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ABSTRACT: Novel dual thermoresponsive block copolymers displaying lower critical solution tempera-
ture (LCST) and upper critical solution temperature (UCST) were synthesized by reversible addition—
fragmentation chain transfer (RAFT) polymerization of two proline-based monomers. Poly(N-acryloyl-
L-proline methyl ester), poly(A-Pro-OMe), was selected as a thermoresponsive segment, whereas poly-
(N-acryloyl-4-trans-hydroxy-L-proline), poly(A-Hyp-OH), could be regarded as a water-soluble polymer.
The block copolymer having suitable comonomer composition (A-Pro-OMe/A-Hyp-OH = 27/73) exhibited
soluble—insoluble—soluble transition with lower (LCST = 19—21 °C) and upper (UCST = 39—45 °C)
critical solution temperatures in acidic water. The comonomer composition of poly(A-Pro-OMe)-b-poly-
(A-Hyp-OH) and pH value in the aqueous solution were found to affect characteristic thermoresponsive
behaviors. The temperature-dependent assembled structures and chiroptical properties were evaluated by
dynamic light scattering (DLS) and circular dichroism (CD) measurements. Another type of dual thermo-
sensitive block copolymers with blocks having two different LCSTs, poly(A-Pro-OMe)-b-poly(A-Hyp-OMe),
were prepared by the methylation of the carboxylic acid groups in poly(A-Pro-OMe)-b-poly(A-Hyp-OH), and
their temperature-dependent solution behaviors were investigated. To the best of our knowledge, this is the first
report of the dual thermoresponsive system, which can be changed from a system exhibiting LCST and UCST

into another one having two different LCSTs by a simple methylation reaction.

Introduction

Stimuli-responsive materials, so-called “intelligent” or “smart”
materials, have been extensively studied from both scientific and
technological points of view.' ™ Thermosensitive block copolymers
are an important research central to developments in this fields
because temperature-induced self-assemble behaviors, such as nor-
mal and reversible micelle formation, are observed above a critical
point (lower critical solution temperature, LCST) or below a certain
temperature (upper critical solution temperature, UCST).”!!
Recently, double- or multi-stimuli-sensitive copolymers and gels
that can sense two or more signals and produce a definite dynamic
response in the form of a change in shape, size, or structure have
attracted significant research interest.”®'>~'* In addition to prop-
erty of each segment, composition, and chain length of the block
copolymers, assembled structures of the stimuli-responsive block
copolymers can be govern by external stimuli such as pH, salt, and
temperature. A number of thermoresponsive block copolymers,
which are also sensitive to another stimulus, have been developed
50 far 111315721

Dual thermosensitive block copolymers can be classified into
two categories: block copolymers with blocks displaying different
LCSTs and block copolymers displaying LCST and UCST. As to
the block copolymers consisting of two or more different thermo-
sensitive moieties, a variety of systems have been reported,
including block copolymers composed of N-isopropylacryla-
mide/N-acryloylpyrrolidine,? vinyl ethers with pendant oxyethy-
lene groups,” propylene oxide/ethoxyethyl glycidyl ether,?*
acrylate/styrene derivatives with pendant oxyethylene groups,®
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and N-isopropylacrylamide/propylene oxide.?® These block copo-
lymers consisting of two or more different thermosensitive moieties
exhibited intriguing temperature-induced self-assembly behavior
in water.

Compared with polymers having LCSTs in aqueous media,
polymers exhibiting UCST-type insoluble—soluble transition are
relatively uncommon. Poly(sulfobetaine)”” and poly(acrylic
acid)®® are reported to exhibit UCST, and these polymers com-
monly have a pair of interactive sites that cause the polymer to be
insoluble at low temperatures due to intra- and interchain inter-
actions such as hydrogen bonding and electrostatic attractions.
Laschewsky reported that the schizophrenic block copolymers
prepared from a nonionic monomer, N-isopropylacrylamide, and
a zwitterionic monomer, 3-[N-(3-methacrylamidopropyl)-N,N-
dimethyl]ammoniopropanesulfonate, exhibited LCST and
UCST.'*? Block copolymer displaying both LCST and UCST
was also prepared by selective quaternization of poly(2-(dim-
ethylamino)ethyl ~methacrylate)-b-poly(2-(N-morpholino)ethyl
methacrylate) using 1,3-propane sultone.”® Another example
involve a diblock copolymer consisting of poly(3-dimethyl-
(methacryloyloxyethyl)Jammonium propanesulfonate) as an
UCST block and poly(N,N-diethylacrylamide) as an LCST
block.*' These block copolymers exhibited a core—corona inver-
sion (micelle—unimer—inverse micelle transformation) simply
depending on temperature. In contrast to these copolymers
having zwitterionic segments, Baski reported that random co-
polymers comprising of acrylic acid with N-isopropylacrylamide
presented both UCST and LCST.** They demonstrated that chain
shrinkage in the system is attributed to the formation of intrachain
hydrogen bonds between the two complementary groups, acrylic
acid and N-isopropylacrylamide, and the hydrophobicity of these
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copolymers is strongly enhanced by intrachain hydrogen bonding.
Similarly, several poly(N-vinylacetamide-co-acrylic acid)s con-
taining more than 50% of N-vinylacetamide showed reentrant
soluble—insoluble—soluble transitions with increasing tempera-
ture.*® They demonstrated that introducing a hydrogen bonding
pair and a polymer with moderate hydrophobicity afford a
universal design for polymers with a soluble—insoluble—soluble
transition in aqueous solution.

