced thermoresponsive
properties of amphiphilic PEG/cation random
terpolymers in watery

{ M) Check for updates ‘

Cite this: Polym. Chem., 2023, 14,
1718

Rikuto Kanno, Makoto Ouchi 2 and Takaya Terashima =) *

Herein, we report the self-assembly and salt-induced thermoresponsive properties of amphiphilic
random terpolymers consisting of hydrophilic poly(ethylene glycol) (PEG) and quaternary ammonium
cations, and hydrophobic dodecyl groups in water. The random terpolymers self-assembled into size-
controlled multichain micelles in pure water or in water containing NaCl. The micelle size increased upon
increasing the content of the cationic groups in the total hydrophilic monomer units (~50 mol%) and
turned larger in the presence of NaCl than that in pure water. More uniquely, the random terpolymer
micelles showed lower critical solution temperature-type solubility in water containing salts such as NaCl,
while the solutions of the polymer micelles in pure water were transparent even upon heating to over
90 °C. The cloud point (Cp) temperature of the aqueous polymer micelle solution was controlled by the
concentration of NaCl or the composition of the terpolymers. The critical concentration of NaCl for
thermoresponsive solubility depended on the PEG/cation composition of the terpolymers. For example, a
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PEG/cation/dodecyl (1/1/2) random terpolymer micelle exhibited thermoresponse in water containing
more than 0.5 M NaCl; the Cp of the aqueous solution decreased from 86 °C to 59 °C upon increasing
the concentration of NaCl from 0.5 M to 2.0 M. The Cp of their terpolymers increased upon increasing
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Introduction

Thermoresponsive polymers are one class of stimuli-respon-
sive polymers' ™ in which the morphology, self-assembly, and
solubility can be controlled by temperature as a reversible and
non-destructive response. Such thermoresponsive polymers
are widely employed as functional materials for various appli-
cations including carriers for drug delivery systems,® injectable
gelators,” and water purification systems.® Lower critical solu-
tion temperature (LCST)-type thermoresponsive polymers can
switch the solubility in water or organic solvents upon heating:
the homogeneous polymer solution is turbid or phase-separ-
ated upon heating above the cloud point (Cp) temperature and
reversibly becomes homogeneous upon cooling below the Cp.
Various LCST-type thermoresponsive polymers'®?” have been
designed and developed for targeted thermoresponse, func-
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the content of quaternary ammonium cations.

tions, and applications, e.g., poly(N-isopropylacrylamide)
(PNIPAM),'*™™* Pluronics,">"” and poly(ethylene glycol) (PEG)
or poly(ethylene oxide) (PEO)-based compounds and (co)
polymers.'®** Polymers with LCST-type solubility in water
mostly consist of both hydrophilic units and hydrophobic
units. The thermoresponsive solubility is caused by the de-
hydration of polymer chains in water by changing the affinity
or interaction of water molecules with the hydrophilic units.
Thus, the Cp temperatures of thermoresponsive polymers in
water depend on not only the hydrophobic/hydrophilic
balance of polymer chains (monomer species and/or copoly-
mer composition) and the local hydrophobicity around hydro-
philic units but also the solvent conditions such as solvent
quality (mixed solvent systems), externally added salts, and
pH, in addition to the total concentration and three-dimen-
sional architectures'* of polymers.

Among them, the copolymerization of thermoresponsive (or
hydrophilic) monomers and hydrophobic monomers is a
promising strategy to control the Cp temperature of polymer
aqueous solutions and the phase transition temperatures of
hydrogels. We have designed amphiphilic random copolymers
bearing hydrophilic PEG chains and hydrophobic alkyl pen-
dants and created thermoresponsive micelles and gels in

This journal is © The Royal Society of Chemistry 2023
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water.”®** The copolymers induce chain folding via the associ-
ation of hydrophobic alkyl groups in water to form single- or
multi-chain micelles. The size and aggregation number can be
controlled by the pendant structures, composition, and chain
length. The micelles consist of thermoresponsive PEG shells
and hydrophobic cores and thereby show LCST-type solubility
in water. The Cp of their polymer micelles can also be tuned
in a wide range of temperature between 30 °C and 85 °C by
varying the hydrophilic/hydrophobic balance of the copoly-
mers: copolymer composition,>?° the length of hydrophobic
alkyl groups or hydrophilic PEG chains,>**' the backbone
structures (acrylate vs. methacrylate),> and random block
copolymerization with a long PEG chain.*® Owing to such fine
controllability of the Cp, stepwise thermoresponsive systems
are established by mixing two polymer micelles with different
Cp temperatures into one solution.>®

