7® ROYAL SOCIETY

Polymer
P OF CHEMISTRY

Chemistry

View Article Online

View Journal | View Issue

Contrasting thermoresponsiveness of
stereoisomers of a dense 1,2,3-triazole polymer
carrying amide side chainst

{ M) Check for updates ‘

Cite this: Polym. Chem., 2023, 14,
1488

Koji Okuno,? Junji Miura,® Shota Yamasaki,® Masaki Nakahata,? Yuri Kamon® and
Akihito Hashidzume (2 *@

Since thermoresponsive polymers are an important class of smart polymer materials, it is an important
subject of investigation to develop thermoresponsive polymers with a new polymer backbone for expand-
ing their potential. Recently, we synthesized poly(N-ethyl-N-methyl-4-azido-5-hexynamide) (poly(ME))
by copper())-catalyzed azide—alkyne cycloaddition (CUAAC) polymerization as a new lower-critical-solu-
tion-temperature (LCST) type thermoresponsive polymer. In this study, we synthesized two types of
stereoregular poly(ME) (i.e., isotactic and syndiotactic) by CUAAC polymerization of ME dimers of the R-
and R-isomers, and the R- and S-isomers, respectively, and investigated their thermoresponsive behavior.
Binary mixtures of isotactic poly(ME) (iso-poly(ME)) with dimethyl sulfoxide (DMSO) and with N,N-di-
methylformamide (DMF) underwent thermoresponsive gel-to-sol transition, in which the mixture turned
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from gel to sol at a certain temperature as the temperature was increased. On the other hand, aqueous
solutions of syndiotactic poly(ME) (syndio-poly(ME)) underwent the LCST-type phase transition, in which
the solution was transparent at lower temperatures whereas it became turbid at a certain temperature as
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Introduction

Polymers, of which physical properties can be controlled in
response to external stimuli, have attracted increasing interest
from researchers as smart functional materials in recent
decades.'™ Since the physical properties of polymers depend
on the conformation or aggregated state of polymer chains,
the control of polymer properties requires marked changes in
the conformation or aggregated state of polymer chains that
respond to external stimuli. Various stimuli, e.g., temperature,
electromagnetic wave, pH, and substances, have been utilized
for the control of the physical properties of stimuli-responsive
polymers so far.""® Of these stimuli, temperature is the most
fundamental and has thus been investigated in the most
detail. Typical examples of thermoresponsive polymers
reported include (i) lower-critical-solution-temperature (LCST)
or upper-critical-solution-temperature (UCST) type phase tran-
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sition, in which the solubility of polymer chains in a solvent
changes markedly at a critical temperature,” > (ii) thermo-
responsive gel-to-sol transition, in which crosslinking density
alters remarkably at a certain temperature,”*>® and (iii)
thermoresponsive shape memory behavior, which is based on

polymer networks containing thermally non-responsive
covalent crosslinks and thermoresponsive noncovalent
crosslinks.””* It is an important subject of investigation to

develop thermoresponsive polymers with new polymer back-
bone for expanding their potential because the thermorespon-
siveness of polymers should be strongly dependent on their
polymer structure.

Copper(1)-catalyzed azide-alkyne cycloaddition (CuAAC) is
one of the most important reactions in click chemistry
because CuAAC produces selectively and efficiently 1,4-di-
substituted 1,2,3-triazole from azide and alkyne moieties in
the presence of a copper(i) compound with a wide tolerance
for various functional groups.**° Thus, CuAAC has been
widely utilized for synthesis of new polymers possessing 1,2,3-
triazole moieties in their backbone.’*>® We have been also
working on the synthesis of dense 1,2,3-triazole polymers by
CuAAC polymerization of 3-azido-1-propyne derivatives posses-
sing azide and alkyne moieties linked via a carbon atom.”*™>°
Recently, we prepared a series of dense 1,2,3-triazole polymers
carrying amide side chains, aiming at synthesis of new
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thermoresponsive polymers.®® The characterization data have
demonstrated that  poly(N-ethyl-N-methyl-4-azido-5-hexyn-
amide) (poly(ME)) is a new LCST-type thermoresponsive
polymer exhibiting a large hysteresis. It should be noted that
the fraction of polymer chains that underwent phase separ-
ation was only ca. 15% of the polymer sample. Since the
monomer, N-ethyl-N-methyl-4-azido-5-hexynamide (ME), pos-
sesses a chiral carbon on the 4-position and its racemic
mixture was used in our previous study, the poly(ME) obtained
was an atactic polymer (a-poly(ME)) that possesses a statistical
sequence of the R- and S-isomers. Thus, the poly(ME) chains
that underwent phase separation should be characterized to
elucidate their specific structural features, e.g., molecular
weight and stereoregularity.

