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Cationic polyethers with imidazolium-based ionic liquid moieties were synthesized and characterized
thoroughly for their properties and functions. Poly(epichlorohydrin) (poly(ECH)) was quaternized by
1-methylimidazole to provide poly(N-glycidyl-N'-methylimidazolium chloride) (poly(ECH-Melm*CL7)).
Anion exchange of the poly(ECH-Melm™Cl™) with Li salts provided other cationic polyethers: hydrophobic
poly(N-glycidyl-N'-methylimidazolium bis(trifluoromethanesulfonyl)imide) (poly(ECH-Melm*TFSI7)) and
hydrophilic poly(N-glycidyl-N'-methylimidazolium tetrafluoroborate) (poly(ECH-Melm*BF;7)). The 5%
thermal decomposition temperatures of these cationic polyethers are quite high (300-400 °C). Contrary
to poly(ECH) (glass transition temperature (Tg) = =49 °C), the poly(ECH-Melm*Cl7) is a polymer plastic
(Tg = 92 °C) when completely dry. Poly(ECH-Melm*TFSI7) is elastomeric (Tq = —12 °C), whereas poly
(ECH-Melm*BF,7) is a plastic (Tq = 67 °C). Poly(ECH-Melm*Cl") rapidly absorbed a large amount of
moisture from the atmosphere, changing its appearance from solid to a viscous fluid even under relatively
dry conditions (23 °C, and 40% relative humidity (RH); water uptake = 29 wt%), suggesting its highly
deliquescent nature. The hydrated poly(ECH-Melm*Cl") possesses neither a glass transition nor a phase
transition between —60 °C and 80 °C. The ionic conductivity of the hydrated polymer is as high as
1.8 x 1072 S cm™* under humid conditions (23 °C, and 80% RH; water uptake = 72 wt%) and is dependent
mainly on water uptake. The miscibility between the cationic polyethers and ionic liquids is quite high;
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mixtures of ethylmethylimidazolium bis(trifluoromethanesulfonyl)imide and the cationic polyethers had
no phase transitions between —70 °C and 100 °C. Since the cationic polyethers were miscible with each
other to exchange anions, random copolymers with desired copolymerization ratios can be prepared

rsc.li/polymers through simple mixing.

Introduction

An ionic liquid is generally defined as a molten organic salt
with a melting point lower than 100 °C." Since their discovery,
ionic liquids have been extensively studied due to their high
ionic densities, fluidities and negligible vapor pressures.”™
Recent reports show that the properties of ionic liquids largely
depend on the combination of the cation and anion that are
chosen from the ionic liquid library.

An ionic polymer is comprised of a polymer chain and a
positively or negatively charged ionic moiety in each repeating
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unit. A poly(ionic liquid) (poly(IL)) is recognized as a specific
type of ionic polymer in which the ionic group is composed of
an organic cation and anion.>” The synthesis and properties
of poly(IL)s have been extensively studied in the past two
decades, and now it is established as an emerging field in
chemistry.>' The development of poly(IL)s not only allowed
combining the unique properties of ionic liquids with the pro-
cessability and solidity of polymer materials, but also allowed
for the attainment of new functions. There are two basic
methods to synthesize poly(IL)s. One is the direct polymeriz-
ation of ionic liquid monomers, and the other is the quaterni-
zation of existing polymer materials. Most poly(IL)s are vinyl
polymers, having quaternary ammonium salts as side groups.
Since propagation radicals are stable in the presence of ionic
moieties and polar impurities, the poly(IL)s are synthesized
using free radical polymerization or the controlled radical
polymerization of vinyl monomers with ionic liquid groups.
Consequently, conventional poly(IL)s mostly have hydrocarbon
main chains which work as hydrophobic and rigid com-
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ponents for the ionic polymer materials. However, method-
ologies to synthesize a poly(IL) with a polar main chain have
still been quite limited. One can expect that the polar back-
bone would enhance the polarity of the polymer, and increase
the ionic conductivity and the hydrophilicity.