In this paper, we report the controlled synthesis of novel
proline-based block copolymers that exhibit both LCST and
UCST in aqueous media (Schemes 1 and 2). Reversible addltlon—
fragmentation chain transfer (RAFT) polymerizations®*" of
two proline-based monomers, N-acryloyl-L-proline methyl ester
(A-Pro-OMe) and N-acryloyl-4-trans-hydroxy-L-proline (A-Hyp-
OH), were employed for the purpose. As a thermoresponsive
segment, we selected poly(A-Pro-OMe), which processes a char-
acteristic LCST-type soluble—insoluble transition at around
18 °C in a neutral water (pH = 7).*>*** Recently, we reported
the synthesis of similar proline-based block copolymers displaying
pH- and LCST-type thermoresponsive properties, which are
comprised of A-Pro-OMe and N-acryloyl-L-proline having a
carboxylic acid moiety in the monomer unit.*’ In this study,
poly(A-Hyp-OH) was selected as a strong hydrophilic polymer as
well as a weak polyelectrolyte, in which the degree of ionization of
poly(A-Hyp-OH) is governed by the pH and ionic strength of
aqueous solution. Since A-Hyp-OH has a carboxylic acid and a
hydroxyl group in the monomer unit, poly(A-Hyp-OH) can also
show specific interactions, such as hydrogen bonding, acid—base
interactions, and oppositely charged ionic interactions, which
may help to produce characteristic thermoresponsive properties.

Scheme 1. Structures of Thermoresponsive and Water-Soluble Poly-
mers Used in This Study

H;COO0C HOOC H;COO0C
Poly(A-Pro-OMe)  Poly(A-Hyp-OH)  Poly(A-Hyp-OMe)
LCST=175C

Water soluble LCST=49.5C

Mori et al.

In this contribution, we mainly focused on proline-based block
copolymers composed of poly(A-Pro-OMe) and poly(A-Hyp-
OH), which exhibited soluble—insoluble—soluble transition with
lower and upper critical solution temperatures in acidic water. The
dual thermoresponsive behavior is due to the cooperative effect of
the self-assembly of the block copolymer and hydrogen bonding
between A-Pro-OMe and A-Hyp-OH units. In addition to the
characteristic chiroptical properties, the dual thermoresponsive
system of the proline-based block copolymer is different from
previously reported ones; schizophrenic block copolymers
showing micelle—unimer—inverse micelle transformation via
self-assembly'***° and random copolymers showing soluble—
insoluble—soluble transition due to the formation/breaking of
hydrogen bonding.**** Another advantage of the present system
is the capability to change dual thermoresponsive properties from
a system exhibiting LCST and UCST into another one having two
different LCSTs by simple methylation reaction. The methylation
reaction of the carboxylic acid groups in poly(A-Hyp-OH) led
to thermoresponsive polymer, poly(A-Hyp-OMe), having a rela-
tively higher phase separation temperature (49.5 °C).” In this
study, we synthesized thermosensitive block copolymers with
blocks having two different LCSTs, poly(A-Pro-OMe)-b-poly-
(A-Hyp-OMe), by the methylation of poly(A-Pro-OMe)-b-poly-
(A-Hyp—OH), as shown in Scheme 2.

Experimental Section

Materials. 2,2'-Azobis(isobutyronitrile) (AIBN, Kanto Che-
mical, 97%) was purified by recrystallization from ethanol.
N-Acryloyl-L-proline methyl ester (A-Pro- OMe)5 "and N-acry-
loyl-4-trans-hydroxy-L-proline (A-Hyp-OH)>® were prepared
by the reaction of acryloyl chloride with corresponding proline
derivatives (L-proline methyl ester hydrochloride and 4-trans-
hydroxy-L-proline, respectively) in accordance with the methods
reported previously. The synthesis of benzyl dithiobenzoate was
conducted according to the procedure reported previously.*>>
The chain transfer agent (CTA) was purified by vacuum dis-
tillation using a glass tube oven (Shibata GTO-250RS) to give a
red oil. N,N-Dimethylformamide (dehydrated DMF, Kanto
Chemical, 99.5%) was used as received. Chlorobenzene
(Tokyo Kasei Kogyo, >98%) was dried with P,Os and then
distilled under vacuum. The methylation agent, trimethylsilyl-
diazomethane (2 M solution in diethyl ether), was purchased

Scheme 2. Synthesis of Block Copolymers by Reversible Addition—Fragmentation Chain Transfer (RAFT) Polymerization of N-Acryloyl-4-trans-
hydroxy-L-proline (A-Hyp-OH) Using Poly(/N-acryloyl-L-proline methyl ester), Poly(A-Pro-OMe), As a Macro-Chain Transfer Agent, Followed by
Methylation
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Figure 1. 'H NMR spectra of (a) poly(A-Pro-OMe)-b-poly(A-Hyp-
OH) and (b) poly(A-Pro-OMe)-b-poly(A-Hyp-OMe) in CD;0D.

from Aldrich and used as received. All the other materials were
used without further purification.

Synthesis of Block Copolymers. All polymerizations were per-
formed in a degassed sealed tube with AIBN as the initiator. A
representative example of the synthesis of the block copolymer
comprising of A-Pro-OMe and A-Hyp-OH is as follows: A-Pro-
OMe (1.00 g, 5.45 mmol), benzyl dithiobenzoate (26.6 mg, 0.11
mmol), AIBN (89 mg, 0.05 mmol), and -chlorobenzene
(4.0 mL) were placed in a dry ampule, and the solution was then
degassed using three freeze—evacuate—thaw cycles. After the am-
pule was flame-sealed under vacuum, it was stirred at 60 °C for 24 h.
The reaction was stopped by rapid cooling with liquid nitrogen, and
the monomer conversion (95%) was determined by the '"H NMR
spectrum of the polymerization mixture. The product was purified
by precipitation into diethyl ether and then isolated by filtration.
Finally, the resulting poly(A-Pro-OMe) was dried under vacuum at
room temperature (yield = 99%, 0.99 g), which was used as a
macro-CTA (M, nmr = 6600, M), gpc = 6600, M/M,, = 1.27).

The dithiobenzoate-terminated poly(A-Pro-OMe) (0.121 g, 0.018
mmol), AIBN (1.5 mg, 0.009 mmol), A-Hyp-OH (0.169 g, 0.91
mmol), and DMF (0.68 mL) were placed in a dry ampule. After the
solution was degassed by three freeze—evacuate—thaw cycles, the
polymerization was conducted at 60 °C for 24 h (conversion
determined by '"H NMR spectroscopy = 99%). The reaction
mixture was purified by reprecipitation into diethyl ether and isolated
by filtration to give a block copolymer, poly(A-Pro-OMe)-b-poly-
(A-Hyp—OH): yield 0.277 g, 96%. Poly(A-Pro-OMe)-b-poly-
(A-Hyp-OH) was soluble in chloroform, acetone, methanol, and
water (pH = 7) and insoluble in diethyl ether and ethyl acetate.