Among LCST-type thermoresponsive polymers, poly(N-iso-
propylacrylamide) (PNIPAM) has been studied in the most
detail by a number of research groups.®*®> These researches
have elucidated that the phase transition temperature for
PNIPAM aqueous solutions depends on some structural para-
meters, e.g., stereoregularity, molecular architecture, and the
terminal group. The phase separation temperature for PNIPAM
aqueous solutions increases with increasing the fraction of
r-diad.®®>"®® Since PNIPAM is usually prepared by conventional
or controlled radical polymerization of a vinyl monomer,
NIPAM, it is still difficult to obtain PNIPAM samples of ca.
100% m- and r-diad fractions.®®™”3

In contrast to PNIPAM, the R- and S-isomers of the
monomer (ME) precursor of an enantiomer excess (ee) >96%
can be synthesized through asymmetric reduction (Fig. S1,
ESIf).”*”® Using the R- and S-isomers of ME precursor, it is
possible to synthesize optically-pure stereoregular poly(ME) by
CuAAC polymerization of the stereoregular dimers. In this
study, we thus synthesized two types of poly(ME) (i.e., isotactic
and syndiotactic) by CuUAAC polymerization of ME dimers of the
R- and R-isomers, and the R- and S-isomers (the RR and RS
dimers), respectively, and investigated the LCST-type phase tran-
sition behavior of their aqueous solutions. It is noteworthy that
a gel mixture was obtained in CuAAC polymerization of the RR
dimer using N,N-dimethylformamide (DMF) as a solvent. Thus,
the thermoresponsive gelation behavior of isotactic polymer
(iso-poly(ME)) was also investigated in this study.
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Results and discussion
Synthesis of stereoregular poly(ME) samples

In this study, two types of stereoregular poly(ME) samples were
synthesized, i.e., iso-poly(ME) and syndio-poly(ME), which are
homopolymer of the R-isomer and alternating copolymer of
the R- and S-isomers of ME, respectively. Both the polymers
were prepared by CuAAC polymerization of the corresponding
dimers, i.e., the RR and RS dimers, respectively. The corres-
ponding dimers were synthesized according to Scheme 1. The
starting materials in this study, i.e., the ¢butyldimethylsilyl
(TBDMS)-protected stereoregular dimers of #-butyl 4-azido-5-
hexynoate (tBuAH) (1RR and 1RS), were prepared according to
our previous report.”> The TBDMS-protected tBuAH dimer,
1RR (or 1RS), was hydrolyzed with trifluoroacetic acid (TFA) to
remove the t-butyl groups. The obtained 2RR (or 2RS) was
coupled with N-methylethylamine in the presence of 1-(3-di-
methylaminopropyl)-3-ethylcarbodiimide hydrochloride
(EDC), 1-hydroxybenzotriazole (HOBt), and diisopropyl-
ethylamine (DIPEA) to yield 3RR (or 3RS). The TBDMS protect-
ing group of 3RR (or 3RS) was removed using tetrabutyl-
ammonium fluoride (TBAF) to form the monomer used in this
study, i.e., the RR (or RS) dimer. All the steps proceeded in
reasonable yields (ca. 60-90%). Both the RR and RS dimers
were fully characterized by 'H and *C NMR and electrospray
ionization-mass spectrometry (ESI-MS) (see Experimental,
ESIt). As an example, the "H NMR spectra of RR and RS
dimers are shown in Fig. 1a and b. These spectra indicate the
signals due to the triazole and two methine protons at ca. 7.8,
5.7, and 4.8 ppm, respectively. The signals at ca. 2.6 ppm are
assignable to the ethynyl proton. There are signals due to the
methylene protons in the region of 2.2-2.5 ppm. These spectra
also contain the signals of N-methyl protons at ca. 2.9 ppm
and the signals due to the N-ethyl protons at ca. 3.3 and
1.1 ppm. It should be noted here that the signals due to
N-methyl protons were observed as four singlets, indicating
that the amide moieties take both cis and trans conformations
in the dimers.