Another strategy to control the thermoresponsive behavior
involves the addition of salts into aqueous solutions of
thermoresponsive polymers,"'**** ie., tuning the solvent
conditions. The Cp temperatures of PNIPAM and PEG/PEO-
based compounds in water often change in the presence of
salts. Typically, the Cp for the aqueous solutions of PNIPAM
containing salts is known to decrease in the order of salts
originating from Hofmeister Series because the affinity
between water molecules and the amide groups changes in
the presence of salts.'’ In addition to such non-ionic poly-
mers, ionic polymers such as carboxylated poly(allylamine)s
also show LCST-type solubility in aqueous solutions contain-
ing salts.** We also found that the fused micelles of cationic
random copolymers and PEG-bearing random copolymers
did not show thermoresponsive solubility in pure water, in
contrast to PEG copolymer micelles; however, in the presence
of large amounts of NaNO;, PEG-bearing copolymers were
separated from fused micelles to exhibit thermoresponsive
solubility.*
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Given these unique results and findings, we anticipated
that if thermoresponsive PEG chains, quaternary ammonium
cations, and hydrophobic alkyl groups are introduced into
amphiphilic polymers as thermoresponsive, hydrophilic, and
hydrophobic pendants, the resulting random terpolymers may
not only form size-controlled micelles but also show thermo-
responsive solubility in water in the presence of salts, because
of the following features: (1) the Cp temperatures of PEG/PEO-
based compounds in water often decrease by adding salts,
since the dehydration of the ethylene oxide units is promoted
by salts.**?” (2) Electrostatic repulsion between cationic
polymer chains in water would also be suppressed via shield-
ing effects if appropriate amounts of salts are added.*® (3) The
local affinity of their PEG and cationic units to water could be
modulated by salts. Considering these possibilities, the
thermoresponsive properties of the terpolymer micelles could
be controlled by the molecular structure (e.g., composition)
and salt concentration and/or species added into aqueous
solutions, leading to diverse possibilities in designing thermo-
responsive polymer materials typically toward bio-applications.

Herein, we report the self-assembly and salt-induced
thermoresponsive properties of amphiphilic random terpoly-
mers bearing PEG chains, quaternary ammonium cations, and
hydrophobic dodecyl groups in water (Fig. 1a). The random
terpolymers induced self-assembly to form size-controlled
multichain micelles in pure water or in water containing NacCl.
The terpolymer micelles exhibited LCST-type thermo-
responsive solubility in water in the presence of salts.
Importantly, the critical concentration of NaCl required for the
thermoresponsive solubility depended on the composition
(PEG/cation ratio) of the terpolymers (Fig. 1b). The cloud point
temperatures also varied by the concentration of salts in water
and the composition of the terpolymers. This work provides a
new piece of knowledge in creating thermoresponsive polymer
materials and related stimuli-responsive functional materials.
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Fig. 1

(a) Self-assembly of amphiphilic random co(ter)polymers bearing poly(ethylene glycol) (PEG), a quaternary ammonium cation, and dodecyl

groups for self-assembly in water. (b) Salt-induced thermoresponsive solubility of PEG/cation random terpolymer micelles in water in the presence
of salts. The thermoresponsive solubility in water depends on the PEG/cation contents and salt concentration.
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Results and discussion
Design and synthesis of PEG/cation random terpolymers

We designed amphiphilic random ter(co)polymers bearing
hydrophilic PEG chains and/or quaternary ammonium cations
and hydrophobic dodecyl groups. The composition of the
hydrophobic dodecyl group was set to 50 mol% in their total
monomer units. In the hydrophilic units (50 mol%), the molar
ratio of the PEG chains (P) and cationic groups (C) was varied:
P/C = 1/0, 2/1, 1/1, 1/2, 1/3, and 0/1. For the random ter(co)
polymers coded as P/C-1/0, -2/1, -1/1, -1/2, -1/3, and -0/1, the
total degree of polymerization (DP) was controlled to 180-190.
PEG/cation random terpolymers (P/C-2/1, -1/1, -1/2, and -1/3)
were synthesized by living radical copolymerization of poly
(ethylene glycol) methyl ether methacrylate (PEGMA), 2-(di-
methylamino)ethyl methacrylate (DMAEMA), and dodecyl
methacrylate (DMA) with a ruthenium catalyst [Ru(Cp*)Cl
(PPh;),/4-dimethylamino-1-butanol] and a chloride initiator
(ethyl-2-chloro-2-phenylacetate: ECPA), followed by the quater-
nization of the terpolymers with methyl iodide (Scheme S17).
As control samples, we produced PEGMA/DMA or DMAEMA/
DMA copolymers (P/C-1/0 or P/C-0/1) via living radical copoly-
merization with a ruthenium catalyst [Ru(Ind)CI(PPh;),/
n-BuzN| and ECPA. The copolymerization behavior was moni-
tored by '"H NMR measurements of the polymerization solu-
tions sampled at predetermined periods. PEGMA, DMAEMA,
and DMA were consumed at the same rate, independent of the
feed ratio of their monomers (Fig. S1t). This indicates that the
reactivity ratio of the three monomers is almost one and the
three monomers are randomly introduced into the resulting
terpolymers. All the monomers were smoothly copolymerized
up to over 70% monomer conversion to give well-controlled
random ter(co)polymers with a targeted composition, DP, and
narrow molecular weight distribution (M, = 33 900-47 400,
My/M,, = 1.13-1.27, by size exclusion chromatography (SEC),
Table 1 and Fig. S1). The number of PEGMA, DMAEMA, and
DMA units in the ter(co)polymers (I/m/n) was estimated from
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the area ratio of their pendant units to the initiator fragment
by "H NMR (Fig. $2-S47).

