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Molecular design exhibiting LCST-type phase separation in water has been widely accepted as desolva-
tion of water-soluble amphiphilic polymers with a small alkyl group triggered by heat. However, for
organic media, molecular design is not yet achievable due to the difficulty in designing the entropy-
driven exothermic desolvation. In this report, we demonstrate LCST-type phase separations of poly(2-
hydroxyethyl methacrylate) (PHEMA) and related poly(hydroxyalkyl (meth)acrylate)s in an organic medium
at ambient temperature. Our design is based on the utility of a binary solvent mixture of hydrogen-
bonding solvents for solvation and non-polar solvents for desolvation. The thermal cleavage of the hydro-
gen bond between the hydroxy group of the polymer chain and the hydrogen-bonding group of the
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solvent easily induced the LCST-type phase separation. We revealed a correlation between the critical
molar ratio for LCST-type phase separation and the length of the alkyl groups both in the polymer side
chain and 1-alcohol good solvents. These findings led to the development of a reliable molecular design
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Introduction

Since the inception of polymer chemistry nearly a century ago,
a vast array of polymers have been synthesized and their pro-
perties explored, particularly in the context of applications
such as fibers, plastics, and rubbers. Among these, numerous
vinyl polymers, including polyacrylates and polymethacrylates,
exhibit flexible polymer chains, rendering them soluble in
various media, such as organic solvents and water."* The solu-
bility is contingent upon the substituent group as the side
chain, dictating the compatibility between the media and the
polymer chain. The application of these flexible and soluble
polymers, especially thermo-responsive polymers®”’ and
related stimuli-responsive polymers®™® in solution, has gar-
nered significant attention due to their pronounced confor-
mational changes in response to temperature fluctuations. In
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strategy that could facilitate the development of smart materials in organic solvents.

particular, lower critical solution temperature (LCST)-type
thermo-responsive polymers exhibit collapse of the polymer
chain above a certain temperature, known as the cloud point,
and subsequently dissolve upon cooling below it. In aqueous
solutions, a multitude of flexible amphiphilic polymers
and their copolymers have been extensively investigated,'”>*
particularly for biomedical applications, given the adjust-
ability of the cloud point to match body temperature.>*>°
Thermodynamic studies have unveiled that LCST-type phase
separation is an entropy-driven endothermic process. This
phase separation, characterized by positive entropy and posi-
tive enthalpy, can be elucidated by the dehydration of water
molecules from the polymer chain, ie the dissociation of
hydrogen bonds between them.”

Compared to the extensive studies in aqueous solutions,
LCST-type thermo-responsive polymers in non-aqueous sol-
vents and their applications, such as in organogels®” and
polymer micelles,*® remain relatively unexplored.*® Most of the
early examples are vinyl polymers in hydrocarbons at a temp-
erature near the liquid-vapor critical point of the solvent,
induced by the compressibility effect of the polymer chain by
extreme heating.’®?°>° Other instances of LCST-type thermo-
responsive polymers in specific media, such as organic
solvents®*™® and ionic liquids,**®" have been reported, but
they were largely discovered serendipitously or through screen-
ing polymer-solvent combinations in a library, due to the

This journal is © The Royal Society of Chemistry 2024
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difficulty in controlling the desolvation of polymer chains at
ambient temperatures.