Polyethers are versatile polar elastic materials with hydro-
philic and flexible chains. For instance, non-substituted poly
(ethylene oxide) is a hydrophilic crystalline elastomer, while
substituted ones such as poly(propylene oxide) and poly(epi-
chlorohydrin) (poly(ECH)) are hydrophobic elastomers due to
their non-polar side groups. Poly(ethylene oxide) is commonly
used in a variety of applications due to its hydrophilicity, high
solubility of ionic materials, ionic conductivity and low
toxicity, originating from the poly(oxirane) backbone. Poly
(ethylene oxide) is generally synthesized via the living anionic
polymerization of ethylene oxide using alkaline metal-based
initiators.* Substituted polyethers such as poly(ECH) and its
copolymers are mainly applied as synthetic rubbers. These
polyethers are prepared using coordination anionic polymeriz-
ation catalysts.”*>® Due to the limited ability of coordination
anionic polymerization catalysts to precisely control the
polymerization, the existing poly(ECH) and ECH-copolymers
have extremely high molecular weights (MW) and broad mole-
cular weight distributions (MWD). Recently, many researchers
have developed new Al-based catalysts for living polymeriz-
ations of ethylene oxide and propylene oxide with high
initiation efficiencies.**® Deffieux’s group®>®?*° and our
group®® have independently developed the living anionic
polymerization of functional epoxides such as epichlorohydrin
(ECH). This method appeared to be a useful tool to accomplish
the control of the molecular weight, molecular weight distri-
bution and end functionality of polyethers. Poly(ECH), with a
controlled structure, could be a useful precursor for a new type
of well-defined poly(IL) if the chloromethyl group of each
repeating unit can be quaternized by a tertiary amine such as
1-methylimidazole in a quantitative manner.

The cationization of high MW poly(ECH) and ECH-copoly-
mers has not been thoroughly investigated. Stoica’s group
studied the quaternization of a commercially available ECH-
copolymer using a mixture of 1-azabicyclo-[2.2.2]-octane and
1,4-diazabicyclo-[2.2.2]-octane. Unfortunately, the cationization
ratio appeared to be around 10% and the obtained polymer
was not fully characterized.’>** In our unpublished data, the
quaternization of commercially available poly(ECH) was quite
difficult because of its high MW.>* Recently, the quaternization
of poly(ECH) with a well-controlled MW was studied by Baker
et al.**?*® and by our group.*”*® Baker’s group focused on the
synthesis and properties of cationic polyether with less polar
butylimidazolium bis(trifluoromethanesulfonyl)imide in each
repeating unit, however, the molecular structure has not been
fully characterized. To our knowledge there is no report con-
cerning cationized poly(ECH) with highly polar methyl-
imidazolium chloride. Furthermore, it can be expected that
imidazolium-based poly(IL)s with ether groups would be
unique materials due to competitive interactions between the
ether oxygens and anions with the imidazolium protons.*® In
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particular, such competitive interactions would weaken the
cation-anion interactions of the ionic groups and change
various functions of the poly(IL), including the thermal pro-
perties, ionic conductivity and affinity to CO,.>*>°

Here we report on well-defined cationic polyethers with imi-
dazolium-based ionic liquid moieties in each repeating unit,
with narrow MWDs. Living anionic polymerization of epichloro-
hydrin was conducted first, and then quaternization of the
obtained poly(ECH) was carried out. As a result, well-defined
poly(ECH) was successfully quaternized using 1-methyl-
imidazole to produce a highly hydrophilic cationic polyether,
poly(N-glycidyl-N-methylimidazolium chloride) (poly(ECH-
MeIm'Cl7)), with desirable outcomes. It is worthy to note that
poly(ECH-MeIm'Cl™) is a highly deliquescent polymer.
The hydrated poly(ECH-MeIm'Cl™) was characterized with
high ionic conductivity and high water retention. Furthermore,
anion exchanges of the poly(ECH-MeIm‘Cl~) were conducted
using lithium salts to form poly(N-glycidyl-N'-methyl-
imidazolium bis(trifluoromethanesulfonyl)imide) (poly(ECH-
MeIm"TFSI”)) and poly(N-glycidyl-N'-methylimidazolium tetra-
fluoroborate) (poly(ECH-MeIm'BF,”)). The variety of the
properties of these cationized polyethers depended mainly on
the combination of cation and anion. These cationized poly-
ethers showed high miscibility with imidazolium-based ionic
liquids. The cationic polyethers were miscible with each other
to exchange anions, therefore a random copolymer with a
desired copolymerization ratio was prepared using simple
mixing.

