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ABSTRACT

Glycidyl triazolyl polymer (GTP)-based anionic poly(ionic liquid)s comprising the
trifluoromethanesulfonimide (TFSI) anion pendant and the 1-ethyl-3-methylimidazolium (EMIM)
counter cation were synthesized through Cu(I)-catalyzed azide-alkyne cycloaddition between a
glycidyl azide polymer and anionic alkyne derivatives. These polymers were designed as
oppositely charged analogs of the cationic GTPs reported previously. The anionic GTPs were
characterized by NMR, IR, size-exclusion chromatography, differential scanning calorimetry,
thermogravimetric analysis, and impedance measurements. The anionic GTPs reported herein
exhibited lower critical solution temperature (LCST) type phase separation in acetone. The anionic
GTPs with a longer side-chain spacer exhibited a lower glass transition temperature (7,) and higher
ionic conductivity (1.7 x 107®S cm™! at 25 °C under anhydrous conditions). It was confirmed that
the anionic GTPs contains 0.8—0.9 wt% water even after the drying process. It is considered that
the residual water contributes to improve the ionic conductivity. Compared to the cationic GTP
with a similar side-chain spacer, the anionic GTP exhibited higher 7, and lower ionic conductivity.
The analysis based on the electrode polarization model indicated that the lower ionic conductivity
would originate from lower conducting ion concentration and mobility. From the conducting ion
mobility vs Ty/T plot, it was confirmed that the anionic GTP with the short alkyl chain spacer gave
higher conducting ion mobility than that with the ethylene oxide spacer, which suggested that the
electrostatic interaction with the ether oxygen atoms could slow down the diffusion of EMIM
cation. Stronger electrostatic interaction between the TFSI pendant and EMIM cation than that
between the EMIM pendant and TFSI counter ion is a cause of stronger polymer-polymer

interaction.



INTRODUCTION

Poly(ionic liquid)s are soft, light-weight and safe (no risk of leakage and fire) electrolytes;' ™
hence they are promising functional materials in many fields, including energy-storage materials,’
electrochromic devices,® actuators,” CO» separation,® adaptive materials,” and stimuli-responsive
materials.!® Owing to their diverse application fields, many research groups continue the quest for
new molecular design for modulating the physical properties.' !> In order to elucidate the
structure-property relationship of poly(ionic liquid)s, high-molecular-weight poly(ionic liquid)s
must be prepared, because their physical properties are strongly dependent on the molecular weight
when it is below 10° g mol'.! The purity of the polymer is also important, because the impurities,
which include the unreacted starting materials, by-products, and solvent, drastically change the
physical property.! In order to improve ionic conductivity, plasticizer or fillers are often added.
These additives can mask the disadvantages of bad molecular design, which leads to controversial
conclusions on structure-property relationship. In case of ion-conductive poly(ionic liquid)s, it is
often difficult to judge whether high ionic conductivity originates from a good molecular design,
low molecular weight of polymer, or impurities. Compared to the polymerization of the ionic
liquid monomer, the post-functionalization of the polymer facilitates the preparation of pure and
high-molecular-weight poly(ionic liquid)s.'""'’"!” On the basis of these perspectives, cationic
glycidyl triazolyl polymers (GTPs) have been synthesized by the post-functionalization of a
glycidyl azide polymer (GAP) with alkyne derivatives of ionic liquids via the Cu(I)-catalyzed
azide-alkyne cycloaddition (Cu-AAC).2%*' Owing to the high and selective reactivity of Cu-
AAC,?? pure and high-molecular-weight GTPs (My > 10° g mol™!) with different side groups
have been systematically synthesized and characterized since 2015.2° Hence, the cationic GTP

with branched side chains was confirmed to break the conventional record of ionic conductivity.?!