As part of a strategy to achieve predictable LCST-type phase
separations in water, Ritter and coworkers reported on an
aqueous solution of a polymer containing an adamantyl
moiety in the presence of methylated p-cyclodextrins
(B-CDs).°>%* The LCST-type phase separations were induced by
the dissociation of B-CD from the polymer complex upon
heating. Inspired by this supramolecular design, we have
demonstrated the LCST-type phase separations of ternary
polymer solutions consisting of a flexible polymer and a
pseudo-solvating molecule called an effector in a poor solvent
at ambient temperature.®*"®® Effectors can stabilize the
extended coil state of the polymer chain through the formation
of hydrogen bonds® % or a charge transfer complex®®®® in a
poor solvent. For instance, the acrylate polymers with urea® or
TADDOL®® as the hydrogen-bonding functional groups in the
side chain exhibited LCST-type phase separations in the pres-
ence of hydrogen-bonding effectors. Additionally, we recently
reported that poly(4-hydroxy styrene) (PHS), a commodity
plastic, undergoes LCST-type phase separations in binary
solvent mixtures of common hydrogen-bonding solvents and a
non-polar solvent.”” The phase separations are induced readily
by heating, due to the dissociation of the polymer complexes
as pseudo-desolvation. In particular, the thermal cleavage of
the hydrogen bonds between a hydrogen-bonding functional
group in the polymer chain and a hydrogen-bonding solvent
plays a pivotal role in designing the desolvation of the polymer
chain in the entropy-driven LCST-type phase separation. In
this study, to demonstrate the versatility of this molecular
design based on supramolecular interactions, we report on the
rational design of LCST-type phase separations in polymer
solutions of poly(2-hydroxyethyl methacrylate) (PHEMA) and
related poly(w-hydroxyalkyl (meth)acrylate)s (P3MA, PAMA,
P5MA, P3A, and P4A) (Fig. 1). Since they are flexible vinyl poly-
mers with a hydroxy group at the terminal of the side chain,
our strategy should be easily applicable in mixtures of hydro-
gen bonding good solvents and a poor solvent. Moreover, the
effects of the alkyl spacer in the polymer side chain and the
alkyl length of 1-alcohol good solvents on the solvent con-
ditions for LCST-type phase separation were investigated sys-
tematically to get an insight for more reliable molecular
design, especially predictable solvent critical molar ratios in
binary solvent mixtures that are currently unpredictable.
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Fig. 1 Ternary polymer solutions composed of PHEMA or poly(hydro-
xyalkyl (meth)acrylate)s in hydrogen bonding good solvents such as
1-alcohol and DCE as a typical non-polar poor solvent to exhibit
designed LCST-type phase separation.
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Due to the water-soluble nature of the polymer chain,
PHEMA has frequently been employed as a non-ionic hydro-
philic component in copolymers with LCST-type thermo-
responsive polymers such as poly(N-isopropylacrylamide)”*
to adjust the cloud point. More recently, Armes and coworkers
reported that PHEMA with a degree of polymerization between
20 and 45 exhibited LCST-type phase separations in water.”* In
contrast to these findings, there have been no reports attempt-
ing to induce LCST-type phase separations of PHEMA in non-
aqueous media. Only upper critical solution temperature
(UCST)-type phase separation was observed in a series of pure
aliphatic alcohols, namely, 1-propanol, 1-butanol, 2-methyl-1-
propanol, 2-butanol, and glycerol.”” Other polymers in this
study have never been reported for thermal phase separations
in any organic solvent mixture.

Results and discussion

We initially investigated the solubility of commercially avail-
able PHEMA (Sigma-Aldrich, M, = 20 000) in various pure sol-
vents (ca. 2.5 mg in 100 pL) (Table S17). At low temperatures
(0 °C), room temperature (ca. 25 °C), and elevated temperature
(ca. 100 °C), PHEMA was soluble in DMSO, DMF, methanol,
ethanol, and acetic acid, while being practically insoluble in
acetonitrile, 2-butanone, 1-octanol, THF, ethyl acetate, toluene,
DCE and cyclohexane. In comparison to PHS in our previous
study,”® PHEMA exhibits poor solubility in solvents with mod-
erate polarity such as THF and acetonitrile. The relatively weak
hydrogen bond acceptors could not solubilize the polymer
chain due to the association of hydroxy groups between the
polymer chains. We confirmed UCST-type phase separations in
a series of aliphatic alcohols such as 1-propanol, 1-butanol,
2-butanol, and 2-methyl-1-propanol (Table S27), consistent
with the previous studies.”> Additionally, we observed UCST-
type phase separation in 1,4-dioxane. The temperature-depen-
dent transmittance changes at 800 nm revealed a cloud point
at 63 °C (24 mg mL ™" in 1,4-dioxane) (Fig. 2a). Polar solvents
with hydrogen bond acceptors can readily solubilize the
polymer chain of PHEMA by breaking the hydrogen bonds of
the hydroxy groups between the polymer chain and forming
new hydrogen bonds with the solvent molecules as solvation.
To induce LCST-type phase separation, we examined the
temperature-dependent solubility of PHEMA in various solvent
mixtures comprising hydrogen-bonding good solvents and
non-polar poor solvents with varying ratios. According to our
previous studies, we selected DCE as a poor solvent due to its
moderate polarity and low solubility for many polymethacry-
lates bearing a hydrogen bonding group. At specific molar
ratios, diverse hydrogen-bonding good solvents, including
alcohols and DMF, exhibited LCST-type phase separations
(Table 1 and Table S37). The cloud point (T,,) was determined
as the temperature at which the transmittance reached 90%
during both the heating process for LCST-type phase separ-
ation and the cooling process for UCST-type phase separation
(Fig. 2b-i). In the absence of the hydrogen-bonding good sol-