Experimental
General remarks

All operations were carried out in a glove-box (nitrogen atmo-
sphere, O, <1 ppm and H,O < 1 ppm) or under an argon atmo-
sphere using standard Schlenk techniques. Me;Al (Kanto
Chemical), Et;Al (Kanto Chemical), i-BuzAl (Kanto Chemical),
n-OczAl (Kanto Chemical), Me,NBr (Tokyo Kasei), n-Bu,NBr
(Tokyo Kasei), n-Oc,NBr (Tokyo Kasei), lithium bis(trifluoro-
methanesulfonyl)imide (LiTFSI) (Kanto Chemical), lithium
tetrafluoroborate (LiBF,) (Kanto Chemical), ethylmethyl-
imidazolium  bis(trifluoromethanesulfonyl)imide ([EMIm']
[TFSI"]) (Tokyo Kasei), butylmethylimidazolium bis(trifluoro-
methanesulfonyl)imide ([BMIm'][TFSI"]) (Tokyo Kasei), ethyl-
methylimidazolium chloride ([EMIm'][CI7]) (Tokyo Kasei),
butylmethylimidazolium chloride ([BMIm'][CI"]) (Tokyo
Kasei), ethylmethylimidazolium tetrafluoroborate ([EMIm']
[BF,7]) (Aldrich) and butylmethylimidazolium tetrafluoro-
borate ([BMIm'][BF,”]) (Aldrich) were used as received.
Dehydrated reaction solvents such as toluene, tetrahydrofuran
(THF), acetonitrile (CH3;CN), dimethylsulfoxide (DMSO) and
1,4-dioxane were used without further purification.
Epichlorohydrin (Tokyo Kasei) and 1-methylimidazole (Wako
Chemicals) were distilled from calcium hydride. Chloroform-d
(CDCl;) and dimethylsulfoxide-ds (DMSO-dg) were dehydrated
using activated molecular sieves 3A prior to use. n-Hexane,
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chloroform (CHCl;), dimethylformamide (DMF), acetone and
methanol (MeOH) were used as received. Water was purified
using a deionizer.

Analysis of the polymers

"H and C NMR spectra were obtained using a JEOL
JNM-EX400WB spectrometer (399.78 MHz for 'H and
100.53 MHz for *C) at 25 °C or on a Bruker Avance III
500 MHz spectrometer (500.13 MHz for "H and 125.77 MHz
for 'C) at 27 °C. Chemical shifts were determined using tetra-
methylsilane (5 0.00 ppm), dimethylsulfoxide (§ 2.50 ppm for
'H, § 39.5 ppm for **C) or chloroform (§ 7.24 ppm for 'H,
6 77.2 ppm for *C) as references. The molecular weights (MW)
of the polymers were estimated using a gel-permeation chro-
matograph (GPC) (Tosoh HLC-8220 GPC; eluent THF, or Tosoh
HLC-8320 GPC; eluent 0.1 M NaNO; aq). The relative number-
and weight-average molecular weights (M,, and M,, respect-
ively) and molecular weight distribution (MWD; M,/M,)
were acquired from calibration curves obtained using poly-
styrene or poly(ethylene oxide) standards. Differential scan-
ning calorimetry (DSC) measurements were performed on a SII
NanoTechnology X-DSC7000 under a dry nitrogen stream.
Thermogravimetry (TG/DTA) was recorded on a SII
NanoTechnology TG/DTA7200 under a dry nitrogen stream.
Water uptake was measured using gravimetry in a thermo-
hygrostat chamber (Espec Corp., TBL-2HW2P3A). Ionic con-
ductivity values were estimated using electrochemical impe-
dance spectroscopy, using a Solartron 1281 Multiplexer (Toyo
Technica) and a Solartron 1287 Electrochemical Interphase
(Toyo Technica) in the frequency range of 32 MHz to 0.1 Hz at
25 °C. The samples for the impedance spectroscopy were
placed between aluminum electrodes in a thermo-hygrostat
chamber, and then sealed prior to the measurement.