Thus far, only cationic GTPs have been reported. To expand the structural diversity of GTP-based
poly(ionic liquid)s, the development of anionic GTPs is awaited. In this study, anionic GTPs
comprising the trifluoromethanesulfonimide (TFSI) anion pendant and the 1-ethyl-3-
methylimidazolium (EMIM) counter cation were synthesized, which were designed as oppositely
charged analogs of the cationic GTPs reported previously (Figure 1).2* Although the anionic
poly(ionic liquid)s with TFSI pendant have been reported by many research groups,’”!>181925 the
spacer group between the main chain and the TFSI pendant was always short (-C3He-). In this
study, the anionic poly(ionic liquid) with a long flexible spacer was also synthesized (Anionic
GTP3). From the ionic conductivities of the anionic GTP2 and GTP3, one can confirm an empirical
rule of poly(ionic liquid)s, namely “A long and flexible side-chain spacer renders higher ionic
conductivity.”>!¢ The anionic GTPs exhibited a unique property that was not observed for the
cationic GTPs, i.e., lower critical solution temperature (LCST)-type phase transition in acetone.
Some groups reported that the ionic conductivity of anionic poly(ionic liquid)s was higher than
that of the cationic analogs.”*>?® However, an opposite result was obtained in this study. The
objective of this study is to elucidate the reason for ionic conductivity difference between the
cationic and anionic GTPs. This issue was discussed on the basis of experimental data of

conducting ion concentration and mobility obtained from the electrode polarization (EP) model.?
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Figure 1. Chemical structures of (a) cationic GTP1 in a previous study.>* (b)Anionic GTP2 and

(c) GTP3 in this study.

EXPERIMENTAL SECTION

Materials. Polyepichlorohydrin (PECH, Average molecular weight: 700 kDa) was purchased
from Merck. 2-Propyn-1-ol, 1,3-propanesultone, trifluoromethanesulfonamide, triethylamine
(TEA), 1-ethyl-3-methylimidazolium bromide (EMIM-Br), diethylene glycol, propargyl bromide
(80% 1in toluene, ca. 9.2 M), sodium hydride (60%, dispersion in paraffin liquid), potassium fer?-
butoxide, and tetrakis(acetonitrile) copper(I) hexafluorophosphate [Cu(MeCN)4-PFs] were
purchased from Tokyo Chemical Industry. Thionyl chloride (SOCl2), and distilled water were
purchased from Nacalai Tesque. Lithium hydride powder (LiH), and dry solvents were purchased
from Kanto Chemical. The metal scavenger (Si-Trisamine) was purchased from Biotage. GAP was
prepared from PECH by a procedure reported previously.? Compounds 1 and 3 were prepared

according to the literatures.>*>2



Compound 2. Trifluoromethanesulfonamide (2.4 g, 16 mmol) and freshly distilled triethylamine
(TEA, 4.6 mL, 33 mmol) were dissolved in dry THF (10 mL) under N, atmosphere. To this
solution, the compound 1 (3.2 g, 16 mmol) in dry THF (10 mL) was added slowly with a syringe.
The reaction mixture was allowed to react at 20 °C for 2 h. After the filtration, the solvent was
removed by evaporation. The residue was dissolved in CH2Cl, (80 mL), then washed with distilled
water (10 mL) in four times. The organic layer was recovered, dried with MgSQOy4, and filtrated.
The solvent was removed by evaporation. The recovered product (5.5 g, 13 mmol) was dissolved
in dry THF (10 mL) under N> atmosphere. To this solution, lithium hydride (0.26 g, 33 mmol) was
added. The reaction mixture was allowed to react at 25 °C overnight. After the filtration, the solvent
was removed by evaporation. The residue was washed with hexane (50 mL X 2). The residue was
dissolved in distilled water (80 mL), then washed with diethyl ether (10 mL) in four times. After
the treatment with activated carbon (1 g), water was removed by evaporation. The residue was
dissolved in dichloromethane/methanol (9/1, v/v), dried with MgSQOs, and filtrated. The solvent
was removed by evaporation. The recovered product (4.1 g, 13 mmol) was dissolved in distilled
water (10 mL). 1-Ethyl-3-methylimidazolium bromide (5.0 g, 26 mmol) dissolved in distilled
water (10 mL) was added. The reaction mixture was allowed to react at 20 °C for 1h. After
concentration by evaporation, the product was extracted with CH>Cl, (80 mL), then it was washed
with distilled water (10 mL) in three times. The organic layer was dried with MgSQs, and filtrated.
The solvent was removed by evaporation to give the product as pale-yellow liquid. Yield: 3.9 g
(57 %). '"H NMR (400 MHz, CDCl3): 6 = 1.54 (t, J= 7.4 Hz, 3H), 2.12 (m, 2H), 2.43 (t, J = 2.4
Hz, 1H), 3.22 (m, 2H), 3.62 (t, /= 6.2 Hz, 2H), 3.96 (s, 3H), 4.11 (d, /= 2.4 Hz, 2H), 4.27 (q, J =
7.4 Hz, 2H), 7.34 (br, 2H), 9.09 (s, 1H); '*C NMR (100 MHz, CDCl5): § = 15.4, 24.5, 36.5, 45.3,