The PEGMA/DMAEMA/DMA terpolymers and the
DMAEMA/DMA copolymer were mixed with methyl iodide in
THF/acetonitrile (1/1, v/v) at 0 °C for 24 h, and the resulting
products were analyzed by "H NMR. In all the products, the
methyl and methylene proton signals originating from the
DMAEMA pendants [-CH,N(CH;), at 2.5 and 2.2 ppm)],
observed for their DMAEMA-based precursors, completely dis-
appeared, and the proton signals derived from quaternized
groups [-CH,N(CHj;),I] in turn appeared at around 3.2 ppm.
Thus, the quaternization of their DMAEMA-based ter(co)poly-
mers quantitatively proceeded to give P/C-2/1, -1/1, -1/2, -1/3,
and -0/1. The number-average molecular weight of P/C-1/0,
-2/1, -1/1, -1/2, -1/3, and -0/1 was estimated to be 52 600-65 900
by '"H NMR.

Similarly, PEG/cation (1/1) random terpolymers with
different DPs (DP = 76, 107, and 135), as well as P/C-1/1 (DP =
177), were prepared by ruthenium-catalyzed living radical
copolymerization of PEGMA, DMAEMA, and DMA, followed by
the quaternization of their precursors with methyl iodide.
Those terpolymers were designed to evaluate the effects of DP
on the self-assembly behavior and thermoresponsive solubility
in water (Table S1 and Fig. S17).

Micellization of PEG/cation random terpolymers and
copolymers in water

The self-assembly of PEG/cation random ter(co)polymers
(p/C-1/0, -2/1, -1/1, -1/2, -1/3 and -0/1) into micelles in water
was evaluated by SEC coupled with multi-angle laser light scat-
tering (MALLS) in water containing 100 mM NaNO; as an
eluent. NaNO; is added into the eluent to reduce the ionic
interaction between the polymer micelles and the SEC column
for the efficient separation and analysis of the cationic
polymer micelles by SEC. Their polymer micelles were pre-
pared as follows: The bulk polymers were dissolved in pure
water or in water containing 2 M NacCl to evaluate the effects of

Table 1 Characterization of random ter(co)polymers and their micelles in water

Polymer” PEG/cation/dodecyl” (mol%) lim/n® (NMR) M, ° (SEC) M,/M, ¢ (SEC) 4 (NMR)
P/C-1/0 50/0/50 90/—/89 47 400 1.27 65 800
P/C-2/1 33/16/51 65/32/99 42 500 1.13 65900
P/C-1/1 24/24/52 43/42/92 44200 1.15 56 600
P/C-1/2 16/33/51 30/59/94 40 800 1.13 56 000
P/C-1/3 12/36/52 21/68/98 39200 1.13 55700
P/C-0/1 0/52/48 -/98/90 33900 1.27 52600

“P/C-2/1, P/C-1/1, P/C-1/2, and P/C-1/3 were synthesized by living radical copolymerization of poly(ethylene glycol) methyl ether methacrylate
(PEGMA), 2-(dimethylamino)ethyl methacrylate (DMAEMA), and dodecyl methacrylate (DMA), followed by the quaternization of the terpolymers
with methyl iodide. P/C-1/0 was prepared by living radical copolymerization of poly(ethylene glycol) methyl ether methacrylate (PEGMA) and
DMA. P/C-0/1 was synthesized by living radical copolymerization of 2-( dlmethﬁylamlno ethyl methacrylate (DMAEMA) and dodecyl methacrylate
(DMA), followed by the quaternization of the copolymer with methyl iodide. ° The contents of PEG, catlon and dodecyl units (mol%) and the
degree of polymerization of PEGMA (I), DMAEMA (m), and DMA (n) of the ter(co)polymers determlned by 'H NMR. ¢ Number-average molecular
weight (M,) and molecular weight distribution (M,,/M,) of P/C-1/0 determined by SEC in DMF (10 mM LiBr) or the DMAEMA based precursors of
P/C-2/1, P/C-1/1, P/C-1/2, P/C-1/3, and P/C-0/1 determined by SEC in THF (20 mM Et;N) with PMMA standard calibration. 4The number- average
molecular weight (M,,) of the ter(co)polymers determined by "H NMR. M,, values of P/C-2/1, P/C-1/1, P/C-1/2, P/C-1/3, and P/C-0/1 were calculated,
considering that the ter(co)polymers bear n of quaternary ammonium iodide [-CH,N(CHj3);I] units.