Polym. Chem., 2024, 15, 2354-2361 | 2355


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4py00250d

Open Access Article. Published on 07 May 2024. Downloaded on 7/14/2025 5:24:36 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Paper Polymer Chemistry
@ 400 S () 100 © 100 e
--+- Heating — Heating \ S i
8 80 A\ 80 \\ Heating
S — Cooling S ++ Cooling 2 \ ... Cooling
3 2 Q \
£ 60 g 60 g 60 \
8 E: g \
£ = k] \
5 § 5
2 40 2 40 2 40 \
s £ [ \
[ = = \
20 S 20 — 20 \o
0 0 0
20 40 60 80 0 20 40 60 20 40 60 80
Temperature [°C] Temperature [°C] Temperature [°C]
@ 400 — (®) 100 — ® 400 p—
\ . i B — Heating j - "
_ 80 \ Heating 80 w = 80 \ Heating
& \ - Cooling £ - Cooling g \ ... Cooling
@ \ [ @
g 60 \ g 60 2 60 \
< o ©
£ £ 2 \
|13 \ £ € \
2 40 2 40 \ @ 40 \
g \ g & \
= \ = =
20 k 20 \ 20
0 0 0
20 40 60 80 20 40 60 80 20 40 60 80

Temperature [°C]

Temperature [°C]

g
El

100 s 100 R—
— Heating

80 80

-- Cooling

60 60

40

20 L 20

Transmittance [%]
Transmittance [%)]

@ 100

\\ ~ Heating 80

\ --.- Cooling

——
Heating

60 J

— Cooling

Transmittance [%]

o

\Y % f

20 40 60 80 20 40
Temperature [°C]

Temperature [°C]

60 80 20 40 60 80
Temperature [°C]

Fig. 2 Transmittance change at 800 nm of PHEMA in the pure solvent or binary mixtures of common hydrogen-bonding solvents and DCE (ca.
25 mg mL™) with temperature change (scan rate: 1.5 °C min™2); the pink line and the blue line represent the heating and cooling processes, respect-
ively. (a) UCST in 1,4-dioxane, (b) LCST in DMF: DCE = 2.0: 8.0, (c) LCST in methanol: DCE = 3.5:6.5, (d) LCST in ethanol: DCE = 3.0:7.0, (e) LCST
in 1-propanol : DCE = 3.0:7.0, (f) LCST in 2-methyl-1-propanol: DCE = 3.0:7.0, (g) LCST in 1-butanol: DCE = 3.0:7.0, (h) LCST in 2-butanol: DCE

=3.0:7.0, and (i) UCST in acetic acid : DCE = 6.0: 4.0.

Table 1 Thermal behaviours of PHEMA in mixed organic solvents®?

Hydrogen-bonding  Dielectric Mol. ratio HB  Phase separation
solvent constant (¢) solvent:DCE  (cloud point)
DMF 46.5 2.0:8.0 LCST (22 °C)
Methanol 32.7 3.5:6.5 LCST (55 °C)
Ethanol 25.3 3.0:7.0 LCST (56 °C)
1-Propanol 20.8 3.0:7.0 LCST (67 °C)
2-Methyl-1-propanol  17.9 3.0:7.0 LCST (57 °C)
1-Butanol 17.8 3.0:7.0 LCST (39 °C)
2-Butanol 17.3 3.0:7.0 LCST (56 °C)
Acetic acid 6.2 6.0:4.0 UCST (42 °C)
1,4-Dioxane 2.2 — UCST (64 °C)
1-Propanol 20.8 — UCST (25 °C)
2-Methyl-1-propanol  17.9 — UCST
1-Butanol 17.8 — UCST
2-Butanol 17.3 — UCST