Syntheses of the polymers

Preparation of the initiator system. Unless otherwise stated,
a solution of the initiator system was prepared as follows: a
5 mL toluene dispersion of n-Buy,NBr (0.322 g, 1.0 mmol) was
mixed with 1.2 equivalents of Et;Al in an n-hexane solution at
room temperature. The mixture was stirred at room tempera-
ture for 15 min resulting in a colorless homogeneous solution.

Polymerization of ECH. Polymerization of ECH was con-
ducted using the following procedure, which is described in
detail in the literature®® and in the ESL{ The polymerization
was carried out in a pre-baked ampoule tube equipped with a
rubber septum at 0 °C. A 30 mL toluene solution of ECH (10 g,
108 mmol) was added to the initiator mixture mentioned
above at the prescribed temperature. After stirring the reaction
mixture for 5 h, the polymerization was quenched with a large
amount of methanol/H,0. The quenched mixture was washed
with HCI aq. to remove any catalyst residue followed by dis-
tilled water for neutralization, and finally dried in vacuo at
40 °C for 24 h to form poly(ECH) (M, = 10 000, M,,/M, = 1.13,
and DP = 108; Table S1, run 7). The polymer yield was deter-
mined using gravimetric measurement.
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Quaternization of poly(ECH). A 50 wt% CH3CN solution of
poly(ECH) (M, = 10 000, M,,/M,, = 1.13, and DP = 108; Table S1,
run 71) and 1-methylimidazole, equimolar to the ECH units,
were introduced in a glass flask equipped with a three-way
stopcock. The mixture containing 26 wt% of the poly(ECH)
was then heated to the reaction temperature. The quaterniza-
tion reaction of the poly(ECH) was carried out at 80 °C for 96 h
with stirring. At the end of the polymer reaction, a fully catio-
nized polyether reprecipitated as an oil. After the quaterniza-
tion, the reaction mixture was cooled to room temperature.
The resulting poly(N-glycidyl-N"-methylimidazolium chloride),
poly(ECH-MeIm*Cl™) (My(cale) = 18900, and DP = 108), was
washed with acetone to remove residual acetonitrile
and 1-methylimidazole, and dried in vacuo at 80 °C for 24 h.
'"H NMR and '*C NMR spectra of the obtained poly
(ECH-MeImCl") are illustrated in Fig. S1(a) and (b),} respect-
ively. A theoretically predicted number-average molecular
weight of the poly(ECH-MeIm'Cl™) was obtained using the fol-
lowing equation: My (calc) (MW of N-glycidyl-N-methyl-
imidazolium chloride) x (DP of the poly(ECH) as a starting
material).

Synthesis of poly(N-glycidyl-N'-methylimidazolium bis(tri-
fluoromethanesulfonyl)imide) (poly(ECH-MeIm'TFSI")) via
the anion exchange of poly(ECH-MeIm'CI™) and lithium bis
(trifluoromethanesulfonyl)imide (LiTFSI). Aqueous solutions
of LiTFSI (10 wt%) and poly(ECH-MeIm*Cl™) (My(caic) = 18 900,
and DP = 108) (10 wt%) were mixed at room temperature and
stirred for 30 min. The mole ratio of LiTFSI and MeIm'CI~
groups was equivalent. The resulting polymer precipitated as a
viscous oil just after mixing. After separating the viscous oil
compound from the aqueous LiCl solution by decantation, the
polymer was dried in vacuo at 80 °C for 24 h to produce poly
(N-glycidyl-N"-methylimidazolium  bis(trifluoromethanesulfo-
nyl)imide) (poly(ECH-MeIm'TFSI")) (Mp(calcy = 45400, and
DP = 108) as a viscous, transparent oil. '"H NMR and *C NMR
spectra of the obtained poly(ECH-MeIm'TFSI") are described
in Fig. S2(a) and (b),f respectively. A theoretically
predicted number-average molecular weight of the poly
(ECH-MeIm "TFSI”) was obtained using the following equation:
My (cale) = (MW of N-glycidyl-N'-methylimidazolium bis(trifluoro-
methanesulfonyl)imide) x (DP of the poly(ECH) as a starting
material).