1720 | Polym. Chem., 2023, 14,1718-1726 This journal is © The Royal Society of Chemistry 2023
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NaCl on the micelles. The aqueous solutions were sonicated
for 10 minutes at room temperature. The solutions of the cat-
ionic ter(co)polymers were placed in a water bath kept at 50 or
40 °C. After 24 h, the solutions were gradually cooled at room
temperature and filtered with a membrane filter (pore size =
0.45 pm) before measurements. The aqueous solutions of the
polymer micelles (1 mg mL™", 0.1 mL) were injected into a
SEC-MALLS system to determine the absolute weight-average
molecular weight (M, ,0) and aggregation number (N,g,) of
their micelles (Fig. 2 and Table 2). The apparent size of their
micelles was evaluated by SEC on poly(ethylene oxide) (PEO)
standard calibration.

All the polymer micelles prepared in pure water or in water
containing 2M NaCl showed unimodal SEC curves (Fig. 2,
M, /M, < 1.4). The molecular weight of P/C-1/0, -2/1, -1/1, -1/2,
and -1/3 micelles in pure water by PEO calibration increased
upon increasing the content of cation units, while the M,, of their
polymer chains by "H NMR was relatively close (56 000-65 800,
Table 1). The M, 1 o of their polymer micelles was determined
to be 204 000-522 000 by SEC-MALLS. The M, ;0 was larger
than the weight-average molecular weight of the polymer
chains calculated from M, by 'H NMR and M,/M, by SEC

Prepared in H,0 Prepared in H,0 with 2 M NaCl

a [¢]

My 20 My H20
Nagg Nagg

204000 222000

25 28

—

285000 487000
4.0 6.8
c i
348000 577000
PIC-1/1 56 93

>>

d i
426000 745000
PIC-1/2 72 13
e k
piC-1/3 522000 1670000
9.0 29
f |
PIC-0/1 228000 289000
39 49
108 10° 104 108 10% 10° 104 10°

MW (PEO) MW (PEO)

Fig. 2 Self-assembly of random terpolymers into micelles in water. SEC
curves (in H>O containing 100 mM NaNOs by refractive index detector)
of (a and g) P/C-1/0, (b and h) P/C-2/1, (c and i) P/C-1/1, (d and j) P/C-1/
2, (e and k) P/C-1/3, and (f and 1) P/C-0/1 micelles prepared in (a—f)
pure water or (g-l) water containing 2 M NaCl. Injected solutions:
[polymer] = 1.0 mg mL~* in water. My 1,0 and Nagg shown in the SEC
curves were determined by SEC-MALLS.

This journal is © The Royal Society of Chemistry 2023
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[M,, (caled) = M, (NMR) x M,/M,, P/C-2/1, -1/1, -1/2, -1/3 and
-0/1] or M,, pmr determined by SEC-MALLS in DMF (P/C-1/0).
The N,g, values of their polymer micelles [Nagy = My 11,0/My
(caled) or My 11,0/My pmr] Were calculated to be 2.5, 4.0, 5.6,
7.2, 9.0, and 3.9, respectively (Table 2), demonstrating that all
the polymers formed multichain micelles in pure water. Their
Nagg values for P/C-2/1, -1/1, -1/2, -1/3 and -0/1 were calculated
on the assumption that all the counter anions were replaced to
NO;- originating from the salt included in the eluent for
SEC-MALLS.

The M,, 1,0 of the polymer micelles prepared in 2 M NaClaq
was also determined by SEC-MALLS (Fig. 2g-1). The M 0
and N, of P/C-2/1, -1/1, -1/2, -1/3 and -0/1 micelles formed in
2 M NaClaq were larger than those in pure water though P/C-1/
0 micelles prepared in pure water or in 2 M NaClaq had close
My ,0 and N, values (Fig. 2a and g). We have recently
revealed that a cationic random copolymer bearing dodecyl
groups, close to P/C-0/1, forms a larger micelle in 1 M NaNO;
than that in pure water by identical SEC-MALLS measure-
ments.*’ Importantly, the cationic polymer micelles can main-
tain their sizes formed in aqueous solutions containing salts
even though the salt concentration of the eluent for SEC ana-
lysis is different from that for micelle preparation. This is
because cationic polymer micelles, as well as PEG copolymer
micelles, hardly induce dynamic chain exchange in diluted
SEC conditions. The formation of the larger micelles of P/C-2/1,
-1/1, -1/2, and -1/3 in 2 M NaClaq is also confirmed by
SEC-MALLS. This fact supports that the random terpolymer
micelles also maintain their sizes during SEC analyses though
the dynamic properties of their terpolymer micelles have not
been clarified yet.