CuAAC polymerizations of the RR and RS dimers were
carried out in DMF at 60 °C for 48 h using CuBr as a copper(i)
catalyst (Scheme 2 and Table S1, ESIf). It is noteworthy that

N=N NH(CHg)CoHs N=N =
TBDMS—=—+N_—N;  TFa TBDMS N\)_Ng EDC, HOBt, DIPEA ~ TBDMS \)— ] TBAF AcOH
Jo S 1 o 1 3. 1 1
AT G T
1RR 2RR 3RR RR dimer
N=N N=N NH(CHa)CoHs N N
TBDMS—=—7"N_~ N3 TFA TBDMS—= TN/ N3 EDC, HOBt, DIPEA TBDMS: N ¥Z N3 TBAF AcOH = N3
:[\ DCM j\ DCM j\
0”0 o070 0”~OH 07 "OH
1RS 2RS 3RS RS dimer

Scheme 1 Synthesis of the RR and RS dimers of ME.
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Fig. 1 'H NMR spectra for the RR dimer (a) and RS dimer (CDCls) (b),
and for iso-poly(ME)-2 (c) and syndio-poly(ME)-3 (DMSO-ds) (d).
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Scheme 2 CuAAC polymerization of the RR and RS dimers of ME.

CuAAC polymerization of the RR dimer yielded a gel mixture
(Fig. S2, ESIt). Thus, the obtained iso-poly(ME) was fractio-
nated into water-insoluble and water-soluble parts (iso-poly
(ME)-1 and iso-poly(ME)-2, respectively). The total yield of two
fractions of iso-poly(ME) was 67%. The samples of syndio-poly
(ME) were obtained after reprecipitation using DMF and
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diethyl ether as good and poor solvents, as in the case of
CUuAAC polymerization of racemic ME monomer.®® The syndio-
poly(ME) samples were obtained in modest yields (52-77%). It
is known that the yield of CuAAC depends on the reaction con-
ditions, i.e., substrates, solvent, copper(i) catalyst, temperature,
and additive.’”*° In this study, however, the conditions of
CuAAC polymerization were not fully optimized because only
limited amounts of the RR and RS dimers were obtained. It is
difficult to remove completely copper ions from dense 1,2,3-tri-
azole polymers even by washing with an aqueous solution of
ethylenediaminetetraacetic acid (EDTA),>***%" In this study,
the amount of residual copper ions were roughly estimated for
the polymer samples by elemental analysis (see Experimental,
ESIY).

Two samples of iso-poly(ME) and three samples of syndio-
poly(ME) were utilized in this study. Table S1 in ESI{ summar-
izes the M, and M,/M, values estimated for the poly(ME)
samples by size exclusion chromatography (SEC) calibrated
with standard samples of poly(ethylene glycol) (PEG) and poly
(ethylene oxide) (PEO). The M, values for iso-poly(ME)-1, iso-
poly(ME)-2, syndio-poly(ME)-1, syndio-poly(ME)-2, and syndio-
poly(ME)-3 were 1.8 x 10% 1.8 x 10°, 9.1 x 10%, 6.6 x 10%, and
2.5 x 10°, respectively (see also Fig. S3, ESIf). Fig. 1c and d
display "H NMR spectra for iso-poly(ME)-2 and syndio-poly
(ME)-3. The spectra contain the signals assignable to triazole
and methine protons in the backbone at ca. 8.4 and 6.0 ppm,
respectively. The signals in the region of 2.1-2.5 ppm are
ascribable to the methylene protons. The spectra also indicate
the signals of N-methyl protons at ca. 2.8 ppm and the signals
due to the N-ethyl protons at ca. 3.3 and 0.9 ppm. These data
are indicative of successful synthesis of the iso-poly(ME) and
syndio-poly(ME) samples. As can be seen in Fig. S4 in ESI,T the
circular dichroism (CD) spectrum for iso-poly(ME) shows a sig-
nificant positive signal whereas that for syndio-poly(ME) does
not contain any significant signals. The solubility of the
obtained polymer samples in various solvents was tested
(Table 1). This table also contains the data for poly(ME) of M,

Table 1 Results of solubility tests of a-poly(ME), iso-poly(ME)-1, iso-poly(ME)-2, syndio-poly(ME)-1, syndio-poly(ME)-2, and syndio-poly(ME)-3?