The copolymer composition was determined using '"H NMR
spectroscopy by a comparison of peaks associated with the two
comonomers. The peak at 3.3—4.2 ppm is attributed the methy-
lene protons (NCH,) of the both units and the methyl protons of
A-Pro-OMe unit, whereas the peaks at 4.2—4.7 ppm correspond
to the methine protons of the both units (NCHCOO) and
A-Hyp-OH unit (CHOH), as shown in Figure la. Thus, the
comonomer composition can be calculated using eq 1

2(x)+5(1—x) integral at 3.3—4.2 ppm
2(x)+ 1(1—x)  integral at 4.2—4.7 ppm

(1)

Macromolecules, Vol. 43, No. 3, 2010 1291

where x is the fraction of the A-Hyp-OH and 1 — x is the fraction
of A-Pro-OMe in the block copolymer.

For SEC measurements, a part of the crude product was
modified by the methylation and the methylated block copoly-
mer was directly used for SEC measurement without any
purification. The methylation of the poly(A-Hyp-OH) segment
in the block copolymer was conducted using trimethylsilyldi-
azomethane according to a method reported previously with a
slight modification.”>* In this way, 25 mg of the sample was
dissolved in a mixture of THF/methanol (2/1 vol %, to get
solubilization at room temperature), overall volume 3.0 mL.
The yellow solution of trimethylsilyldiazomethane (0.50 mL,
1.00 mmol, (CH3)3SiCHN,/COOH group in poly(A-Hyp-OH) =
7/1 molar ratio) was added dropwise at room temperature into the
polymer solution. Upon addition, bubbles appeared and the
bright yellow solution became instantaneously pale yellow. After
the methylation agent was added completely, the solution was
stirred for 1 h more at room temperature. After removing the
solvents by evaporation, the methylated samples were employed
without any purification for the SEC measurements. Poly(A-Pro-
OMe)-b-poly(A-Hyp-OMe) obtained by the methylation had
an M, (as determined by SEC) of 16500 and a polydispersity
index of 1.55, which corresponds to M,, = 15700 in the carbo-
xylic acid form. For the UV/vis and DLS measurements, the
methylated mixture was precipitated into diethyl ether. The
sample was evaluated by '"H NMR spectroscopy in CD;OD
(see Figure 1b). Poly(A-Pro-OMe)-b-poly(A-Hyp-OMe) ob-
tained after the methylation was soluble in most organic sol-
vents, such as dichloromethane, acetone, dioxane, DMF, and
DMSO, and insoluble in hexane and water in the wide pH ranges
(pH = 1,7, 10).

Instrumentation. The "H (400 MHz) and '3*C NMR (100 MHz)
spectra were recorded by a JEOL JNM-ECX400. The circular
dichroism (CD) was measured by a JASCO J-720 spectropolari-
meter. The UV—vis spectra were recorded using a JASCO
V-630BIO UV-—vis spectrophotometer. FT-IR spectra were
obtained with a JASCO FT/IR-210 spectrometer.

The number-average molecular weight (M) and molecular
weight distribution (M,,/M,) were estimated by size-exclusion
chromatography (SEC) using a Tosoh HPLC HLC-8220 system
equipped with refractive index and ultraviolet detectors at 40 °C.
The column set was as follows: four consecutive hydrophilic vinyl
polymer-based gel columns [TSK-GELs (bead size, exclusion
limited molecular weight): o-M (13 um, >1 x 107), a-4000 (10
um, 4 x 10%), 0-3000 (7 um, 9 x 10%), 0-2500 (7 um, 5 x 10°), 30 cm
each] and a guard column [TSK guard column a, 4.0 cm]. The
system was operated at the flow rate of 1.0 mL/min using DMF
containing 10 mM LiBr as the eluent. Polystyrene standards
(Tosoh) ranging from 1050 to 1090000 were employed for
calibration.

The phase separation temperatures of the aqueous solutions
of the polymers (2.0 mg/mL) were measured by monitoring the
transmittance of a 500 nm light beam through a quartz sample
cell. The transmittance was recorded on a JASCO V-630BIO
UV—vis spectrophotometer equipped with temperature con-
troller system (JASCO EHC-716 and EHC-717). The tempera-
ture was increased at a rate of 1.0 °C/min in heating scans
between 10 and 70 °C. Dynamic light scattering (DLS) was
performed at room temperature by an Otsuka Electronics DLS-
7000 spectrometer with a He—Ne laser (19 = 632.8 nm) at the
scattering angle of 90°. Prior to the light scattering measure-
ments, the polymer solutions were filtered using Millipore
Teflon filters with a pore size of 0.2 um into a dust-free
cylindrical cuvette. Height and phase images were observed by
a Multimode scanning force microscopy (SFM) operated in
Tapping Mode. All measurements were conducted using Nano-
scope IIIa (Veeco), and the images were acquired in ambient
conditions at room temperature. The samples were prepared by
spin-coating from aqueous solution onto a freshly cleaved mica
surface.
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Table 1. Synthesis of Block Copolymers by Polymerization of N-Acryloyl-4-trans-hydroxy-L-proline (A-Hyp-OH) Using 2,2'-Azobis-
(isobutyronitrile) and Poly(/V-acryloyl-L-proline methyl ester), Poly(A-Pro-OMe), as a Macro-CTA in V,N-Dimethylformamide (DMF) at 60 °C

for 24 h*
A-Pro-OMe/A-Hyp-OH composition
run  [M]/ [macro-CTA] conv® (%)  M,¢ (theory) M," (NMR) M, (SEC) M/M,¢ (SEC) caled” obsd?
1 25 99 11200 14000 15100 1.20 59:41 60:40
50 99 15800 16200 16 500 1.55 42:58 45:55
3 100 98 22200 23000 25000 1.58 2773 2773

“[Macro-CTA]/[AIBN] = 2, monomer concentration = 0.25 g/mL, macro-CTA (M, = 6600, M./M, = 1.27). ®Calculated by '"H NMR.
“ Theoretical molecular weight (M, iheory) = (MW of A-Hyp-OMe) x [A-Hyp-OH]/[macro-CTA] x conversion + (MW of macro-CTA), A-Hyp-OMe =
N-acryloyl-4-trans-hydoroxy-L-proline methyl ester. ¢ Evaluated by M,, value of the macro-CTA, and the composition of the block copolymer determined
by 'HNMR. “ Methylated samples were measured by SEC using polystyrene standards in N,N-dimethylformamide (DMF, 0.01 M LiBr)./ Calculated from

the monomer conversion, M, value of the macro-CTA, and the monomer composition in the feed.