The formation of large micelles of their cationic random
(co)terpolymers in the presence of NaCl would be related to
the following reasons: (1) hydrophobic effect in water is
enhanced by the addition of sodium chloride. (2) Sodium
chloride in their micelle solutions suppresses the electrostatic
repulsion of cationic groups and that between cationic poly-
mers, since the Debye screening length of polyelectrolytes
shortens in accordance with ionic strength in the solutions.
Except for the cationic copolymer P/C-0/1, there was a clear
relationship between the polymer composition and the micel-
lar size: The more cation pendants a polymer has, the larger
micelle (M, 1,0 by SEC-MALLS) it forms in both pure water
and 2M NaClaq (Fig. 3a). The P/C-0/1 micelle has a relatively
small size in not only 2 M NaClaq but also pure water. This is
probably due to several factors including intermolecular
electrostatic repulsion of the cationic groups and/or its small
content of DMA (48 mol%) compared with the other ter(co)
polymers (50-52 mol%). The latter reason is proposed by our
previous finding that the size of PEG-bearing random copoly-
mer micelles dramatically changed by a small difference in the
composition.?73°

P/C-1/0, -2/1, -1/1, -1/2, -1/3, and -0/1 micelles in water con-
taining 100 mM NaNOj; or 2 M NaCl were analyzed by dynamic
light scattering (DLS) (Table 2, Fig. 3b and Fig. S5%). The
hydrodynamic radius (Ry,) of their micelles also increased with

Polym. Chem., 2023,14,1718-1726 | 1721
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Table 2 Characterization of random ter(co)polymer micelles in water

Samples” Solvents” M,,” (calcd) My 1.0 (MALLS) Nage? Ry, € (nm) cp/(°C)
P/C-1/0 Micelle H,O0 or 100 mM NaNOjzaq 83300 204 000 2.5 6.0 60
P/C-1/0 Micelle 2 M NaClaq 83300 222000 2.8 8.1 38
P/C-2/1 Micelle H,0 or 100 mM NaNOsaq 72100 285000 4.0 7.6 —
P/C-2/1 Micelle 2 M NaClaq 72100 487 000 6.8 8.3 49
P/C-1/1 Micelle H,O0 or 100 mM NaNOjzaq 61900 348000 5.6 9.1 —
P/C-1/1 Micelle 2 M NaClaq 61900 577 000 9.3 9.5 59
P/C-1/2 Micelle H,0 or 100 mM NaNOsaq 58900 426 000 7.2 9.5 —
P/C-1/2 Micelle 2 M NaClaq 58900 745000 13 9.8 77
P/C-1/3 Micelle H,O0 or 100 mM NaNOjzaq 51200 522000 9.0 9.7 —
P/C-1/3 Micelle 2 M NaClaq 51200 1670000 29 17 —
P/C-0/1 Micelle H,0 or 100 mM NaNOsaq 58700 228000 3.9 6.9 —
P/C-0/1 Micelle 2 M NaClaq 58700 289 000 4.9 7.8 —

“Micelles of P/C-1/0, P/C-2/1, P/C-1/1, P/C-1/2, P/C-1/3, and P/C-0/1 prepared in pure water or water containing 2 M NaCl were used for
SEC-MALLS and cloud point measurements. The micelle solutions prepared in water containing 100 mM NaNOj; or 2 M NaCl were employed for
DLS measurements. ” Weight-average molecular weight of the polymer chains calculated with M, (NMR) and M,/M, (SEC): M,, (calcd) = M,
(NMR) x M,,/M, (SEC). The M, (NMR) used for P/C-2/1, P/C-1/1, P/C-1/2, P/C-1/3, and P/C-0/1 micelles was re-calculated, assuming that all the
counter anions for the micelles were changed to NO;~ originating from NaNO; included in the eluent of SEC-MALLS. ¢ Absolute weight-average
molecular weight of the polymer micelles (M, 1,0) was determined by the SEC-MALLS system in water containing 100 mM NaNO;. The aqueous
micelle solutions ([polymer] = 1 mg mL™, 0.1 mL) were injected to SEC-MALLS in water containing 100 mM NaNO; as an eluent. ¢ Aggregation
number (N,) of P/C-2/1, P/C-1/1, P/C-1/2, P/C-1/3, and P/C-0/1 micelles was estimated as follows: Nugs = My, 11,0 (MALLS)/M,, (calcd). Nyge Of
P/C-1/0 micelles: Nagy = My 1,0 (MALLS)/My pyr (MALLS), My, pyr (MALLS) = 82 100. © Hydrodynamic radius (Ry) of the polymer micelles was
determined by DLS in H,O containing 100 mM NaNO, or 2 M NaCl at 25 °C: [polymer] = 1 mg mL™"./Cloud point (Cp) temperature was deter-
mined by monitoring the transmittance of the aqueous solutions (pure H,O or 2 M NaClaq) of their polymer micelles ([ polymer] = 4 mg mL™") at

670 nm upon heating from 25 °C to 90 °C. Cp was defined as a temperature, at which the transmittance became 90%.
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Fig. 3 (a) My,n,0 (by SEC-MALLS) of P/C-1/0, P/C-2/1, P/C-1/1, P/C-1/
2, P/C-1/3, and P/C-0/1 micelles prepared in pure water (black circles)
or in water containing 2 M NaCl (green squares) as a function of the
PEG/cation ratio. Injected solutions: [polymer] = 1.0 mg mL™* in water.
(b) R, (by DLS) of their polymer micelles in water containing 100 mM
NaNOs (black dots) or 2 M NaCl (green squares) as a function of the
PEG/cation molar ratio: [polymer] = 1.0 mg mL™* in water.