Solvent a-Poly(ME)” iso-Poly(ME)-1° iso-Poly(ME)-2 syndio-Poly(ME)-1 syndio-Poly(ME)-2 syndio-Poly(ME)-3
Water? ++ - ++ ++ ++ ++
Methanol ++ - ++ ++ ++ ++
Ethanol ++ - ++ ++ ++ ++
2-Propanol - - + - - -
DMSO ++ ++ ++ ++ ++ ++
DMF ++ ++ ++ ++ ++ ++
Acetonitrile ++ - ++ ++ ++ ++
Acetone - - ++ ++ 4+ T+
Ethyl acetate - - - - -
THF - - + — — _
Chloroform ++ - ++ ++ ++ ++
DCM ++ - ++ ++ ++ 4t
Toluene - - — — _ _
Diethyl ether - - - - — _
Hexane - - — — _ _

Cuppr “+” and “-” denote soluble at >10 g L™, >1 g L™, and insoluble, respectively. ” Data from Ref. 60. ° At a temperature close to the boiling
point. 4 At ca. 0 °C.
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= 7.1 x 10° obtained by CuAAC polymerization of racemic ME
(a-poly(ME)) for comparison.®® iso-Poly(ME)-2, syndio-poly(ME)-
1, syndio-poly(ME)-2, and syndio-poly(ME)-3 exhibit almost the
same solubilities as those of a-poly(ME); These four samples
were soluble in many solvents, e.g., water, methanol, ethanol,
dimethyl sulfoxide (DMSO), DMF, acetonitrile, chloroform,
and DCM, but insoluble in ethyl acetate, toluene, diethyl
ether, and hexane. On the other hand, iso-poly(ME)-1 was
soluble only in DMSO and DMF at higher temperatures pre-
sumably because of the higher M,,.

Thermoresponsive gel-to-sol transition

Since the CuAAC polymerization of the RR dimer yielded a gel
mixture as described above, the thermoresponsive gelation be-
havior of iso-poly(ME)-1 was investigated using DMSO and
DMF as solvent. The sample solutions of iso-poly(ME)-1 were
prepared using DMSO and DMEF, respectively, at higher temp-
eratures. These binary mixtures turned gel at lower tempera-
tures, as can be seen in Fig. 2a. These observations indicate
that extended network structures were formed through nonco-
valent crosslinking between iso-poly(ME) chains at low temp-
eratures. Since gelation was not observed for any binary mix-
tures of a-poly(ME) or syndio-poly(ME) with DMSO or DMF, it
is likely that this gelation is based on longer sequences of the
R-isomer units. As can be seen in Fig. S5 in ESL T the powder
X-ray diffraction pattern (PXRD) for iso-poly(ME)-1 exhibits
resolved peaks, indicating that iso-poly(ME)-1 is crystalline. It

(@)
DMSO
(3.4 wt%)

DMF
(3.4 Wt%)

(b)

160

120 [

Tsol / OC

40 [

0-...|...|...|...|...|.‘.|...|...
0 1 2 3 4 5 6 7 8

C/ wt%

Fig. 2 Photographs for binary mixtures of iso-poly(ME)-1/DMSO and
iso-poly(ME)-1/DMF at 70 and 150 °C (a) and T, as a function of C for
the iso-poly(ME)-1/DMSO (circle) and iso-poly(ME)-1/DMF binary mix-
tures (square) (b).
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is thus likely that the crosslinks in the binary gel mixtures are
based on the partial crystallization of longer iso-poly(ME)-1
chains. Fig. 2b displays the gel-to-sol transition temperature
(Tso1) determined by the sample inversion method for binary
mixtures of varying polymer concentrations (C). In the case of
the iso-poly(ME)-1/DMSO binary mixture, Ty, increased from 52
to 130 °C with increasing C from 1.2 to 4.9 wt%. In the case of
the iso-poly(ME)-1/DMF binary mixture, on the other hand, Ty,
increased only slightly from 103 to 114 °C with increasing C
from 1.1 to 7.3 wt%. These observations indicate that the temp-
erature dependencies of solubility of iso-poly(ME)-1 in the sol-
vents should be different because Ty, should be lower for a
better solvent. Both DMSO and DMF are aprotic polar solvents
that dissolve well the dense 1,2,3-triazole polymers we prepared
so far. These solvents may also exhibit a higher affinity for the
N-ethyl-N-methylamide side chains of poly(ME) because of the
larger dielectric constants (47.24 and 38.25 for DMSO and DMF,
respectively, at 20 °C).”® At present, we do not have any reason-
able explanations for the difference in gelation behavior of iso-
poly(ME)-1 in DMSO and DMF, i.e., the C dependency of Ty,.