52.4,58.2,68.2,74.6,79.8,120.4 (q,J =321 Hz), 121.9, 123.7, 136.7.



Compound 4. Compound 3 (5.8 g, 20 mmol) and thionyl chloride (10 mL, 0.14 mol) were
allowed to react at 60 °C for 3h under N> atmosphere. Thionyl chloride was removed by distillation
under reduced pressure at 45 °C. After adding toluene (10 mL), the solvent was removed by
distillation under reduced pressure at 50 °C. After adding dichloromethane, the insoluble salt was
removed by filtration. The filtrate was concentrated by evaporation. The residue was purified by
column chromatography (SiO2, hexane/ethyl acetate/acetone = 7/2/1). Yield: 4.5 g (78 %). 'H
NMR (400 MHz, CDCls): 6 =2.30 (m, 2H), 2.44 (t,J=2.4 Hz, 1H), 3.60-3.72 (m, 10H), 3.84 (m,
2H), 4.20 (d, J = 2.4 Hz, 2H); '3*C NMR (100 MHz, CDCl3): 6 = 25.3, 58.7, 63.0, 68.0, 69.4, 70.6,
70.8, 70.9, 75.0, 79.9.

Compound 5. The synthetic procedures were the same as the compound 2. Yield: 2.9 g (54 %).
"H NMR (400 MHz, CDClL3): 6 = 1.54 (t, J = 7.4 Hz, 3H), 2.09 (m, 2H), 2.44 (t, J = 2.4 Hz, 1H),
3.20 (m, 2H), 3.54-3.71 (m, 10H), 3.97 (s, 3H), 4.17 (d, J=2.4 Hz, 2H), 4.28 (q, /= 7.4 Hz), 7.34
(d, J=2.0 Hz, 2H), 9.12 (s, 1H); *C NMR (100 MHz, CDCl3): 6 = 15.4, 24.6, 36.5, 45.3, 52.4,
58.5,69.2,69.4,70.2,70.5,70.7, 74.8, 79.7, 120.4 (t, /=321 Hz), 121.8, 123.7, 136.8.

Anionic GTP2. GAP (0.20 g, 2.0 mmol monomer unit) was dissolved completely in dry DMF
(10 mL) with stirring at 50 °C. (Caution: Never heat up too much and never agitate by sonication.)
After adding the compound 2 (1.2 g, 2.9 mmol), the solution was purged with N, then the copper
catalyst (Cu(MeCN)4-PFg, 80 mg, 0.21 mmol) was added. The mixture was stirred at 60 °C under
N> atmosphere for 24 h. After cooling to room temperature, the solution was treated with the metal
scavenger (Si-Trisamine, 1.0 g x 2) for 30 min under air. After the filtration, the solution was
concentrated by evaporation. The solution was added dropwise to diethyl ether (200 mL) with
stirring to precipitate the product. After 30 min, the solvent was removed by decantation. The

precipitate was dissolved in acetone (100 mL). The solution was concentrated by evaporation. The