Synthesis of poly(N-glycidyl-N'-methylimidazolium tetra-
fluoroborate) (poly(ECH-MeIm'BF,”)) via the anion exchange
of poly(ECH-MeIm'CI”) and lithium tetrafluoroborate (LiBF,).
Methanol solutions of LiBF, (10 wt%) and poly
(ECH-MeIm'Cl") (Mp(cale) = 18900, and DP = 108) (10 wt%)
were mixed at room temperature and stirred for 30 min. The
mole ratio of LiBF, and MeIm'CI~ groups was equivalent. The
resulting polymer precipitated as a viscous oil just after
mixing. After separating the viscous oil compound from the
methanol LiCl solution by decantation, the polymer was dried
in vacuo at 80 °C for 24 h to produce poly(N-glycidyl-N-methyl-
imidazolium tetrafluoroborate)  (poly(ECH-MeIm'BF,"))
(Mp(cale) = 24 500, and DP = 108) as a brittle, transparent resin.
'H NMR and "C NMR spectra of the obtained poly
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http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7py01985h

Open Access Article. Published on 24 2018. Downloaded on 23.08.2025 10:15:01.

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

(cc)

Polymer Chemistry

(ECH-MeIm 'BF,") are described in Fig. S3(a) and (b),} respect-
ively. A theoretically predicted number-average molecular
weight of the poly(ECH-MeIm BF,”) was calculated based on
the following equation: My(caic) = (MW of N-glycidyl-N'-methyl-
imidazolium tetrafluoroborate) x (DP of the poly(ECH) as a
starting material).

Results and discussion

Synthesis of cationic polyether: quaternization of poly(ECH)
and successive anion exchange

Cationic polyethers with imidazolium-based ionic liquid
moieties were synthesized using the living anionic polymeriz-
ation of epichlorohydrin (ECH), followed by quaternization of
the chloromethyl groups of poly(epichlorohydrin) (poly(ECH))
with 1-methylimidazole, and anion exchange of the formed
imidazolium chloride groups (Scheme 1). In this section, the
quaternization and anion exchange processes are outlined in
detail, while the living polymerization of ECH is described in
the ESL.}

It is well known that the quaternization reaction between a
tertiary amine and an alkyl halide can be accelerated in polar
solvents such as CH;CN and DMF. Thus, it appears relevant
that the polarity of a solvent would influence the quaterniza-
tion of the chloromethyl groups in poly(ECH). Therefore, we
investigated the effect of reaction solvent on the quaternization
of poly(ECH) (M,, = 1200, and M,,/M,, = 1.22; Table S1, run 5%)
using 1-methylimidazole first, with the results summarized in
Fig. S8.f When toluene was used as the solvent, all of the poly-
mers precipitated during the early period of quaternization,
and as a result, the cationization reaction levelled off at a low
quaternization ratio. The quaternization proceeded slowly to a
certain extent in THF, however the reaction mixture became
heterogeneous during the middle period of the reaction. In
contrast, polar solvents were shown to be suitable for full
quaternization of poly(ECH). The polymer reaction proceeded
smoothly and steadily in CH;CN, and eventually a fully catio-
nized polymer precipitated as an oil at the end of the polymer
reaction. DMSO and 1,4-dioxane were also found to be good
solvents for the quaternization of poly(ECH). Cationization
proceeded relatively fast when poly(ECH) and 1-methyl-
imidazole were mixed and heated in bulk. In this study, we
decided to employ CH3;CN as the reaction solvent for the
quaternization of the polymer.