Lower-critical-solution-temperature-type phase transition

Since our previous study has demonstrated that a-poly(ME) is
an LCST-type thrmoresponsive polymer,® the phase transition
behavior of aqueous solutions of the water-soluble samples,
i.e., iso-poly(ME)-2, syndio-poly(ME)-1, and syndio-poly(ME)-3,
was investigated. Fig. 3a demonstrates photographs for

(a)
iso-poly(ME)-2
(1.0 wt%)

syndio-poly(ME)-1
(1.0 wt%)

(b)

100

80 | iso-poly(ME)-2

60 [
: !\ \\/ syndio-poly(ME)-1

40 |

20 |

Transmittance / %

0 [ . 1 .
10 20 30 40 50 60 70 80
Temperature / °C

Fig. 3 Photographs for 1.0 wt% aqueous solutions of iso-poly(ME)-2 and
syndio-poly(ME)-1 at lower and higher temperatures (a) and transmittance
data for 1.0 wt% aqueous solutions of iso-poly(ME)-2 (broken lines) and
syndio-poly(ME)-1 (solid lines) monitored at 510 nm with heating (red)
and cooling (blue) at 1.0 and 0.30 °C min, respectively (b).
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1.0 wt% aqueous solutions of iso-poly(ME)-2 (upper) and
syndio-poly(ME)-1 (lower). The bluish green color of the iso-
poly(ME)-2 aqueous solution was due to the residual copper
ions. The aqueous solution of iso-poly(ME)-2 exhibited almost
the same appearance at 0 and 100 °C. On the other hand, the
aqueous solution of syndio-poly(ME)-1 was rather transparent
at 0 °C whereas it was strongly turbid at 25 °C. These obser-
vations indicate that the aqueous solution of syndio-poly(ME)-1
underwent the LCST-type phase separation whereas the
aqueous solution of iso-poly(ME)-2 did not. As can be seen in
Fig. 3b, the transmittance data were monitored for the 1.0 wt%
aqueous solutions of iso-poly(ME)-2 and syndio-poly(ME)-1 at
510 nm, at which the transmittance was close to the maximum
at lower temperatures, with heating and cooling at 1.0 and
0.30 °C min", respectively. The transmittance of the aqueous
solution of iso-poly(ME)-2 was almost constant at ca. 90% in
the temperature range of 10-80 °C. On the other hand, as the
temperature was increased from 10 to 40 °C at 0.30 °C min™,
the transmittance of the aqueous solution of syndio-poly(ME)-1
decreased abruptly from ca. 70% to 0% in a narrow tempera-
ture region of 22-23 °C. In the cooling process at 0.30 °C
min~", the transmittance for the syndio-poly(ME)-1 solution
started to increase gradually at ca. 25 °C and recovered to the
initial value at ca. 15 °C. (The transmittance was unstable in
the region of 20-16 °C in the cooling process.) It should be
noted here that the hysteresis observed for the aqueous solu-
tion of syndio-poly(ME)-1 in this study is different from the
conventional one; The transmittance recovers in the cooling
process in a temperature region lower than that of the trans-
mittance decrease in the heating process.