solution was added dropwise to dichloromethane (300 mL) with stirring to precipitate the product.
After 30 min, the solvent was removed by decantation. The product was dissolved in acetone (100
mL), then the solvent was completely removed by evaporation. The product attached on the wall
of flask was washed with dichloromethane with stirring for 20 min, then the solvent was removed
by decantation. The solvent was completely removed under vacuum (< 0.1 mbar) at 100 °C for 16
h. Yield: 0.85 g (81%). '"H NMR (400 MHz, CD3CN): 6 = 1.43 (t, J = 7.4 Hz, 3H), 1.9-1.98
(overlapping to solvent peak), 3.05 (br, 2H), 3.27-3.52 (br, 2H), 3.53 (br, 2H), 3.68-3.80 (br, 1H),
3.82 (s, 3H), 4.17 (q, J = 7.4 Hz, 2H), 4.22-4.47 (br, 2H), 4.50 (s, 2H), 7.37 (d, /= 1.6 Hz, 1H),
7.42 (d,J=1.6 Hz, 1H), 7.85 (br, 1H), 8.57 (s, 1H); *C NMR (100 MHz, CD;CN): 6 = 15.6, 25.5,
36.8, 45.8, 51.7, 53.2, 64.5, 69.1, 69.7, 78.7, 121.5 (q, J = 321 Hz), 123.0, 124.7, 125.8, 136.9,
145.5.

Anionic GTP3. The synthetic procedures were the same as the anionic GTP2. Yield: 0.94 g
(77%). '"HNMR (400 MHz, CD3CN): § = 1.44 (t,J= 7.4 Hz, 3H), 1.9-1.98 (overlapping to solvent
peak), 3.06 (br, 2H), 3.35 (br, 1H), 3.42-3.60 (br, 9H), 3.75 (br, 1H), 3.83 (s, 3H), 4.17 (q, J=7.4
Hz, 2H), 4.22-4.48 (br, 2H), 4.54 (s, 2H), 7.37 (d, J= 1.6 Hz, 1H), 7.42 (d, J = 1.6 Hz, 1H), 7.85
(br, 1H), 8.57 (s, 1H); *C NMR (100 MHz, CD3CN): § = 15.6, 25.5, 36.8, 45.8, 51.7, 53.1, 64.7,

69.8,70.3, 70.7, 71.0, 71.0, 78.6, 121.5 (q, J = 321 Hz), 123.0, 124.7, 125.8, 136.9, 145.4.

(insert Scheme 1)
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Scheme 1. Synthetic scheme of anionic GTPs.



RESULTS AND DISCUSSION

Synthesis of anionic GTPs. Scheme 1 shows the synthetic scheme of the anionic alkyne
derivatives and anionic GTPs. The TFSI group was introduced by the reaction between the sulfonyl
chloride derivatives (compounds 1 and 4) and trifluoromethanesulfonamide. After the counter-ion

533 the anionic alkyne derivatives (compounds 2 and 5) were obtained. The 'H and '*C

metathesis,
NMR spectra of the compounds 1-5 are shown in Figures S1-S5. The anionic GTPs were
synthesized by the Cu-AAC reaction between GAP and the anionic alkyne derivatives. As a model
polymer, a non-ionic GTP (GTP-Bz) was also synthesized.>* Notably, all of the GTPs were
prepared from the same GAP sample. After the Cu-AAC reaction, the metal scavenger was used
to remove the copper catalyst. Quantitative functionalization was confirmed by the disappearance
of the azide peak in the IR spectrum (Figure S11, v = 2100 cm'). GTPs were recovered by
precipitation in a poor solvent. As a part of GTP was lost during the work-up process, the recovered
yields of the products were approximately 80%.

The chemical structures of the anionic GTPs were confirmed by 'H and '3*C NMR measurements.
Figures 2a and 2b show the 'H NMR and *C NMR spectra of anionic GTP3, respectively. All of
the peaks were assigned by heteronuclear multiple quantum correlation (HMQC) and
heteronuclear multiple bond coherence (HMBC) experiments (Figures S8 and S9). The glycidyl
protons (a, b, and ¢) exhibited broad peaks due to a shorter relaxation time, reflecting lower main-
chain mobility. On the contrary, the EMIM protons (red color in Figure 2a) exhibited sharp peaks
due to the higher mobility of the counter cation. The integrals of the peaks proved 1:1 ratio of the
repeating unit and the counter ion (see the triazole proton d and imidazolium protons I, m and n in
Figure S7). In the '3C NMR spectrum, all of the carbon peaks assigned to the glycidyl main chain,

triazole group (green), ethylene glycol and methylene spacer, TFSI group (blue), and EMIM cation