Ho

o n-BuyNBr-Et;Al 1-Me-imidazole

AL

living anionic quaternization
| polymerization Cl
_60\(?7 LiX —éo\ \/>—
n n
—_— -
/\
'\@/N’ anion exchange '\@/N"

cr X

Scheme 1 Synthesis of cationic polyether.

This journal is © The Royal Society of Chemistry 2018

View Article Online

Paper

To describe the cationization in detail, the poly(ECH) (M, =
1200; degree of polymerization (DP) = 13; M,/M, = 1.22
(Table S1, run 5t)) was quaternized in the presence of 2 equiva-
lents of 1-methylimidazole for each chloromethyl group, in
CH;CN at 80 °C.* The quaternization ended within 96 h
resulting in fully cationized polyether, precipitated as an oil.
The obtained oily compound was first washed with acetone in
order to extract 1-methylimidazole and CH;CN, and then dried
in vacuo at 80 °C for 24 h to remove residual volatiles and to
isolate poly(N-glycidyl-N'-methylimidazolium chloride) (poly
(ECH-MeIm'Cl7)) as a brittle polymer plastic (a macroscopic
view is shown in Fig. 5(a)). Fig. 1 shows the "H NMR spectra
and GPC traces of the poly(ECH) before and after quaterniza-
tion. In Fig. 1(b), proton signals of the poly(ECH-MeIm'CI")
are observed between 8-10 ppm. The chemical shifts of the
imidazolium protons are similar to those of [EMIm'][Cl] and
appear in a lower magnetic field compared to those of
1-methylimidazole (Fig. S9t illustrates selected 'H NMR
spectra of [EMIm'][CI"] and poly(ECH-MeIm'Cl7)). The inte-
gration ratios between the protons in the imidazolium ring
and the protons in the main chain suggest the full conversion
of the chloromethyl groups to form the imidazolium chloride
groups. It is interesting that there are no proton signals
attributable to compounds derived from side reactions, includ-
ing the Hofmann elimination. The proton signal at 6 ppm is
attributed to the terminal OH group. Fig. 1 also illustrates GPC
traces of the poly(ECH) before (c) and after (d) the quaterniza-
tion. THF was chosen as the eluent for poly(ECH), while 0.1 M
NaNOj; aq. was chosen for poly(ECH-MeIm'CI"). Suitable GPC
columns were employed for each condition. It is noteworthy
that the obtained cationic polyether kept a narrow MWD
during the polymer reaction at 80 °C for 96 h, suggesting no
degradation of the main chain. In contrast, when poly(ECH)
was quaternized at 150 °C, the GPC elution curve of the

0\)\ (a) M, =1 200 ()
13 MM, =1.22

Cl in THF

| / L
15 25 35 5
/é\[og\ ®) ‘ time, min

13

N M, = 5200

@ . My/M, =1.12 (d)
N C (My(caic) = 2 300)
\ in NaNO; aq.

W S ) V’NA\;" I

T
10 8 6 4 ppm

time, min

Fig. 1 H NMR spectra of (a) poly(ECH) (in CDCls; M,, = 1200; DP = 13,
as described in Table S1, run 57) and (b) poly(ECH-Melm*Cl") (in DMSO-
ds; Mpcaie) = 2300; DP = 13), and GPC chromatograms of (c) poly(ECH)
and (d) poly(ECH-Melm*CL™).
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cationized poly(ECH) became broad, suggesting degradation of
the main chain. Therefore it can be concluded that poly
(ECH-MeIm 'Cl7) is unstable at high temperatures when it is in
a solution, and that the quaternization must not be performed
at high temperature.