“The conditions: PHEMA (ca. 25 mg) in pure or mixed organic solvents
(ca. 1.0 mL) from ca. 0 °C to ca. 100 °C. ? Cloud point was determined
as the temperature at which the transmittance reached 90% during
both the heating process for LCST-type phase separation and the
cooling process for UCST-type phase separation.

vents, DCE acted as a poor solvent to promote the hydrogen
bonding between the polymer chains. Consequently, the
polymer chain could be solvated through hydrogen bonds in
the presence of alcohols and DMF at lower temperatures,

2356 | Polym. Chem., 2024, 15, 2354-2361

whereas at higher temperatures, the loss of hydrogen bonds
substantially reduced the solubility, leading to LCST-type
phase separation. It is noteworthy that while pure alcohols
resulted in UCST-type phase separation, the addition of DCE
to polymer solutions of 1-propanol, 2-methyl-1-propanol,
1-butanol, or 2-butanol induced LCST-type phase separation.
Conversely, UCST-type phase separation occurred in the mixed
solvent of acetic acid, acting as a hydrogen-bonding solvent
with DCE. PHEMA became soluble at elevated temperatures,
confirmed by the transmittance change in the solution
(Fig. 2i). In the solvent mixture, acetic acid might act as a weak
hydrogen bonding acceptor, insufficient to form hydrogen
bonds with the polymer chain at room temperature. An elev-
ated temperature would be required for the solvation of
PHEMA to induce UCST-type phase separation. In addition,
the phase separation behaviour of PHEMA was validated
through dynamic light scattering (DLS) measurements, observ-
ing differences in polymer particle size at temperatures below
and above the cloud point (Fig. 3a-i). Diminished solvation
ability above the cloud points for LCST-type phase separations
and below them for UCST-type phase separations prompts
polymer chain aggregation and particle growth. These solution
behaviours induced by heating or cooling closely resemble
those exhibited by PHS. To elucidate the aggregation process

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Dynamic light scattering measurement of PHEMA in the pure solvent or binary mixtures of common hydrogen-bonding solvents and DCE
(ca. 25 mg mL™) at different temperatures; the blue line and the pink line represent the state at low and high temperature, respectively. (a) UCST in
1,4-dioxane, (b) LCST in DMF:DCE = 2.0:8.0, (c) LCST in methanol:DCE = 3.5:6.5, (d) LCST in ethanol:DCE = 3.0:7.0, (e) LCST in
1-propanol : DCE = 3.0:7.0, (f) LCST in 2-methyl-1-propanol: DCE = 3.0:7.0, (g) LCST in 1-butanol: DCE = 3.0:7.0, (h) LCST in 2-butanol: DCE =
3.0:7.0, and (i) UCST in acetic acid : DCE = 6.0 : 4.0.

during the LCST-type phase separation, we conducted particle
size measurements of PHEMA in 1-propanol/DCE = 3.0:7.0
(Tcp = 67 °C) at various temperatures (Fig. S7t). At lower temp-

—3.0:7.0

eratures (40, 50, and 60 °C), there were no significant changes
observed in the particle size, remaining below 10 nm.
However, the particle size increased to approximately 30 nm

Transmittance [%]

near the T, (65 °C) and dramatically rose to 1000 nm above 20
the T, (70 and 75 °C). These findings suggest that even below »
0 T T T T

the T.,, PHEMA chains may gradually form nano-aggregates 0 20 40 60 80 100
Temperature [°C]

upon heating, eventually leading to the formation of larger

i

aggregates. Additionally, the transmittance change, which 70 |
gradually decreases from 100% to 95-90% with increasing 60

temperature and significantly drops below 20% at T, further

cpy 50 4

supports the process of aggregation formation. 40 |
To precisely control the LCST-type phase separation behav-

iour of PHEMA and its cloud point, we investigated the vari- 20

30 A

Cloud point [°C]

ation of T, by slightly altering the mixing ratios of 1-propanol 10 1

and DCE. As shown in Fig. 4a, the decrease of the 1-propanol 0
ratio from 3.0:7.0 to 2.5:7.5 decreased T, from 67 °C to
26 °C. Moreover, the cloud point vs. the mol ratio of 1-propa-