(red) were detected. The trifluoromethyl carbon exhibited typical quartet peaks at 121.5 ppm
(coupling constant: 321 Hz, blue color peaks marked * in Figure 2b). Notably, peaks corresponding
to the solvent (except for the NMR solvent of MeCN and water) and impurities were not observed.
From the integral value of water peak, the water content in the sample was calculated (Figure S10).
When the sample was stored under the laboratory condition (under air, room temperature, no
humidity control), the anionic GTP3 contains one water molecule per repeating unit (2.9 wt%
water content, Figure S10b). When the anionic GTP3 was dried at 120 °C for 2 h under dry N>
flow, the water content decreased to ca. 0.9 wt% (Figure S10c). Even if the anionic GTP3 was
dried under more severe condition (120 °C, < 0.1 mbar, 16 h), the water content did not decrease
below 0.9 wt% (Figure S10d). This result indicates that some water molecules are strongly bound
to the polymer and cannot be removed. The water content of the anionic GTP2 after drying (120
°C, 2 h, dry N> flow) was ca. 0.8 wt% (Figure S10e). It is considered that the hydrophilic groups
in the chemical structure of GTP (polyether main chain and triazole group) contribute to keep the

water molecules.

(insert Figure 2)
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Figure 2. (a) 'H NMR and (b) '3C NMR spectra of anionic GTP3. Assignment of each peak is also

depicted.

The molecular weight of the anionic GTP was determined using the non-ionic model GTP (GTP-
Bz) because the anionic GTP did not exhibit a peak in the GPC curve presumably because of its
adsorption on the column resin (Figure S12). The number-average and weight-average molecular
weights (M and My,) of GTP-Bz were 3.06 x 10° and 7.19 x 10° g mol !, respectively (Polystyrene
standard). The molecular weight of GTP-Bz was considerably less than that expected from the
molecular weight of the starting material PECH (My = 7 % 10° g mol ') because of the decrease in
the molecular weight during the azidation reaction.?®** The M, and M, values of the anionic GTPs
were calculated from the degree of polymerization of GTP-Bz (Table 1). The molecular weights

of the anionic GTPs were comparable to those of the cationic GTPs reported previously.?*

(insert Table 1)
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Table 1. Molecular weights and thermal properties.

Sample name  Mu(gmol )¢ My(gmol )? Ty°C)¢ Tus(°C)*

Compound 2 419.4 — =70 —
Compound 5 507.5 — —61 —
GTP-Bz 3.06x10° 7.19x10° 60° 342¢
Cationic GTPV  6.37x10° 1.28x10° -31 347
Anionic GTP2 7.37x10°¢ 1.73x10%¢ —-10 317
Anionic GTP3 8.63x10°¢ 2.03x10°%¢ =25 329

“Number-average molecular weight. "Weight-average molecular weight. “Glass transition
temperature (DSC onset value during heating). “5% weight loss temperature according to TGA
performed under inert atmosphere. ‘Data from reference 34./ Data from reference 24. Molecular
weight was calculated from the degree of polymerization of the model polymer GTP-Bz.

Solution property of anionic GTPs. The anionic GTPs were soluble in aprotic polar solvents
such as acetone, MeCN, DMF, and dimethyl sulfoxide. In contrast, the anionic GTPs were
insoluble in water and nonpolar solvents such as hexane, diethyl ether, and dichloromethane.
Anionic GTP2 and GTP3 exhibited LCST-type phase separation in acetone. During the heating
process of the anionic GTP2 solution, the transmittance dropped at a temperature higher than 53 °C
(Figure 3a). The soluble and insoluble states of anionic GTP2 were shown in the inset photos
(Figures 3d and 3e). Hysteresis was observed in the heating and cooling processes. During the
heating process of the anionic GTP3 solution, transmittance did not drop up to the boiling point of
acetone (56 °C), which suggests that the cloud appearance (Figure 3e) and the transmittance drop
of the GTP2 solution (Figure 3a) does not originate from the bubbles generated by acetone boiling.
When the sample cell of the GTP3 solution was heated using a heat gun, the phase transition could
be induced (Figure S13). Gradual heating using a sample cell holder in a spectrometer cannot

render a temperature higher than the boiling point of acetone due to evaporative cooling. On the