It is noteworthy that the transmittance data for the syndio-
poly(ME)-1 solution were strongly dependent on the heating
and cooling rates. The broken lines in Fig. 4a show the trans-
mittance data obtained for a 1.0 wt% aqueous solution of
syndio-poly(ME)-1 with heating and cooling at 3.0, 2.0, 1.0,
0.50, and 0.30 °C min~". At heating and cooling rates of 3.0,
2.0, 1.0, and 0.50 °C min~"', the transmittance decreased
abruptly at a certain temperature between ca. 22 and 23 °C in
the heating process, whereas the transmittance commenced to
increase at a certain temperature between ca. 21 and 20 °C in
the cooling process, indicative of normal hysteresis. In the
cooling process at 0.30 °C min~", on the other hand, the trans-
mittance started to recover at ca. 25 °C, which was higher than
the temperature range of decrease in transmittance in the
heating process. The clouding and clearing point temperatures
(Teloua and Tgear, respectively) were roughly estimated as the
temperature at which the transmittance took half of the initial
value of heating process, and plotted in Fig. 4b against the
heating or cooling rate. This figure indicates that as the
heating or cooling rate was decreased from 3.0 to 0.30 °C
min~", Tueuq decreased gradually from ca. 24 to 21 °C whereas
Telear increased gradually from ca. 13 to 15 °C in a range of
3.0-0.50 °C min~", and then increased markedly to 20 °C in a
narrow range of 0.50-0.30 °C min™".

Since syndio-poly(ME)-1 sample contained a small amount
of residual copper ions (see Experimental, ESIt), the copper

1492 | Polym. Chem., 2023, 14, 1488-1496
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Fig. 4 Transmittance data for a 1.0 wt% aqueous solution of syndio-poly
(ME)-1 before (broken lines) and after treatment with 3-mercaptopropyl
silica gel (solid lines) monitored at 510 nm with heating (red) and cooling
(blue) at 3.0, 2.0, 1.0, 0.50, and 0.30 °C min~* (a), and Touq (red circle)
and Tear (blue square) as a function of the heating and cooling rate
determined for the 1.0 wt% aqueous solution of syndio-poly(ME)-1 before
(unfilled symbols) and after treatment with 3-mercaptopropyl silica gel
(filled symbols) in the heating and cooling process, respectively (b).

ions might cause the unique hysteresis observed in the slow
heating and cooling processes.”” Thus, the sample was treated
with 3-mercaptopyropyl silica gel. It was not possible to
remove all the residual copper ions, but a syndio-poly(ME)-1
sample with ca. 25% copper ions removed was recovered. The
transmittance data were recorded for a 1.0 wt% aqueous solu-
tion of the syndio-poly(ME)-1 sample treated (solid lines in
Fig. 4a). When the temperature was increased and decreased
at 3.0 °C min~", the transmittance data were practically identi-
cal to those of the untreated sample. In the heating process at
2.0 or 1.0 °C min™!, the transmittance decreased in a lower
temperature range than that for the untreated sample. In the
cooling process at 2.0 or 1.0 °C min~", the transmittance
started to increase at ca. 20 °C, which was almost the same as
that for the untreated sample, but the transmittance recovered
more slowly and did not reach the initial value at 10 °C. The
unique hysteresis was observed at heating and cooling rate of
0.50 °C min~"; The transmittance decreased in a wider temp-
erature range of ca. 15-20 °C in the heating process, whereas
the transmittance started to increase at ca. 26 °C in the
cooling process and then recovered gradually to the initial
value at 10 °C. It is noteworthy that the effect of copper ions
was more pronounced in the slower heating and cooling pro-
cesses at 0.30 °C min~". In the heating process, the transmit-

This journal is © The Royal Society of Chemistry 2023
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tance decreased from ca. 80% to 0% in the temperature range
of 15-21 °C, and then increased slightly to 4% in a higher
temperature range of 25-40 °C. In the subsequent cooling
process, the transmittance gradually recovered from ca. 7% as
the temperature was decreased from 40 °C and returned the
initial value at 10 °C. These observations are indicative of
inverse hysteresis. T¢ioua and Tejear Were also roughly estimated
and plotted in Fig. 4b against the heating or cooling rate. As
the heating or cooling rate was decreased from 3.0 to 0.10 °C
min~", Touq decreased gradually from ca. 24 to 18 °C whereas
Teear decreased slightly from ca. 13 to 12 °C in a range of
3.0-1.0 °C min~", and then increased markedly to ca. 31 °C in
a range of 1.0-0.30 °C min ™",

The transmittance data were also obtained for a 1.0 wt%
aqueous solution of syndio-poly(ME)-3 of M,, lower than that of
syndio-poly(ME)-1. Fig. 5a shows the transmittance data
obtained for a 1.0 wt% aqueous solution of syndio-poly(ME)-3
with heating and cooling at 3.0, 2.0, 1.0, 0.40, and 0.10 °C
min~". In the faster heating and cooling processes at 3.0 and
2.0 °C min™", the transmittance data are indicative of normal
hysteresis. In the slower heating and cooling processes at 1.0,
0.40, and 0.10 °C min~?, on the other hand, the transmittance
data indicate inverse hysteresis. These observations indicate
that shorter chains of syndio-poly(ME) are rearranged more
easily in polymer aggregates formed at higher temperatures.