24 26 28 3 3.2
1-propanol mol ratio

Fig. 4 (a) Transmittance change at 800 nm of PHEMA solution (25 mg

nol in the mixture linearly decreased, indicating the adjustabil- o ’ )
mL™") with decreasing ratios of 1-propanol:DCE from 3.0:7.0 to

ity of the cloud point for LCST-type phase separation by simple
control of the mixing ratios (Fig. 4b). The solubility of PHEMA
reduced as the 1-propanol ratio decreased, and LCST-type

This journal is © The Royal Society of Chemistry 2024

2.5:7.5 in the mixtures. (b) The effects of 1-propanol mol ratio in the
mixed solvents on the change of the cloud point in the heating process
(90% of transmission).
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phase separation easily occurred at lower temperatures
through desolvation by the cleavage of the hydrogen bonds
between the hydroxy groups in the polymer chain and the
hydrogen bonding solvent. The cloud point could also be con-
trolled by varying the polymer concentration from 10 to 75 mg
mL™" with fixed solvent molar ratios (1-propanol:DCE =
2.8:7.2) (Fig. S8%). As the concentration increased, the cloud
point decreased due to a decrease in solubility. For polymers
with different molecular weights, a small adjustment in the
molar ratio of 1-propanol:DCE resulted in LCST-type phase
separation at a similar cloud point (Table S97).

To expand our strategy for LCST-type phase separation, we
further investigated the solubility and thermal behaviour of
poly(e-hydroxyalkyl methacrylate)s (P3MA, PAMA, and P5MA)
and acrylates (P3A and P4A) with different lengths of the alkyl
spacer. First, we synthesized them via controlled radical
polymerization. The polymerization reaction of the corres-
ponding methacrylic or acrylic monomers proceeded at 80 °C
for 24 h in the presence of AIBN as an initiator and an appro-
priate RAFT agent in a degassed solution of DMAc (for detailed
reaction conditions, see the ESIT). After quenching the reac-
tion mixture, the solution was diluted with methanol and
reprecipitated dropwise into diethyl ether. The resulting yellow
solid was subjected to 'H NMR and size exclusion chromato-
graphy (SEC) measurements, and the results are summarized
in Table 2. The number average molecular weights of the
resulting polymers ranged from 7.05 x 10° to 1.03 x 10*, and
the polydispersity index (PDI) was found to be 1.04-1.35.

Since it is widely accepted that the flexibility of the polymer
chain plays a significant role in the solubility of the polymer
chain, we initially conducted thermal analysis using differen-
tial scanning calorimetry (DSC) in the bulk state (Fig. 5). The
glass transition temperature (7,) of a series of poly(methacry-

Table 2 SEC? and DSCP data of the poly(hydroxyalkyl (meth)acrylate)s

Methacrylate

A

OH
OH
H OH
M 8.21x10° 8.76x10° 1.03x10*
PDI 1.11 1.14 1.35
Te 70 °C 49 °C 33°C
Acrylate

P
o~ O

N I R

OH
Mhn 8.67x10° 7.05x10°
PDI 1.04 1.25
Tg -11°C -23°C

“Determined by SEC measurements eluted with DMF calibrated with
polyethylene oxide standards. “Determined by DSC at a heating rate of

10 °C min~".
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Fig. 5 Plots of Ty against the alkyl chain length between the hydroxy
group and the polymer backbone in the poly(hydroxyalkyl (meth)acry-
late)s. The Ty of commercially available PHEMA (p = 2, methacrylate)
was used as the value provided on the website (Sigma-Aldrich).