increasing My, u,0. The P/C-1/0 micelle had a relatively large Ry,
in water with 2 M NaCl, even though its My 1 o value was not
changed much. It has previously been reported that sodium
cations interact with oxygen atoms on PEGMA side chains, ren-
dering the PEG units a little bit cationic.””*® Given that, the
larger hydrodynamic radius of the P/C-1/0 micelle in 2 M NaCl
water may be due to the interaction of the sodium cation with
the PEG shell; the PEG shells more expand to decrease electro-
static repulsion. Another possibility involves a morphological
change in the PEGMA/DMA micelle caused by the interaction
between PEG units and sodium cations, as reported for the
self-assembly of PSt-b-PEO block copolymers.*®

To investigate the effect of DP on micellization, the
aqueous solutions of PEG/cation (1/1) random terpolymers

1722 | Polym. Chem., 2023, 14, 1718-1726

with different DPs (76, 107, and 135) were analyzed by
SEC-MALLS, compared with P/C-1/1 (DP = 177). All the terpoly-

mers formed multichain micelles in water (Nag, = 5.6-24,
a inH0 in THF 12
My oo » PEG/Cation (1/1) : . M, (Water)
lagg I\ Terpolymers 118 [ B MM (THR)
My/M, DP
618000 MMy <116
24 76 3
1.19 112 = 114
b i 1.12 "
i “m
] 11 ‘ . X
414000 0 50 100 150 200
11 107 DP
1.15 113
f
c A
.’"‘ 60 |
i 50 |
355000
73 135 L 4of
) 1.13 . 1.15 S b 1
x 6“‘ ~
5 b
PIC-111 4
348000 E
56 177 2F
oM, (MALLS)
1.11 1.15 @1, (Calcd.)
0 ‘ ‘
108 103 0 50 100 150 200
DP
Fig. 4 (a—d) SEC curves of PEG/cation (1/1) random terpolymer

micelles with different DPs in H,O containing 100 mM NaNOs (solid
lines) and their PEGMA/DMAEMA random terpolymer precursors in THF
(dashed lines): DP = (a) 76, (b) 107, (c) 135, and (d) 177 (P/C-1/1). My n,0
was determined by SEC-MALLS. (e) M,,/M,, of PEG/cation (1/1) terpoly-
mer micelles in water (blue squares) and their PEGMA/DMAEMA precur-
sors in THF (black squares) as a function of the DP. (f) My, 0 (by
SEC-MALLS) of the terpolymer micelles in pure water (blue circles) and
the calculated weight-average molecular weight (M,, (calcd)) of the
PEG/cation (1/1) terpolymers (black circles) as a function of the DP.
Injected solutions: [polymer] = 1.0 mg mL™" in water or 10 mg mL™ in
THF.
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Fig. 4a-d, Table S1t). The apparent molecular weight distri-
bution (M,/M;, by PEO standard calibration) and M, o (by
MALLS) of the micelles depended on the DP of the terpoly-
mers. The M, o of the micelles gradually decreased from
618 000 to 355 000 upon increasing the DP from 76 to 135 and
then became almost constant (~350000) at a DP of 177
(Fig. 4f). The M,,/M, of the micelles gradually became narrow
from 1.19 to 1.11 upon increasing the DP (Fig. 4e).

In general, the molecular weight of PEGMA-based random
copolymer micelles (My,0 by MALLS) is determined by the
composition and independent of DP, if the DP is smaller than
the threshold DP that specifically leads to unimer micelles.***°
Thus, the DP dependence of M, 1,0 on PEG/cation random ter-
polymer micelles implies that the composition distribution
included in the terpolymers remarkably affects the molecular
weight and size distribution of multichain micelles. Though
the monomer reactivity ratio of PEGMA, DMAEMA, and DMA
is close to 1, the random terpolymers with a relatively small
DP would have a composition distribution broader than those
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with a large DP (>135), as reported by related PEG random
copolymers.”® Typically, in a PEG/cation (1/1) terpolymer with
a DP of 76, more hydrophobic terpolymer chains consisting of
a larger DMA content form larger micelles, and more cationic
terpolymer chains also form larger micelles owing to the repul-
sion of the ionic groups. Therefore, we revealed that control-
ling the DP of PEG/cation random terpolymers to about 200
was important to produce size-controlled micelles with a
narrow molecular weight distribution in water.