(@)

Transmittance / %

0.10 °C min-"

Transmittance / %

10 20 30 40
Temperature / °C

1.0 °C min-1

bR

Transmittance / %

10 20 30 40
Temperature / °C

(b) 40

N‘flear

30

- .
20 | T

cloud

Teloud OF Tclear / °C

10 L L L
0 1 2 3 4

Heating or cooling rate / °C min-1

Fig. 5 Transmittance data for a 1.0 wt% aqueous solution of syndio-
poly(ME)-3 monitored at 510 nm with heating (red) and cooling (blue) at
3.0, 2.0, 1.0, 0.40, and 0.10 °C min™ (a), and Teouq (red circle) and Tgear
(blue square) as a function of the heating and cooling rate determined
for the 1.0 wt% aqueous solution of syndio-poly(ME)-3 solution in the
heating and cooling process, respectively (b).
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Teloua and Tejear Were also plotted in Fig. 5b against the heating
or cooling rate. This figure indicates that as the heating or
cooling rate was decreased from 3.0 to 0.10 °C min™", Teoua
decreased gradually from 28 to 23 °C whereas Tcje,r increased
gradually from 20 to 38 °C.

The LCST-type phase transition behavior for aqueous solu-
tions of syndio-poly(ME)-3 was also investigated by '"H NMR
and differential scanning calorimetry (DSC). Fig. 6 displays 'H
NMR spectra recorded for a 1.0 wt% solution of syndio-poly
(ME)-3 in D,O at different temperatures, ie., 20, 40, 60, and
80 °C. Here the temperature was increased to the measure-
ment temperature in a few minutes and then the sample solu-
tion was equilibrated. As can be seen in Fig. 6¢c and d, new
signals ascribable to the triazole and methine protons were
observed in lower magnetic fields at higher temperatures, i.e.,
60 and 80 °C. These signals are likely ascribed to more
hydrated polymer chains in aggregates. The fraction of more
hydrated polymer chain was roughly estimated to be ca. 28% at
80 °C from the area intensities of signals due to the triazole
protons. Fig. S6 in ESIf shows the DSC data obtained for a
1.0 wt% aqueous solution of syndio-poly(ME)-3 at heating and
cooling rates of 1.0 °C min~". The DSC data did not exhibit
any significant signals ascribable to the LCST-type phase tran-
sition of aqueous solution of syndio-poly(ME)-3 in the heating
or cooling process, similar to the case of a-poly(ME).®® These
observations indicate that only a small fraction of polymer
chains underwent the phase transition or the phase transition
of aqueous syndio-poly(ME) solution caused only small calori-
metric changes.

In LCST-type phase transition of aqueous solutions of
thermoresponsive polymers, hysteresis is often observed; Once

TMSP-ds

ethyl
methylene

(a) methine

MJUML

(d)