lates) and poly(acrylates) decreased with an increase in the
number of carbon atoms: PHEMA > P3MA > PAMA > P5MA,
and P3A > P4A. These results indicated that the extended alkyl
length between the hydroxy terminal and the polymer back-
bone results in a lower T, due to the facile mobility of the side
chain. Compared to poly(methacrylate) and poly(acrylate) with
the same alkyl chain length, poly(acrylate) had a lower T, than
poly(methacrylate). It is clear that poly(acrylate) typically has a
lower T, because of the increased mobility in the main chain.
As a result of preliminary screening, DCE, toluene, and
cyclohexane acted as non-polar poor solvents for a series of
poly(methacrylate)s and poly(acrylate)s. Thus, we examined the
solubility of a series of primary aliphatic alcohols to identify
hydrogen-bonding good solvents (Tables S10 and 117).
Compared with a series of poly(methacrylate)s, the solubility
appeared to correlate with the length of the alkyl chain to the
terminal hydroxyl group. The polymers with a shorter alkyl
chain (PHEMA and P3MA) were dissolved only in alcohols with
fewer carbon atoms, such as methanol and ethanol, and the
solubility decreased as the alkyl chain length of the alcohol
increased. In contrast, polymers with a longer alkyl chain
(P5MA and P4AMA) had high solubility in most of the alcohols.
Focusing on the differences between the alcohols, methanol
dissolved all the polymers, while 1-octanol was unable to solu-
bilize PHEMA, P3MA, and P4MA with a shorter alkyl chain and
could only dissolve P5MA. As both the polymers and the sol-
vents have a hydroxyl group that serves as a hydrogen bonding
donor and acceptor, the solubility of the polymers is affected
by the length of the alkyl chain, that is, the number of carbon
atoms in each molecule. In other words, the van der Waals
interaction of the alkyl groups between the polymer chain and
the solvent could also play a crucial role in solubility during
solvation. It is interesting to note that the solubility trends of
poly(methacrylate)s (P3MA and P4MA) and poly(acrylate)s (P3A
and P4A) with the same alkyl chain length agreed rather well,
despite the significant difference in T,. The enhanced mobility
in the poly(acrylate)s does not correlate with the solubility in

This journal is © The Royal Society of Chemistry 2024
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Table 3 Summary of the thermal behaviour of poly(hydroxyalkyl (meth)acrylate)s in a binary solvent mixture with 1-alcohol and DCE?
Hydrogen-bonding
solvent Non-polar solvent PHEMA P3MA PAMA P5MA
Methanol DCE LCST 4.0: 6.0 LCST 4.0: 6.0 LCST 3.0:7.0 LCST 2.8:7.2
Ethanol LCST 3.5:6.5 LCST 3.5:6.5 LCST 2.7:7.3 x
1-Propanol LCST 3.0:7.0 LCST 3.5:6.5 LCST 2.5:7.5 X
1-Butanol LCST 3.0:7.0 LCST 3.0:7.0 LEST 2 3:7.7 X
Hydrogen-bonding solvent Non-polar solvent — P3A P4A —
Methanol DCE — LCST 4.0: 6.0 LCST 3.2:6.8 —
Ethanol — LCST 3.0:7.0 LCST 2.8:7.2 —
1-Propanol — LCST 3.0:7.0 LCST2.4:7.6 —
1-Butanol — LCST 3.0:7.0 LCST2.2:7.8 =

¢ Conditions: Poly(hydroxyalkyl (meth)acrylate)s (ca. 50 mg) in mixed organic solvents (ca. 1.0 mL) with the appropriate molar ratio at ca. 0 °C to

ca. 100 °C.

alcohols, and the variations in solubility may be attributed to
the length of the alkyl groups in the side chain for solvation.
To elucidate the factors influencing the LCST-type phase
separation in a series of poly(w-hydroxyalkyl methacrylate)s
(P3MA, PAMA, and P5MA) and acrylates (P3A and P4A), we
examined the temperature-dependent solubility change in
binary mixtures with four primary alcohols (methanol,
ethanol, 1-propanol, and 1-butanol) as a good solvent and
DCE as a poor solvent at a concentration of approximately
50 mg mL™" due to the relatively lower M,, of these polymers.
As shown in Table 3, a series of poly(methacrylate)s (P3MA
and P4MA) exhibited distinctive LCST-type phase separation in
all mixed solvents, with the critical molar ratio depending on
the length of the alkyl group in both the polymer chain and
the 1-alcohols. Notably, PSMA displayed LCST-type phase sep-
aration solely in the mixed solvent with methanol due to its
high solubility in other alcohols. Similar thermal behaviours
were observed in poly(acrylate)s (P3A and P4A) with compar-
able alkyl chain lengths. The critical molar ratios of DCE in
the solvent mixtures were correlated well with both the alkyl
spacer in the polymer side chain and the alkyl length of the
1-alcohols. For methanol as a good solvent, the molar ratio of
DCE increased from 4.0: 6.0 for PHEMA to 2.8:7.2 for P5MA,
and this increasing trend persisted across various 1-alcohols.
The increased mobility of the side chains allows easier access
to 1-alcohols and increases the solubility of the polymer
chains, resulting in a decrease in the molar ratio of the
1-alcohol and an increase in that of DCE for the LCST-type
phase separations (Fig. 6a). For PAMA as a polymer chain, the
molar ratio of DCE also increased with increasing the lengths
of the 1-alcohols, varying from 3.0:7.0 for methanol to
2.3:7.7 for 1-butanol, and this trend also persisted across the
polymers. The longer alkyl groups either in the polymer side
chain or in the solvent molecule would contribute more
efficiently to hydrogen bonds between the hydroxy group in
the polymer side chain and 1-alcohol as the solvation of the
polymer chains in DCE mixtures. Although the hydrogen
bonds between the polymer chain and the solvent molecules
play a key role in the LCST-type phase separations due to
adjusting the solubility, the alkyl groups contributed subsidi-