Results and Discussion

Synthesis of Block Copolymers. In a previous communica-
tion, we reported that polymerization of A-Pro-OMe with
benzyl dithiobenzoate in chlorobenzene at 60 °C afforded the
nearly monodispersed poly(A-Pro-OMe)s with controlled
molecular weights.* It was also demonstrated that most of
the chain ends of the poly(A-Pro-OMe) were functionalized
with the dithioester end groups, which could be used as a
macro-CTA for further chain extension reactions.*® Further-
more, good control of the polymerization of A-Hyp-OH was
attained by RAFT polymerization with the benzyl dithio-
benzoate.”’ For the controlled synthesis of dual thermo-
responsive block copolymers derived from r-proline deriva-
tives, therefore we conducted RAFT polymerization of
A-Hyp-OH using the poly(A-Pro-OMe) macro-CTA having
the dithiobenzoate end group, as shown in Scheme 2.

Initially, the dithiobenzoate-terminated poly(A-Pro-OMe)
having a relatively low molecular weights (M,, = 6600, M.,/
M, = 1.27) was prepared by RAFT polymerization of A-Pro-
OMe with benzyl dithiobenzoate. The synthesis of block
copolymer was conducted by the polymerization of A-Hyp-
OH using the dithiobenzoate-terminated poly(A-Pro-OMe)
asamacro-CTA in DMF at 60 °C for 24 h, keeping the macro-
CTA to initiator ratio at a constant value of [macro-
CTA]o/[AIBN], = 2/1. The monomer to macro-CTA ratio
([A-Hyp-OH]p/[macro-CTA]y) was varied from 25 to 100, in
order to control the comonomer content and the molecular
weight. Under the conditions, the conversions determined by
'"H NMR were almost quantitative (>97%) in all cases. As
shown in Table 1, the composition of each segment and
molecular weights of the resulting block copolymers could
be adjusted by the [A-Hyp-OH]y/[macro-CTA], ratio in the
feed. In the '"H NMR spectrum of the block copolymer
measured in CD;0D, the peaks corresponding to both com-
ponents are clearly detected (Figure 1). The compositions of
the copolymers determined by 'H NMR are in reasonable
agreement with the calculated values from the conversion and
feed ratios of both monomers, irrespective of the comonomer
ratio in the feed. Figure 2 shows the SEC chromatograms of
the starting macro-CTA and growth polymers, which were
obtained by the polymerization, followed by the methylation
of the carboxylic acid groups. A shift in the SEC trace toward
higher molecular ranges can be observed as the [A-Hyp-
OH]/[macro-CTA] ratio increases. The SEC traces are uni-
modal with no evidence of high molecular weight species.
The relatively higher molecular weight products obtained at
[A-Hyp-OH]y/[macro-CTA], = 50—100 (entries 2 and 3 in
Table 1) lead to broader polydispersities, compared to that of
the block copolymer having lower molecular weight. This may
be due to relatively high molecular weights of the resulting
products with increased viscosities at the end of the polymer-
ization. Nevertheless, the dithiobenzoate-terminated poly-
(A-Pro-OMe) macro-CTA can be successfully employed for

[Ml/[Macro-CTA] | ro.cTA
=100 50 25 4= es00

\ ¢ /

24 26 28 30 32 34
Time (min)

Figure 2. SEC traces of the parent poly(A-Pro-OMe) macro-CTA
and the block copolymers obtained by polymerization of A-Hyp-OH
using the dithiobenzoate-terminated poly(A-Pro-OMe) at different
[A-Hyp-OH]/[macro-CTA] ratios, followed by the methylation. See
Table 1 for detailed polymerization conditions.

the synthesis of the proline-based block copolymer with a
relatively narrow polydispersity, controlled molecular
weights, and predetermined composition. These results sug-
gest a sufficient efficiency of the fragmentation from the
intermediate radical to the dithiobenzoate-terminated poly-
(A-Pro-OMe) radical combined with an efficient reinitiation,
resulting in the rapid conversion of the macro-CTA to the
block copolymer under the condition used in this study.

As a comparison, we synthesized proline-based random
copolymers by RAFT copolymerization of A-Pro-OMe with
A-Hyp-OH, by which appropriate hydrophilic/hydrophobic
balance can be achieved. The copolymerization via RAFT
process was conducted with benzyl 1-pyrrolecarbodithioate as
CTA (see Supporting Information) in DMF at 60 °C at different
A-Pro-OMe:A-Hyp-OH molar ratios in the feed at ([A-Pro-
OMe] + [A-Hyp-OH])/[CTA] = 100 and [CTA]A;AIBN] =2
according to the procedure reported previously.”™ Depending
on the comonomer ratio (A-Pro-OMe:A-Hyp-OH = 75:25,
50:50, 25:75) in the feed, the copolymers with number-average
molecular weights between 13 500 and 15000 and the A-Pro-
OMe content between 31 and 75% were obtained quantitatively
(yield = 88—94%; see Table S1, Supporting Information). In all
cases, the compositions of the copolymers determined by 'H
NMR are in reasonable agreement with the calculated values
from the conversion and the feed ratio of both monomers. The
polydispersity indices (M,,/M,,) for all samples ranged between
1.31 and 1.39. The molecular weight distribution and the
comonomer composition of the resulting random copolymers
are comparable to those of block copolymers.