Thermoresponsive properties of PEG/cation polymer micelles
in water

PEG-based copolymers are known to show lower critical solu-
tion temperature (LCST)-type thermoresponsive solubility in
water; the aqueous solutions turn turbid at a certain cloud
point (Cp) temperature upon heating. The Cp is often affected
by the salts included in aqueous solutions due to the pro-
motion of dehydration of PEG units.>**” Additionally, repul-
sive force between ionic polymers and groups is also sup-
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—_—
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Fig. 5 Thermoresponsive solubility of P/C-1/0, P/C-2/1, P/C-1/1, P/C-1/2, and P/C-1/3 micelles in water in the presence of salts. (a) Transmittance
of the aqueous solutions of a P/C-1/1 micelle containing NaCl (0, 0.1, 0.2, 0.5, 1.0, 1.5, and 2.0 M) was monitored at 670 nm upon heating at 1 °C
min~* from 30 °C to 90 or 100 °C. (b) Effects of the DP of PEG/cation (1/1) random terpolymers on their thermoresponsive solubility in water con-
taining 2 M NaCl. (c) Effects of salt species on the thermoresponsive solubility of a P/C-1/1 micelle in water containing 1 M CH3COONa, Nal, NaCl,
NaNOs, or Na,SO,. (d) Effects of the PEG/cation ratio of P/C-1/0, -2/1, -1/1, -1/2, -1/3 and -0/1 micelles on their thermoresponsive solubility in
water containing 2 M NaCl. The concentration of their aqueous polymer solutions: [polymer] = 4 mg mL™%.
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pressed by salts in water due to the shielding effects of ionic
groups.*® Thus, random terpolymer micelles containing both
thermoresponsive PEG chains and cationic groups may show
unique thermoresponsive solubility dependent on salts in
water.

We first investigated the thermoresponsive solubility of a
P/C-1/1 micelle in water containing NaCl at various concen-
trations (0-2.0 M, Fig. 5a). The transmittance of the aqueous
solutions was monitored at 4 = 670 nm upon heating or
cooling at a rate of 1 °C min~". The Cp was determined as a
temperature, at which the transmittance of the solution
reached 90% in the heating process. The micelle solutions in
pure water or in water containing NaCl below 0.2 M were trans-
parent even at 90 or 100 °C and did not show thermo-
responsive solubility, whereas the micelle solutions containing
NaCl above 0.5 M turned turbid upon heating at certain temp-
eratures. Such salt-mediated LCST-type solubility of the P/C-1/1
micelle is close to that of carboxylated polyallylamines in the
presence of divalent alkaline earth metal ions.>* The Cp of a
P/C-1/1 micelle decreased from 86 °C to 59 °C upon increasing
the concentration of NaCl from 0.5 M to 2.0 M (Fig. 5a). At any
concentration of NaCl above 0.5 M, the thermoresponse of the
P/C-1/1 micelle was sharp and reversible (Fig. S67).

PEG/cation (1/1) random terpolymers with different DPs
(76-135), as well as P/C-1/1 (DP = 177), also showed thermo-
responsive solubility in water containing 2 M NaCl upon
heating. The thermoresponse of the terpolymers turned sharp
upon increasing the DP (Fig. 5b). This is because the compo-
sition distribution of the terpolymers turns narrow upon
increasing the DP, as described above. Thus, the design of a
PEG/cation random terpolymer with a large DP (P/C-1/1) was
also important to achieve a sharp thermoresponse in water
containing 2 M NacCl.

We then examined the effects of the added salt species on
the thermoresponsive behaviors of P/C-1/1. We measured the
Cp of the aqueous solutions of P/C-1/1 including 1 M of NacCl,
NaNOj;, Nal, Na,SO,, and CH;COONa (Fig. 5c and Fig. S117).
The polymer formed small micelles in the presence of all the
salts (R, = 9.9-15 nm by DLS, Fig. S12}). The Cp dramatically
changed from 97 °C to 53 °C depending on the salt species in
this order: Cp = 97 °C (CH3;COONa), 79 °C (NaCl), 70 °C (Nal),
68 °C (NaNOs3), and 53 °C (Na,SO,). Although the order of Cp
temperatures was not related to Hofmeister Series, sodium
salts derived from strong acid and strong base (Nal, NaCl,
NaNOs;, and Na,SO,) tend to effectively decrease the Cp, in
contrast to CH;COONa obtained from a weak acetic acid and a
strong base. Na,SO, led to the lowest Cp due to twice the
amount (mole) of a sodium cation against the other salts.
These results suggest that the Cp of the terpolymer depends
on the concentration of a sodium cation freely separated from
their salts.

To evaluate the effects of polymer composition on Cp
values, we further investigated the thermoresponsive solubility
of P/C-1/0, -2/1, -1/2, -1/3 and -0/1 micelles in water. In pure
water, the PEG/cation random terpolymers (P/C-2/1, -1/2, and
-1/3), as well as P/C-1/1, did not show thermoresponsive solubi-
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lity, though P/C-1/0 exhibited the Cp at 60 °C (Table 2). In con-
trast, the terpolymers showed thermoresponsive solubility or
aggregation in 2 M NaCl aqueous solutions. The Cp increased
from 38 °C to 77 °C as the contents of cation units in polymer
chains increased in this order: P/C-2/1, 1/1, and 1/2 (Fig. 5d).
P/C-1/3 containing a large amount of cation units did not
clearly exhibit the Cp upon heating in 2 M NaClaq, whereas
the transmittance of the solution slightly decreased above
70 °C due to the formation of larger aggregates as described
later. P/C-0/1 not containing PEG units kept 100% transmit-
tance without a thermoresponse both in pure water and in
water containing 2 M NaCl. These results indicate that LCST-
type solubility or aggregation of PEG/cation random terpoly-
mers containing 50 mol% dodecyl units in 2 M NaClaq
depends on the content of PEGMA units: the critical PEG/
cation ratio (minimum content of PEGMA units) for the
thermoresponsive solubility is found to be between 1/2 and
1/3.