This journal is © The Royal Society of Chemistry 2024

(a) PHEMA

P3MA

P4MA

PSMA

Mobility of side chains

Solubility in 1-alcohol

(b) Short chain alcohol Long chain alcohol

Solvation via hydrogen bonds and van der Waals force

Fig. 6 Schematic representation of the effect of the length of the alkyl
group in both the polymer side chain and the 1-alcohols on their LCST-
type phase separation. (a) The comparison of the polymer side chains
with fixed 1-alcohol. (b) Proposed solvation states of a polymer chain
with each 1-alcohol. Long chain alcohol could efficiently contribute to
the solvation via hydrogen bonds and van der Waals forces, resulting in
a decrease in the amount of 1-alcohol represented by a red square with
a black line.

ary to the solvation of the polymer chain by van der Waals
force (Fig. 6b). As a result, both in the polymer side chain and
the good solvents, the elongation of the alkyl group was associ-
ated with increasing trends of the molar ratios of DCE at the
LCST-type phase separation, indicating that the alkyl lengths
were crucial determinants for the critical molar ratios in these
systems. In all combinations of the polymer and 1-alcohol, the
highest and lowest molar ratios of DCE were observed in
P4MA/1-butanol (2.3:7.7) and PHEMA/methanol (4.0:6.0),
respectively. Therefore, they might be predictable from the size
of the non-OH groups for the polymer chains as well as the
hydrogen-bonding solvents for LCST-type phase separations of
a series of poly(hydroxyalkyl (meth)acrylate)s.

Polym. Chem., 2024,15, 2354-2361 | 2359
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Conclusions

We demonstrated LCST-type phase separations of PHEMA and
its congeners, namely poly(w-hydroxyalkyl (meth)acrylate)s
(P3MA, PAMA, P5MA, P3A, and P4A), in suitable binary solvent
mixtures. These mixtures comprise hydrogen-bonding solvents
such as alcohols and DCE as a typical non-solvent at a polymer
concentration of approximately 25-50 mg mL™' at ambient
temperature. At the critical molar ratio, the hydrogen bonds
facilitating solvation between the polymer chain and the sol-
vents readily dissociate under thermal treatment, prompting
the collapse of the polymer chain and, consequently, inducing
LCST-type phase separation. The critical molar ratio is corre-
lated with the length of the alkyl group in both the polymer
side chain and the 1-alcohols, suggesting that the critical
molar ratios for these polymers would be predictable from the
size of the non-hydroxy groups in the polymer chain and the
hydrogen bonding solvents. In the realm of polymer physics,
the importance of molecular weight and its distribution con-
cerning LCST-type phase separation has been well documen-
ted. However, our focus is on developing novel LCST-type
thermo-responsive polymers designed from both synthetic
polymer chemistry and supramolecular chemistry. In this
study, we investigated LCST-type phase separation by heating
the polymer solution after adjusting the solubility through the
addition of DCE as the non-solvent. Therefore, as long as the
molecular weights of the polymers allow them to dissolve in
good solvents, LCST-type phase separations are anticipated to
be exhibited using this methodology.
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