Block Copolymers Exhibiting Upper and Lower Critical
Solution Temperatures. In this study, poly(A-Pro-OMe) was
selected as a thermoresponsive segment, whereas the poly-
(A-Hyp-OH) was selected as a strong hydrophilic polymer as



Article

Transmittance (%)

M Heating |
@ Cooling

0 10 20 30 40 50 80 70
Temperature (°C)

(b)

100
g 80| .
8
260 .
8
€40l ]
@

c
o )
= 20| W Heating -
@ Cooling
0 L 1 1 1 1 1 1 ]
0 10 20 30 40 50 60 70

Temperature (°C)

Figure 3. Temperature dependence of the transmittance at 500 nm of
aqueous solutions (polymer concentration = 2.0 mg/mL, pH = 2,
NaCl concentration = (0.1 M) of (a) block copolymer, poly(A-Pro-
OMe),7-b-poly(A-Hyp—OH),3 (M, = 25000, My/M, = 1.58) and
(b) random copolymer, poly(A-Pro-OMe)s;-r-poly(A-Hyp—OH)go
(M, = 15000, My/M, = 1.39).

well as a weak polyelectrolyte. Poly(A-Pro-OMe) was solu-
ble in most organic solvents, such as dichloromethane,
chloroform, acetone, ethyl acetate, THF, 1,4-dioxane,
methanol, DMF, and DMSO, while insoluble in diethyl
ether and hexane. In contrast, poly(A-Hyp-OH) was soluble
in water independent of pH value, methanol, ethanol,
DMSO, and DMF. The nature of each component and
specific interactions involving hydrogen-bonding, acid—
base interactions, and oppositely charged ionic interactions
should be contributed to characteristic thermosensitive
properties in aqueous media.

We initially evaluated thermally induced phase separation
behaviors of poly(A-Pro-OMe),;-b-poly(A-Hyp-OH);;3 in
an acidic water (polymer concentration = 2.0 mg/mL, pH
= 2, NaCl concentration = 0.1 M), as monitored by UV
(500 nm), in which the heating rate was fixed at 1.0 °C/min.
As can be seen in Figure 3a, the block copolymer was soluble
in water at low temperature ( <20 °C), which undergo a clear
phase transition upon heating. The transmittance decreased
drastically during 19—21 °C, indicating that a sharp LCST-
type phase separation (7},;) occurred. White turbid solution
(transmittance <20%) was kept constant between 20 and
40 °C. Further increase in the solution temperature led to the
sharp increase in the transmittance during 39—45 °C, suggest-
ing the presence of UCST-type phase separation (77,,). When
the transparent solution was cooled, it returned to the white
turbid solution, and then the transmittance increased gradu-
ally without clear phase separation. Repeating of these heating
and cooling cycles showed the same phase separation beha-
viors (see Figure S1, Supporting Information), suggesting the
stability of the polymers under the conditions. In the absence
of salt, the block copolymer also revealed a reentrant soluble—
insoluble—soluble transition with increasing temperature
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under the acidic condition (see Figure S2, Supporting Infor-
mation). These results suggest that the proline-based block
copolymer shows characteristic dual thermoresponsive pro-
perties with hysteresis, in which both LCST and UCST can be
detected on heating whereas only UCST-type transition can be
observed on cooling.

Thermally induced phase separation behavior of the block
copolymer, poly(A-Pro-OMe),,-b-poly(A-Hyp—OH),3, was
compared with the corresponding random copolymer under
the same conditions. As shown in Figure 3b, the random
copolymer having a similar comonomer composition (A-Hyp-
OH content = 69%) was soluble in water, and clear transparent
solution was observed independent of the temperature, indicat-
ing no soluble—insoluble—soluble transitions. This may be due
to the fact that relatively homogeneous distribution of A-Hyp-
OH component in the random copolymer leads to the formation
of only short poly(A-Pro-OMe) segments having no thermo-
responsive property, resulting in the increase of the water
solubility.

Since A-Hyp-OH has a carboxylic acid and a hydroxyl
group in the monomer unit, poly(A-Hyp-OH) can be recog-
nized as a weak polyelectrolyte, in which the degree of
ionization is governed by the pH and ionic strength of the
aqueous solution. Hence, the thermoresponsive properties of
the block copolymers having poly(A-Hyp-OH) segment are
expected to be affected by the pH value, even if poly(A-Hyp-
OH) is soluble in water in all pH ranges (see Figures S3 and
S4, Supporting Information). Additionally, thermally in-
duced phase separation behavior of poly(A-Pro-OMe) was
slightly affected by pH values (see Figures S5 and S6,
Supporting Information). In order to clarify this point, the
thermally induced phase separation behaviors of poly-
(A-Pro-OMe),;-b-poly(A-Hyp-OH),; was investigated in
water at different pH values. As shown in Figure 4a, the
block copolymer exhibits a clear soluble—insoluble phase
transition upon heating at pH = 1, and then the transmit-
tance increases gradually without clear phase separation. On
cooling, a clear soluble—insoluble transition is detected at
56—58 °C, which is apparently higher than that at pH = 2
(Figure 4b). At pH = 3, no detectable transition was seen on
heating and cooling, indicating that the protonation of the
carboxylic acid in A-Hyp-OH unit is required to account for
the unique phase transition behavior. These results suggest
that the pH value in aqueous solution affects dual thermo-
responsive property, and characteristic soluble—insoluble—
soluble transition of the block copolymer can be observed
only on a suitable pH range. We conducted 'H NMR
measurements of representative polymers in D,O and acidic
D0 containing a small amounts of DCI (pH = 2) atelevated
temperatures. As can be seen in Figures S7—S14 (Supporting
Information), no detectable peak corresponding to unfavor-
able degradation was observed in those samples treated
under the conditions. The stabilities of the block copolymer
and homopolymers were also confirmed by the repeating of
the heating and cooling cycles (Figures S1, S4, and So,
Supporting Information).