12



other hand, rapid heating using a heat gun can be the sample cell wall temperature above 56 °C.
Several research groups have reported poly(ionic liquid)s exhibiting LCST-type phase
separation.!®*-37 However, this is the first example of LCST poly(ionic liquid)s comprising the
TFSI pendant and imidazolium counter cation. The LCST-type phase separation was not observed
for the cationic GTPs. These results suggested that the polymer-polymer interaction of the anionic

GTPs reported herein was larger than that of the cationic GTPs reported previously.

(insert Figure 3)
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Figure 3. Temperature-dependent transmittance changes (4 wt% polymer in acetone, heating and
cooling rates: 0.1 °C min™'). (a) Heating process of anionic GTP2. (b) Cooling process of anionic
GTP2. (c) Heating process of anionic GTP3. Inset photos. (d) Soluble state of anionic GTP2. White
stirring bar is shown at the bottom. (e) Insoluble state of anionic GTP2. Polymer at bottom started

to dissolve during taking the photo.

Thermal properties. Thermal properties were characterized by DSC. Figure S14 and Table 1
summarize the results. In these DSC charts, only one glass transition temperature (7y) was
observed and no melting or crystallization peaks were observed, indicating the sample is

amorphous and there is no phase separation or significant heterogeneity in the samples.
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Compounds 2 and 5 exhibited glass transition at =70 °C and —61 °C, respectively. These anionic
alkyne derivatives were liquids at room temperature; therefore, they are ionic liquids. The 7, of 5
was higher than that of 2 (Table 1). On the contrary, the T values of anionic GTP3 prepared from
the compound 5 (—25 °C) was lower than that of anionic GTP2 prepared from the compound 2
(=10 °C). The long and flexible side chains are considered to increase the polymer segmental
mobility. The Ty value of anionic GTP3 was higher than that of cationic GTP1 (=31 °C), even
though both GTPs have similar side-chain spacer length.?* As mentioned above in the result of
LCST-type phase separation, this result also suggested that the polymer-polymer interaction of
anionic GTP was larger than that of cationic GTP.

The thermal decomposition behavior of the anionic GTPs was investigated by TGA. The sample
weight decreased ca. 2.0 % during the heating to 250 °C. This result is consistent to the water
content change before and after the drying process (see above). Figure S15 and Table 1 summarize
the TGA results. The 5 wt% decomposition temperature (74s) was higher than 300 °C. Compared
with those of the cationic GTPs, the T4s values of the anionic GTPs were slightly lower. However,
the anionic GTPs exhibited sufficient thermal stability to conduct impedance measurements at

temperatures between 10 °C and 100 °C.

Ionic conductivity. The ionic conductivities of the anionic GTPs were analyzed by impedance
spectroscopy under anhydrous condition. Before impedance measurement, the sample was dried
at 120 °C for 2 h under dry Nz flow. As discussed above, the anionic GTP2 and GTP3 contain 0.8
wt% and 0.9 wt% water, respectively. Since the amount of the residual water does not change after
the drying process, ionic conductivity of the anionic GTP2 and GTP3 reported herein are

reproducible, which was confirmed by the measurements in three times. The direct current
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conductivity (opc, S em™!) is the product of charge (e = 1.60 x 107" C), conducting ion

concentration (p, cm ), and conducting ion mobility (u, cm? V~'s™).