To summarize, the data in Fig. 1 indicate that cationic poly-
ether, poly(ECH-MeIm'Cl™), was successfully produced. The
estimated M, of poly(ECH) from GPC (PSt calibration) is
almost identical to the predicted M, value based on the follow-
ing equation: Mp(ca) = (ECH loading/g)/(n-Bu,NBr loading/
mol). On the other hand, the relative M, of poly
(ECH-MeIm'Cl7) collected using GPC is 5200, as acquired
using poly(ethylene glycol) calibration, which differs from the
predicted value (My(caic) = 2300; DP = 13). At this moment, the
origin of the inaccurate MW reading of poly(ECH-MeIm'Cl")
from GPC is not evident. It is presumable that repulsion of the
ionic moiety or partial anion exchange of the poly
(ECH-MeIm 'Cl7) with NaNOj; in the eluent, or a combination
of both, might have influenced the hydrodynamic volume of
the polymer. We performed additional GPC analyses of poly
(ECH-MeIm'Cl”) samples with different MWs ((a) M,
1900; DP = 11, (b) My(caie) = 5800; DP = 33, and (¢) My(cale) =
16200; DP = 92) produced from poly(ECH) samples of
different MW. GPC elution curves of the poly(ECH-MeIm'Cl")
samples are depicted in Fig. S10.7 All of the polymers retained
their narrow MWDs after the cationization reaction, irrespec-
tive of their MWs. A peak shift was observed for the retention
time when the MW of the starting polymer changed. The
results implied that the hydrodynamic volumes of the cationic
polyethers are dependent on their molecular weights. In con-
clusion, cationic polyether, poly(ECH-MeIm'Cl™), was success-
fully produced.

Anion exchange of poly(ECH-MeIm'Cl™) with LiTFSI was
investigated. Aqueous solutions of LiTFSI and poly
(ECH-MeIm'Cl™) (Mycaley = 2300; DP = 13), depicted in
Fig. 1(b) and (d), were mixed at room temperature and stirred
for 30 min with an equal mole ratio between the LiTFSI and
MeIm'Cl~ groups. A viscous oily compound precipitated just
after mixing these two aqueous solutions. After separation of
the resulting compound from the LiCl aqueous solution by
decantation, the viscous oil was dried in vacuo at 80 °C for
24 h to give poly(N-glycidyl-N'-methylimidazolium bis(trifluoro-
methanesulfonyl)imide) (poly(ECH-MeIm'TFSI™)) as a trans-
parent viscous oil (Fig. 5(c) shows a macroscopic view). The
predicted value of M, for poly(ECH-MeIm'TFSI") was 5500.
Similarly, poly(N-glycidyl-N'-methylimidazolium tetrafluoro-
borate) (poly(ECH-MeIm'BF,”)) was also produced via the
anion exchange of poly(ECH-MeIm'Cl™) with LiBF,. Fig. 2
shows selected "H NMR spectra of (a) poly(ECH-MeIm*Cl7), (b)
poly(ECH-MeIm 'TFSI”) and (c) poly(ECH-MeIm 'BF,").

The proton signals of the imidazolium ring shifted to the
higher magnetic field after the anion exchange reaction, whilst
keeping the integration ratios of the imidazolium protons and
the main chain protons constant. These observations are in
good agreement with the fact that the proton signals of the
imidazolium ring of [EMIm'][TFSI ] are in a higher magnetic

n(cale) —
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Fig. 2 Selected 'H NMR spectra of (a) poly(ECH-Melm*Cl7) (Mncale) =
18 900, and DP = 108), (b) poly(ECH-Melm*TFSI™) (Mycai) = 45400, and
DP = 108), and (c) poly(ECH-Melm*BF,;") (Myca) = 24 500, and DP =
108), as described in Fig. S1(a), S2(a), and S3(a),T respectively (recorded
in DMSO-dg at 27 °C).

field compared to those of [EMIm'][CI] (Fig. S91). These
results suggest that the poly(ECH-MeIm TFSI™) and the poly
(ECH-MeIm 'BF,”) were successfully produced via the anion
exchange reactions.