Similar pH-dependent changes in the phase transitions
were observed in poly(N-vinylacetamide-co-acrylic acid)s,*
in which similar soluble—insoluble—soluble transition was
detected below pH ~ 2.2, whereas the phase transition
behavior disappeared above pH 3. They demonstrated that
hydrogen bonding between the amide group in the vinyl-
acetamide unit and the carboxylic acid group in the acrylic
acid unit is a key factor in determining the phase transition
behavior. In addition to the hydrogen bonding between the
amide group in A-Pro-OMe unit and the carboxylic acid
group in A-Hyp-OH unit, in our system, the existence of the
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Figure 4. Temperature dependence of the transmittance at 500 nm of
aqueous solutions (polymer concentration = 2.0 mg/mL, NaCl con-
centration = 0.1 M) of block copolymer, poly(A-Pro-OMe),;-b-poly-
(A-Hyp-OH)73 (M, = 25000, M,/M, = 1.58) at different pH values:
pH = 1 (squares), 2 (circles), and 3 (triangles). (a) Heating and
(b) cooling cycles.

hydroxyl group in A-Hyp-OH unit should be contributed to
the formation of the hydrogen bonding and high water
solubility. We previously reported that similar proline-based
block copolymers comprising of A-Pro-OMe and N-acryloyl-
L-proline, which has only a carboxylic acid moiety in the
monomer unit, exhibited characteristic pH- and thermore-
sponsive properties.*’ However, the block copolymer showed
only LCST-type soluble—insoluble transition behavior, pro-
viding the evidence that the hydroxyl group in poly(A-Hyp-
OH) segment play a crucial role in the unique soluble-
—insoluble—soluble phase transitions.

Figure 5 shows the dependence of the solution turbidity of
the block copolymers having different A-Pro-OMe contents,
ranging from 27 to 45 mol %, on the temperature. As
expected, the mole fraction of A-Pro-OMe was found to
affect the temperature of the phase separation. In all cases,
a clear LCST-type soluble—insoluble phase transition is
detected upon heating, and the transition temperature is
practically independent of A-Pro-OMe content (around
15—22 °C). In contrast, the UCST-type insoluble—soluble
phase transition observed at low A-Pro-OMe content
(27 mol %) disappears with increasing A-Pro-OMe content
(Figure 5a—c). On cooling, the increase in the soluble—
insoluble transition temperature is seen with increasing
A-Pro-OMe content (Figure 5d—f). These results suggest
that the block copolymer having suitable comonomer com-
position (A-Pro-OMe/A-Hyp-OH = 27/73) shows charac-
teristic soluble—insoluble—soluble transitions, while the
introduction of more A-Pro-OMe segment results in the lost
of dual temperature-responsive property.

Thermally induced phase separation behavior of the ran-
dom copolymers having different comonomer compositions
(A-Pro-OMe/A-Hyp-OH = 31/69, 53/47, 75/25) was also
investigated as a comparison (see Figure S15, Supporting
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Figure 5. Temperature dependence of the transmittance at 500 nm of
aqueous solutions (polymer concentration = 2.0 mg/mL, pH = 2,
NaCl concentration = 0.1 M) of the block copolymers, poly(A-Pro-
OMe),,-b-poly(A-Hyp-OH),,, having different compositions; nm:n =
2773 (a, d), 37:63 (b, e), and 45:55 (c, f). (a—c) Heating and (d—f)
cooling.

Information). The random copolymers having relatively
high A-Pro-OMe contents (A-Pro-OMe = 53 and 75 mol
%) exhibited the LCST-type soluble—insoluble transition
around 15 °C on heating, similar to the homopolymer poly-
(A-Pro-OMe). However, no UCST-type insoluble—soluble
phase transition was detected on heating, and the transmit-
tance increased gradually on cooling without no detectable
transition.

Solution Property of Block Copolymers. Temperature-
responsive solution properties of poly(A-Pro-OMe),;-b-
poly(A-Hyp-OH)7; having both LCST and UCST type
transitions were characterized using dynamic light scattering
(DLS) in the acidic water (pH = 2). As shown in Figure 6a,
the block copolymer shows a monomodal hydrodynamic
diameter distribution in the solvent at 15 °C. The relatively
narrow hydrodynamic diameter distribution most probably
indicates a spherical morphology of the micelles consisting of
a relatively hydrophobic core of poly(A-Pro-OMe) and a
hydrophilic shell of poly(A-Hyp-OH). Note that the forma-
tion of the hydrogen bonds between the amide moiety in the
both proline-based units and the carboxylic acid moiety in
A-Hyp-OH may protect A-Pro-OMe groups from the expo-
sure to water, even if poly(A-Pro-OMe) exhibits the transition
temperature at around 20 °C. Figure 7a shows temperature
dependence of hydrodynamic diameter (Dy,) and transmittance
of aqueous solution (pH = 2, concentration = 2 mg/mL)
of poly(A-Pro-OMe),;-b-poly(A-Hyp-OH);3. A remarkable
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Figure 6. Hydrodynamic diameter distributions, f{Dy,), of the micelles
obtained from poly(A-Pro-OMe),;-b-poly(A-Hyp-OH); in an acidic
water (polymer concentration = 2 mg/mL, pH = 2, NaCl concentra-
tion = 0.1 M) at (a) 15, (b) 30, and (c) 60 °C.

increase in the diameter is observed with increasing the solu-
tion temperature; from D, = 22 nm at 15 °C into about
2500 nm at 30 °C (Figure 6b), which corresponds to LCST-
type soluble—insoluble transition. Further increase in the
solution temperature leads to the decrease in the size; Dy, =
50 nm at 60 °C (Figure 6¢), which corresponds to UCST-type
insoluble—soluble transition. Hence, both LCST and UCST
behaviors were confirmed by DLS measurements.