We further examined the thermoresponsive aggregation of
P/C-2/1, -1/1, -1/2, -1/3 and -0/1 micelles in water containing
100 mM NaNO; or 2 M NaCl by temperature-variation DLS
measurements (Fig. 6 and Fig. S13-S18%). As shown in Fig. 6a,
the diameter of a P/C-1/1 micelle in 2 M NaClaq gradually
increased from 19 nm to 54 nm upon heating from 30 °C to
60 °C. Above 60 °C (>Cp), the P/C-1/1 solution showed a multi-
modal size distribution including quite large aggregates with
over several hundred nanometers. In contrast, the micelle dia-
meter was constant at ~20 nm in the temperature range
between 30 °C and 80 °C in water containing a small amount
of NaNO; (100 mM). In 2 M NaClaq, P/C-2/1 also showed a
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Fig. 6 Hydrodynamic diameter of (a) P/C-1/1, (b) P/C-1/2, (c) P/C-1/3,

and (d) P/C-0/1 micelles and aggregates in water containing 100 mM

NaNOs (black circles) or 2 M NaCl (green squares) at various tempera-

tures (25, 30, 40, 50, 60, 70, and 80 °C): [polymer] = 1.0 mg mL™%.
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(0-2.0 M).

multimodal size distribution containing quite large aggregates
above the Cp, whereas P/C-1/2 and P/C-1/3 micelles exhibited a
gradual and subtle increase of the diameter (Fig. 6b, ¢ and
Fig. S18t). This means that the P/C-1/3 micelle induces
thermoresponsive aggregation in 2 M NaClaq although
remarkable LCST-type solubility was not observed in the
diluted concentration (1-4 mg mL™"). In contrast, the diameter
of a cationic P/C-0/1 micelle was almost constant, independent
of temperature and the presence/absence of NaCl (Fig. 6d).

As shown in Fig. 5a, the P/C-1/1 micelle has its critical salt
concentration ([NaCl] = 0.5 M) that is required to induce
thermoresponsive solubility. Given the outcome, we systemati-
cally investigated the critical NaCl concentration for the
thermoresponsive solubility of other PEG/cation random ter
(co)polymer micelles (P/C-1/0, -2/1, and -1/2) in water (Fig. S7-
S97). As shown in Fig. 7a, the critical salt concentration gradu-
ally increased upon increasing the content of cationic groups
in the hydrophilic monomer units. In all the cases, the Cp
decreased upon increasing the content of PEG units or the
concentration of NaCl (Fig. 7b). Given the results, the salt-
mediated thermoresponsive solubility of their PEG/cation
random terpolymer micelles is affected by the following two
factors: (1) the competition between the dehydration from PEG
chains and the strong hydration of quaternary ammonium
cation pendants, and (2) the electrostatic repulsion between
cation pendants. If the concentration of NaCl is under the
threshold value, the hydration of cation moieties can compen-
sate for the dehydration of PEG chains by heating, so the PEG/
cation terpolymer micelle solution does not exhibit cloud
points. In such a situation, the shielding effect by salts is
insufficient and thus the formation of quite large aggregates,
leading to thermoresponsive solubility, is suppressed by the
electrostatic repulsion between cation pendants. On the other
hand, in the presence of a large amount of NaCl above the
threshold point, the terpolymer micelle solution recovers
thermoresponsive solubility like PEG copolymer micelle solu-

This journal is © The Royal Society of Chemistry 2023

tions, because the salt promotes the dehydration from PEG
chains and the electrostatic repulsion is effectively shielded.

Conclusions

In summary, we investigated the self-assembly and thermo-
responsive properties of amphiphilic random terpolymers
bearing hydrophilic PEG chains and quaternary ammonium
cations, and hydrophobic dodecyl groups in pure water or in
water containing salts. The random terpolymers formed size-
controlled multichain micelles in both pure water and water
containing NaCl; the micelle size depended on the ratio of
PEG and cation units and the absence or presence of NacCl.
More uniquely, the terpolymers exhibited LCST-type thermo-
responsive solubility in water in the presence of salts such as
NaCl. The cloud point temperature was controlled by the ratio
of PEG and cation units, salt concentration, and salt species.
The salt-mediated thermoresponsive polymer micelles devel-
oped herein would open new strategies to design stimuli-
responsive polymer materials and self-assemblies.
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