9 8 7 6 5 4 3 2 1
Chemical shift / ppm

o4

-1

Fig. 6 H NMR spectra for a 1.0 wt% solution of syndio-poly(ME)-3 in
D,0O measured at 20 (a), 40 (b), 60 (c), and 80 °C (d).
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the phase separation occurs at higher temperatures, the trans-
mittance recovers in the cooling process in the temperature
region lower than the region in which the transmittance
decreases in the heating process. The normal hysteresis is
likely caused by slow rehydration in the cooling process pre-
sumably because of the restricted mobility of polymer chains
in aggregates. To the best of our knowledge, there have been
only a few examples of inverse hysteresis in the LCST-type
phase transition.””””® Yeshchenko et al,”” reported that
aqueous solutions containing a dextran-graft-PNIPAM copoly-
mer and gold nanoparticles (AuNPs) underwent an LCST-type
phase transition exhibiting inverse hysteresis. The authors
concluded that AuNPs counteracted the formation of PNIPAM
aggregates. In this study, aqueous solutions of syndio-poly(ME)
samples underwent the LCST-type phase separation. The
phase separation behavior depended on the heating and
cooling rates, the amount of residual copper ions, and the
molecular weight. It is noteworthy that inverse hysteresis was
observed in the slow heating and cooling processes for a
syndio-poly(ME) sample containing a smaller amount of
residual copper ions or possessing a lower molecular weight.
In the heating process, where the clear inverse hysteresis was
observed, the transmittance increased slightly in a higher
temperature region after phase separation occurred. It is likely
that syndio-poly(ME) chains are rearranged in polymer aggre-
gates during the slight increase in transmittance, resulting in
the formation of polymer aggregates which are more readily
rehydrated. Since the conformational change might occur
rather slowly, the inverse hysteresis was observed only in
slower processes. The residual copper ions inhibit the confor-
mational change presumably because of coordination to the
1,2,3-triazole moieties and amide side chains in polymer
chains.*®”® syndio-Poly(ME) chains of lower molecular weights
undergo more easily the conformational change. It should be
noted here that the inverse hysteresis was not observed for any
aqueous solutions of a-poly(ME) samples. It is thus likely that
the syndiotactic sequence, i.e., the alternating sequence of the
R- and S-isomers of ME, which is longer than a critical length,
is necessary for the inverse hysteresis. The LCST-type phase
separation behavior of aqueous solutions of uniform oligo-
mers of syndio-poly(ME) will be further investigated to eluci-
date the molecular mechanism of inverse hysteresis in near
future.

Conclusions

In this study, two types of stereoregular poly(ME) samples, i.e.,
iso-poly(ME) and syndio-poly(ME), were synthesized by CuAAC
polymerization of the RR and RS dimers, respectively. Since
the CuAAC polymerization of the RR dimer yielded a gel
mixture, the obtained iso-poly(ME) was fractionated into water-
insoluble and water-soluble parts, i.e., iso-poly(ME)-1 (M, =
1.8 x 10*) and iso-poly(ME)-2 (M,, = 1.8 x 10%), respectively. On the
other hand, the three samples of syndio-poly(ME) (syndio-poly
(ME)-1 (M, = 9.1 x 10°), syndio-poly(ME)-2 (M,, = 6.6 x 10*), and

1494 | Polym. Chem., 2023, 14,1488-1496

View Article Online

Polymer Chemistry

syndio-poly(ME)-3 (M,, = 2.5 x 10®)) were obtained after repreci-
pitation using DMF and diethyl ether as good and poor sol-
vents. The poly(ME) samples used in this study contained a
small amount of residual copper ions, because the dense
1,2,3-triazole backbones usually adsorb strongly copper ions.
The thermoresponsive gel-to-sol transition behavior was inves-
tigated for iso-poly(ME)-1 using DMSO and DMF as solvent.
The iso-poly(ME)-1/DMSO and iso-poly(ME)-1/DMF binary mix-
tures were gel at lower temperatures whereas the mixtures
turned sol at a certain temperature as the temperature was
increased, indicating that extended network structures were
formed through noncovalent crosslinking between iso-poly
(ME) chains at low temperatures, e.g., partial crystallization.
The temperature-dependent transmittance data for aqueous
solutions of iso-poly(ME)-2, syndio-poly(ME)-1, and syndio-poly
(ME)-3 demonstrated that the syndio-poly(ME) samples were
LCST-type thermoresponsive polymers whereas iso-poly(ME)-2
was not. The LCST-type phase separation behavior of aqueous
solutions of the syndio-poly(ME) samples depended on the
heating and cooling rates, the amount of residual copper ions,
and the molecular weight. The noteworthy is that inverse hys-
teresis was observed in slow heating and cooling processes for
a syndio-poly(ME) sample containing a smaller amount of
residual copper ions or possessing a lower molecular weight.
In the heating process of inverse hysteresis, the transmittance
increased slightly in a higher temperature region after phase
separation occurred. It is likely that syndio-poly(ME) chains are
rearranged in polymer aggregates during the slight increase in
transmittance, resulting in the formation of polymer aggre-
gates which are more readily rehydrated.
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