Scanning force microscopy (SFM) was employed to visualize
the assembled structure of the block copolymer, poly(A-Pro-
OMe),-b-poly(A-Hyp-OH)73. The samples were prepared by
spin-coating from the aqueous solution (2.0 mg/mL, pH = 2)
onto a freshly cleaved mica surface as a substrate. As shown in
Figure 8a,c, spherical particles of about 10—100 nm in the
diameter and 2—4 nm in height are occasionally observed clearly
in the height image. The same shape and distribution are seen in
the phase image (Figure 8b,d). In contrast, no assembled struc-
ture was detected on SFM measurement of a random copolymer
having similar comonomer composition, poly(A-Pro-OMe)s;-r-
poly(A-Hyp—OH)go prepared under the same conditions (Figure
S17, see Supporting Information). These results can provide
further evidence toward the presence of micelles in an acidic
aqueous solution of the block copolymer at room temperature.
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Figure 7. Temperature dependence of hydrodynamic diameter (Dy,) and
transmittance of aqueous solution (concentration = 2 mg/mL, NaCl
concentration = 0.1 M) of poly(A-Pro-OMe),;-b-poly(A-Hyp—OH)3
at (a) pH = 2 and (b) pH = 7 and poly(A-Pro-OMe),;-b-poly(A-Hyp-
OMe);; at (c) pH = 7.

Figure 9 represents postulated mechanism of the soluble—
insoluble—soluble transition observed in the acidic aqueous
solution of the block copolymers, poly(A-Pro-OMe)-b-poly-
(A-Hyp—OH). Below T, a small part of the A-Pro-OMe
amide and ester groups form hydrogen bonds with the
carboxyl and hydroxyl groups in A-Hyp-OH unit to afford
insoluble complex, which corresponds to the hydrogen-
bonded A-Pro-OMe core. Remaining A-Pro-OMe and
A-Hyp-OH units in the block copolymer act as water-soluble
shell to form micelle in acidic water. With increasing solution
temperature, the stability of hydration around the amide
groups decreases. Around the first transition temperature
T, the cooperative dehydration of the A-Pro-OMe amide
groups occurs, which leads to simultaneous formations of
the intra- and interchain hydrogen bonds between the car-
boxyl and hydroxyl groups in A-Hyp-OH unit with the
amide and ester groups in A-Pro-OMe to afford insoluble
aggregates. Hence, the first transition temperature 77, is due
to the complexation of A-Pro-OMe and A-Hyp-OH units via
hydrogen bonding, which corresponds to LCST of poly-
(A-Pro-OMe) segment. With further increase in solution
temperature, the intra- and interchain hydrogen bonding
cooperatively dissociates at 7y, because of the activated
motion of the copolymer chains. Above the second transition
temperature 77, the dehydrated A-Pro-OMe core-micelle is
formed with the water-soluble poly(A-Hyp-OH) shell.
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The increase in T}, with decreasing A-Hyp-OH content
(observed in Figure 5) is attributed to the hydrogen bonding
dissociation between A-Hyp-OH and A-Pro-OMe units. The
carboxyl and hydroxyl groups in A-Hyp-OH unit can be

5.0 0m

5.0

0 250 500 nm

Figure 8. SFM images of poly(A-Pro-OMe),;-b-poly(A-Hyp—OH);3.
The sample was prepared by spin-coating from a dilute aqueous
solution (2.0 mg/mL, pH = 2) onto freshly cleaved mica. Height images
(a: z-range = 50 nm; ¢: z-range = 20 nm), (b, d) phase images (z-range =
60°), and (c, d) higher magnification images taken from the area inside
the box in (a and b). Under the magnification height image (c), we show
the cross section at the position indicated by the dotted line.
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acted as a proton donor. More hydrogen bonding occurs
when the contents of both monomers in the copolymer
become comparable. Hence, the second transition tempera-
ture T}y, is observed to increase with decreasing A-Hyp-OH
content in the range of 55—73%. In contrast, the first
transition temperature 7T}, is the almost same under acidic
conditions, regardless of the comonomer composition, as
shown in Figure 5. The phenomenon may be due to the fact
that a small part of the hydrogen-bonded complexation of
A-Hyp-OH and A-Pro-OMe units is located predominantly
in the core below T}, and the assembled structures disappear
after the hydration of the A-Pro-OMe amide groups to
afford insoluble aggregates.

The solution properties of the dual thermoresponsive block
copolymer, poly(A-Pro-OMe),-b-poly(A-Hyp—OH),;, was
also investigated at pH = 7. As can be seen in Figure 7b, a
clear transparent solution was observed independent of the
temperature (the transmittance >85%). Under the condi-
tions, the average hydrodynamic diameter (D, = 95 nm)
observed at 15 °C increased slightly with increasing the
temperature, and the maximum diameter was detected at
40 °C (Dy, = 339 nm). These results suggest that higher degree
of the ionization of poly(A-Hyp-OH) segment leads to the
increase in the micelle sizes of poly(A-Pro-OMe),;-b-poly-
(A-Hyp-OH)73 at low temperature, while no turbid solution is
detected upon the heating process.

At pH = 7, no detectable soluble—insoluble—soluble
transition of poly(A-Pro-OMe)-b-poly(A-Hyp-OH) was
observed (Figure 7b). This may be due to the weakening of
the hydrogen bonding between the A-Hyp-OH and A-Pro-
OMe because of a partial dissociation of the carboxylic acid
group in A-Hyp-OH unit in this pH range. Only undisso-
ciated carboxylic acids are known to be capable of participa-
tion in hydrogen bonding because charged groups in
polyelectrolyte are surrounded by small, oppositely charged
counterions in aqueous solutions. At low temperature, the
undissociated carboxylic acid and hydroxyl group in A-Hyp-
OH unit can form hydrogen bonding with the A-Pro-OMe
unit in the core of the micelle. Above LCST of the thermo-
sensitive poly(A-Pro-OMe) segment, the dehydrated poly-
(A-Pro-OMe) segment is acting as the core, and poly(A-Hyp-
OH) corresponds to a water-soluble shell.
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Figure 9. Postulated mechanism of the soluble—insoluble—soluble transition of the block copolymer, poly(A-Pro-OMe)-b-poly(A-Hyp—OH), via
self-assembly and hydrogen bonding. The blue and orange blocks correspond to water-soluble poly(A-Hyp-OH) segment and thermoresponsive

poly(A-Pro-OMe) segment, respectively.
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Figure 10. Temperature dependence of the transmittance at 500 nm of
aqueous solutions (polymer concentration = 2.0 mg/mL, pH = 2) of
poly(A-Pro-OMe),,-b-poly(A-Hyp-OMe),.