opc = epi (1
The p and u values were obtained from the EP model analysis (Supporting Information).?!->+26-29
Figure 4 and Tables S1-S6 summarize the data (opc, p and y). The p values of the anionic GTPs
are on the order of 10!7 (cm™>), whereas the bulk concentrations of EMIM" counter ion are on the
order of 10! (cm ™), which were calculated by assuming the anionic GTP density to be 1.4 g cm™>.
This result indicates that the conducting ion content is on the order of 0.1 %, which is comparable
to the values for single-ion conducting polyelectrolytes.?!>*?° On the other hand, A.P. Sokolov et
al. reported the inverse Haven ratio around 0.1 for single-ion conducting polyelectrolytes,
indicating ca. 10 % conducting ion content.*® It should be noted that the diffusion constant
calculated from the impedance measurement differs depend on the applied model.*>* For comparing
the data reported herein to those in our previous study, the EP model was applied in this study.
The opc and u values followed the Vogel-Fulcher—Tammann (VFT)-type temperature dependence,
reflecting the coupling with the segmental motion of the polymer matrix. The p value followed the

Arrhenius-type temperature dependence with the activation energy (Ea).

obc = oo X exp{—Bo/(T— Ts)} (2)

P = pox exp(—Ea/RT) (3)

1= po > exp{=Bu/(T - Tuw)} 4)

15



where o, po, 1o, Bs, By, Too, and T are the constants.>* Table 2 summarizes the opc, p, and u

values at 25 °C.

(insert Figure 4)
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Figure 4. Temperature dependence of (a) DC conductivity (opc). Dashed curves were fitted using

equation (2). (b) opc vs T¢/T plot. (c) Conducting ion concentration (p). Dashed curves were fitted

using equation (3). (d) p vs T¢/T plot. (¢) Conducting ion mobility (¢). Dashed curves were fitted

using equation (4). u vs T¢/T plot. All measurements were conducted under anhydrous condition.

(insert Table 2)
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Table 2. Ionic conductivity data of GTPs at 25 °C under anhydrous condition.”

Sample name opc (S em™1)’ p(em>)¥  p(em? Vs
Anionic GTP2 7.5 %1077 7.8 x 10" 6.0 x 10°°
Anionic GTP3 1.7 x107¢ 5.5x 10" 2.0x 107

“Although impedance measurement was conducted under anhydrous condition (dry N>
atmosphere), the anionic GTP2 and GTP3 contain ca. 0.8 wt% and 0.9 wt% water, respectively.
’DC conductivity under anhydrous condition. “Conducting ion concentration obtained by EP
model analysis. “Conducting ion mobility obtained by EP model analysis.

The onc value of anionic GTP3 at 25 °C (1.7 x 10°® S cm™!) was higher than that of anionic
GTP2 (7.5 x 1077 S em™). This result followed an empirical rule of poly(ionic liquid)s, namely
“A long and flexible side-chain spacer renders higher ionic conductivity.”>!® The ionic
conductivity of anionic GTP3 was one-order higher than that reported for the
polymethylmethacrylate (PMMA)-based anionic poly(ionic liquid)s comprising the TFSI pendant
and imidazolium counter cation (1.5 x 1077 S cm™! at 25 °C),” which supports the superiority of
the molecular design for the anionic GTP3. It is considered that the residual water in the anionic
GTP also contributes better ionic conductivity than the PMMA-based analogues. The opc value
of anionic GTP3 was considerably less than that of cationic GTP1 despite the similar side-chain
spacer length (Figure 4a). When the opc values were plotted against 7/7, the gap of the opc values
became small, but it still existed (Figure 4b). Some groups have reported an opposite trend that the
anionic poly(ionic liquid) renders higher ionic conductivity than the cationic analog.”*>?¢ The
results of the EP model analysis indicated that the lower ionic conductivity of anionic GTP3 than
that of cationic GTP1 originated from the lower p and u values (Figures 4c and 4e). The carriers
of ionic conduction for the cationic GTP and anionic GTP were the TFSI counter anion and EMIM

counter cation, respectively. The diffusion of the ion in the polymer matrix is affected by both the
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electrostatic interaction and the elastic force of the polymer matrix (segmental motion).*® In case
of the poly(ethylene oxide) (PEO)-salt complex electrolyte, a small cation such as Li" could be
strongly entrapped by the surrounding ether oxygen groups via electrostatic interactions; thus, the
diffusion of the cation is slower than that of the anion.*®*° On the other hand, it was reported that
the diffusion of the EMIM cation was faster than that of the TFSI anion in PEO because the
diffusion of the large cation is affected by the elastic force of the polymer matrix more
significantly.*® Taking van der Waals radii of EMIM cation and TFSI anion (0.303 nm and 0.329