Furthermore, anion exchange was conducted for poly
(ECH-MeIm'Cl™) samples of varied MWS ((a) Mp(calc) = 1900,
and DP = 11; (b) My caic) = 5800, and DP = 33; and (¢) My caic) =
16200, and DP = 92) which were obtained from poly(ECH)
samples of different MWs. Similarly, tacky oil products were
formed through anion exchange with LiTFSI. NMR analyses of
the obtained oily products (Fig. S11t) confirmed that the TFSI
anions were introduced to the poly(ECH-MeIm‘CI~) samples to
yield poly(ECH-MeIm'TFSI™) samples, irrespective of MW. In
addition, C-F coupling was observed in the *C NMR spectra
in Fig. S2(b),T indicating the CF; carbon of the TFSI anion. To
summarize, anion exchanges were conducted successfully.

Fundamental properties of cationic polyethers

Next, the solubility of poly(ECH), poly(ECH-MeIm'Cl"), poly
(ECH-MeIm 'TFSI”) and poly(ECH-MeIm BF,”), as shown in
Fig. 2, was studied and the results are summarized in Table 1.
Poly(ECH) dissolves in ordinary organic solvents including
toluene and THF. In contrast, poly(ECH-MeIm'CI") is soluble
only in polar solvents (e.g., H,O, MeOH and DMSO), and there-
fore is proven to be a highly polar material. Poly
(ECH-MeIm 'TFSI™) is soluble in mid-polar solvents such as
acetone, CH;CN, THF and DMF, while it is insoluble in both
non-polar and highly polar solvents. Poly(ECH-MeIm BF,”)
appears to have limited solubility; the polymer is soluble in
only H,O and aprotic polar solvents.

The miscibility of ionic liquids with water or organic sol-
vents changes with a side chain on the cation and with the
choice of anion. More specifically, [EMIm'][TFSI"] is hydro-
phobic, while [EMIm'][Cl"] and [EMIm][BF, ] are hydrophilic.

This journal is © The Royal Society of Chemistry 2018
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Table 1 Solubility of poly(ECH) (M, = 10 000, M,,/M,, = 1.13, and DP = 108; Table S1, run 77), poly(ECH-Melm*Cl") (M, (ca) = 18 900, and DP = 108),
poly(ECH-Melm*TFSI™)(Mp(caic) = 45400, and DP = 108) and poly(ECH-Melm*BF;~) (Mcai) = 24 500, and DP = 108), as shown in Fig. 2

Poly(ECH) Poly(ECH-MeImC1") Poly(ECH-MeIm'TFSI") Poly(ECH-MeIm'BF,")
n-Hexane X X X X
Toluene Soluble X X X
CHCl; Soluble X X X
THF Soluble X Soluble X
CH;CN Soluble X Soluble Soluble
Acetone X X Soluble X
MeOH X Soluble X X
H,0 X Soluble X Soluble
DMF Soluble X Soluble Soluble
DMSO Soluble Soluble Soluble Soluble

The solubility of these cationic polyethers might be influenced
by the choice of anion. It is noteworthy that the cationic poly-
ethers are miscible with various ionic liquids; the results are
detailed below.

The thermal properties of the cationic polyethers were
studied. Fig. 3 illustrates the DSC thermograms of poly(ECH),
poly(ECH-MeIm'Cl7), poly(ECH-MeIm'TFSI”), and poly
(ECH-MeIm'BF,”), as depicted in Fig. 2 and Table 1. As
expected, poly(ECH) had the lowest glass transition point (T, =
—45 °C). The dry poly(ECH-MeIm'Cl”) shown in Fig. 5(a)
appeared as a brittle resin. To prove this speculation, its glass
transition point was higher than room temperature (T, =
90 °C). This result indicates that the ionic interaction and the
hydrogen bonding between the ionic groups and polyether
chain decreased the mobility of the polymer. The poly
(ECH-MeIm 'TFSI™) has a glass transition point at —12 °C and
no melting point. The macroscopic view shown in Fig. 5(c)
indicates that poly(ECH-MeIm'TFSI”) is a liquid rubber, and
the DSC data supports this idea. The T, of the poly
(ECH-MeIm 'TFSI™) is comparable with that of poly(N-gl