Block Copolymers with Blocks Having Two Lower Critical
Solution Temperatures. We previously reported that the
methylation reaction of the carboxylic acid groups in poly-
(A-Hyp-OH) led to thermoresponsive poly(A-Hyp-OMe)
showing LCST type soluble—insoluble phase transition,
and the transition temperature (49.5 °C) was higher than
that of poly(A-Pro-OMe) (17.5 °C).>* Furthermore, it was
demonstrated that the transition temperature of the random
copolymers comprising of A-Pro-OMe and A-Hyp-OMe
could be manipulated by the monomer composition. In this
study, the block copolymers with blocks having different
LCSTs; poly(A-Pro-OMe) and poly(A-Hyp-OMe) were
synthesized by the methylation reaction of the carboxylic
acid groups in poly(A-Pro-OMe)-b-poly(A-Hyp-OH),
which was obtained by RAFT polymerization. Figure 10
shows the dependence of the solution turbidity of the block
copolymers having different A-Hyp-OMe contents on the
temperature. The transmittance decreased sharply in all
aqueous solutions at specific temperatures on heating, in-
dicative of one step LCST-type phase transition. No detect-
able two-step phase separations were observed in this system.
The increase in the mole fraction of A-Hyp-OMe leads to the
increase in the temperature of the phase separation in aqu-
eous solution, and the transition temperatures are intermedi-
ates between the poly(A-Pro-OMe) and poly(A-Hyp-OMe).
The phase separation occurred with a similar sensitivity in all
cases, irrespective of the comonomer ratios. The tendencies
were almost the same to those of corresponding random
copolymers having similar molecular weights and composi-
tions (Figure S16, see Supporting Information). In both
copolymers, one step LCST-type phase transition was ob-
served, and the LCST increased with increasing A-Hyp-OMe
content. The transition curves of the block copolymers
having similar comonomer contents and molecular weights
are slightly slower than those of the random copolymers. The
slight difference in the transition behaviors between the
random and block copolymers observed in this study is
considered to be attributed to the micelle formation of the
block copolymers.

Figure 7c compares the thermally induced phase separa-
tion behavior and solution property of poly(A-Pro-OMe),;--
b-poly(A-Hyp-OMe)73, which was prepared by the methyla-
tion of the carboxylic acid moiety of poly(A-Hyp-OH)
segment. The solution property was investigated by DLS
studies to confirm the formation of the assembled structures.
At 15—25 °C, no assembled structure was detected, suggest-
ing that both poly(A-Pro-OMe) and poly(A-Hyp-OMe)
segments are soluble completely and the block copolymer
behaved as an unimolecular. The drastic increase in the size
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Figure 11. CD spectra of (¢ = 0.03 mg/mL) of (a) the block copolymers
having different compositions, poly(A-Pro-Me),,-b-poly(A-Hyp-OH),,
and (b) the corresponding random copolymers, poly(A-Pro-OMe,,-
co-A-Hyp-OH,,) in a neutral water (pH = 7, NaCl concentration =
0.1 M).

was observed at 25—30 °C, which may be due to the
aggregation. The transition temperature determined by
DLS is comparable to the LCST-type soluble—insoluble
transition observed at 27—30 °C. Then, the size decreased
gradually with increasing the temperature.

Chiroptical Property of Block Copolymers. In terms of
chirality, poly(A-Pro-OMe)-b-poly(A-Hyp-OH) prepared in
this study can be classified into chiral—chiral (L—L) type
block copolymer. The chiroptical behavior of the block
copolymer, which is related to the conformation of polymers
in solution, was investigated by CD measurement. Figure 11
depicts the CD spectra of the block copolymers having
different compositions, poly(A-Pro-OMe),,-b-poly(A-Hyp-
OH),,, and corresponding random copolymers in a neutral
water (pH = 7, NaCl concentration = 0.1 M, polymer
concentration = 0.03 mg/mL). Under the conditions, all
block and random copolymers were soluble in the neutral
water at room temperature, independent of the composition.
The block copolymers show a strong negative signal at
208 nm, which is very probably attributed to the n — x*
transitions of the carboxyl chromophore.’® The peak inten-
sities of the negative geaks of the block copolymers (—18 000
to —22000 deg cm” dmol™') are comparable to that of
poly(A-Hyp-OH), which is apparently higher than that of
poly(A-Pro-OMe). As can be seen in Figure Ila,b, no
detectable difference in the peak intensities between block
and random copolymers is seen, suggesting no significant
contribution of the block structures on the specific confor-
mation in the basic water. In both cases, a positive signal is
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visible at around 230 nm, which is attributed to the 7z, — 7*
transition of the amide chromophore.”

Conclusion

Novel dual thermoresponsive block copolymer, poly(N-acry-
loyl-L-proline methyl ester)-b-poly(N-acryloyl-4-trans-hydroxy-
L-proline), poly(A-Pro-OMe)-b-poly(A-Hyp-OH), was synthe-
sized by RAFT polymerization of two proline-based monomers.
The block copolymer having suitable comonomer composition
(A-Pro-OMe/A-Hyp-OH = 27/73) exhibited the reentrant solu-
ble—insoluble—soluble transition with hysteresis in acidic water,
in which both LCST- and UCST-type transitions were detected
on heating, whereas only indistinct UCST-type transition was
observed on cooling. By applying the transformation of the
carboxylic acid to the methyl ester group (from A-Hyp-OH to
A-Hyp-OMe), we obtained block copolymers with blocks having
different LCSTs, poly(A-Pro-OMe)-b-poly(A-Hyp-OMe), which
showed one-step phase separation. This work presents the first
report on controlled synthesis of proline-based block copolymer
showing LCST and UCST, which can be easily transformed into
another type of dual thermoresponsive block copolymer having
two different LCSTs.
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