t,*! this result seems to be reasonable. However, it should be noted

nm, respectively) into accoun
that the ion association also affects the ion diffusion.*> In cases of poly(ionic liquid)s, the
associated ions cannot be the mobile ion because one of the ions (cation or anion) is anchored to
the polymer chain. Therefore, the ion association does not change the conducting ion mobility, but
it does reduce the conducting ion concentration in poly(ionic liquid)s. The 7/T plot can eliminate
the difference arising from the effect of the segmental motion and highlight the effect of the
electrostatic force. The x values of anionic GTP2 were larger than those of GTP3 in the T/T plot
(Figure 4f). This result suggested that electrostatic interaction with the ether oxygen groups of the
side chain spacer could slow down the diffusion of the EMIM cation. Because the anionic
poly(ionic liquid)s reported by the other groups were designed without the polyether spacer, it is
considered that those gave higher ionic conductivity than the cationic analogs.”*>%

The electrostatic interaction between the TFSI pendant and EMIM counter ion must be larger
than that between the EMIM pendant and TFSI counter ion, because the anionic charge of the TFSI
pendant was less delocalized by only one trifluoromethyl (CF3) group. The lower p value of anionic

GTP3 than that of cationic GTP1 also suggested stronger electrostatic interactions between the

TFSI pendant and EMIM counter ion (Figure 4d). This is a plausible explanation for larger elastic
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force (lower segmental motion) of anionic GTP3 than cationic GTP1. The stronger electrostatic
interaction between the polymers might also link to LCST behavior of anionic GTPs.

In the ionic conductivity vs Tg/T plot, the ionic conductivity of anionic GTP2 was comparable
to that of anionic GTP3 at higher temperatures, but it became larger and exceeds over the values
of cationic GTP1 at lower temperatures (Figure 4b). This result originated from the higher p value
of anionic GTP2 at low temperatures (Figure 4d). A similar trend that GTP with a short alkyl-
chain spacer gave higher p value than that with an oligo(ethylene glycol) spacer was reported for
the cationic GTPs (Figure S17).* Presumably, a short alkyl chain might suppress the ion

association due to the restricted degree of freedom of the ionic pendant group.

CONCLUSION

The anionic GTPs comprising the TFSI anion pendant and the EMIM counter cation were
successfully synthesized. The anionic GTPs reported herein exhibited LCST-type phase separation
in acetone. The LCST-behavior has not been reported for the cationic GTP analogs. It was
considered that strong electrostatic interactions between the polymers link to LCST behavior of
anionic GTPs. The anionic GTPs reported herein showed higher ionic conductivity than the
PMMA-based analogues. It was confirmed that the anionic GTPs contains 0.8—0.9 wt% water even
after the drying process. It is considered that the hydrophilic groups in the chemical structure of
GTP (polyether main chain and triazole group) contribute to keep the water molecules. The
residual water in the anionic GTP might contribute to improve the ionic conductivity. The anionic
GTPs with a longer side-chain spacer exhibited a lower 7y and higher ionic conductivity.
Compared to cationic GTP1, anionic GTP3 exhibited a higher 7 and lower ionic conductivity

despite of the similar side-chain spacer length. The results of EP analysis indicated that the lower
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ionic conductivity originated from lower p and u values. It was considered that the diffusion of the
EMIM cation slows down by two factors. The first factor is the electrostatic interaction between
the EMIM cation and the ether oxygen groups of the side chain spacer, which contributes to lower
segmental motion at the same time. The second factor is larger elastic force (lower segmental
motion) of the polymer matrix based on larger electrostatic interaction between the TFSI pendant
and the EMIM cation, which contributes to lower conducting ion concentration at the same time.
As a consequence, anionic GTPs reported herein exhibited higher 7; and lower ionic conductivity

than those of cationic GTP analogs.
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