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A new family of polymeric ionic liquids (PILs) based on alkyl and alkyl ether substituted ammoniums and
perfluorinated sulfonimides (i.e., bis(fluorosulfonyl)imide (FSI™), and bis(trifluoromethanesulfonyl)imide
(TESI™)) have been synthesized by polymerization of the corresponding ionic liquid monomers (ILMs).
Their structures and compositions have been characterized by 'H and '°F NMR, FTIR and viscosity-average
molecular weight (M,). The physicochemical properties of both the ILMs and the PILs have been studied in
terms of thermal stability, phase transition, and ionic conductivity. All the prepared ILMs and PILs reveal
excellent thermal stabilities to greater than 250 °C. The PILs containing alkyl ether side unit show sig-
nificant decrease in glass transition temperature (Tg), the values of T of the alkyl ether based-PILs are all
significantly lower by 10—77 °C in magnitude than those of the corresponding alkyl based ones. The ionic
conductivity of alkyl ether based-PILs in the best case increases up to 4.0 x 1076 S cm~! at 30 °C, and
reaches 7.6 x 107> S cm™! at 60 °C, and outperform their ammonium counterparts with alkyl side chain
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that were synthesized as references.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Polymeric ionic liquids (PILs) have been gaining a rapidly
growing attention as promising materials for a wide range of ap-
plications [1—4], which is mainly motivated by the combination of
both the advanced properties of conventional ionic liquids (ILs) and
the flexibility and mechanical properties of polymers. Currently,
there is a growing interest in PILs as safe electrolytes for the
application in electrochemical devices, such as lithium-ion battery
[5—10], solar-cells [11—13], fuel cells [14—17] and supercapacitors
[18]. The properties of PILs can be tailored and modified by modi-
fication of their structures for special application [19—22].

Recently, the art of introducing an alkyl ether group (e.g.
CH30CH,CH, or CH3OCH) into the side chains of onium has
been widely used to realize low-melting, and high conductivity ILs
[23—27], and this method was employed to improve the ionic
conductivity of PILs by D&bbelin et al. [28]. It was found that
pyrrolidinium-based PILs bearing alkyl ether group side chains
exhibited lower T and the blend electrolytes of these PILs with IL
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and lithium salt showed high ionic conductivities. In a recent
article, Koo and coworkers [29] described the synthesis of poly(-
vinylimidazolium) cations containing alkyl ether pendant groups,
and found that the introduction of ethylene oxide pendant group
on the imidazolium cation could improve the chain mobility of the
PILs. All these encouraging results strongly suggest that the alkyl
ether functionalized PILs would be promising component of the
electrolyte materials for electrochemical devices.

In addition, the bis(trifluoromethanesulfonyl)imide (TFSI~) has
been extensively studied as counterion of PILs, because of its
highly delocalized charge distribution and plasticizing effect [5,19—
21,30,31]. While, previous study has shown that lithium salt and ILs
with bis(fluorosulfonyl)imide (FSI™) anion have superior electro-
chemical properties [23,32—35], and we have found that FSI™-
based PILs showed lower glass transition temperature (Tg) and
higher conductivity compared with TFSI-based ones [36]. Thus far,
little has been done on incorporating alkyl ether side chains into
ammonium-based PILs with perfluorinated sulfonimides, and the
structure—properties relationships of these PILs including the
molecular weight, thermal stability, Ty and ionic conductivity have
not fully explored yet. In the present work, we wish to report the
synthesis and characterization of a new family of functionalized
PILs based on the quaternary ammonium with alkyl and alkyl ether
group side chains (Scheme 1 and Table 1), and two representative
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Scheme 1. Synthetic route for the the ionic liquid monomers (ILMs) and polymeric
ionic liquids (PILs).

perfluorinated sulfonimide anions, FSI™ and TFSI™. The structure
effects on the physicochemical and electrochemical properties for
these ionic liquid monomers (ILMs) and PILs are systematically
studied.

2. Experimental
2.1. Materials

Commercially available reagents were obtained from Sino-
pharm Chemical Reagent Co. (China), Shanghai Chemical Reagent
Co. (China), and Aladdin (China), and were analytical grade and
used as received. N-[2-(2-(2-methoxyethoxy)ethoxy)ethyl]-N,N-
dimethylamine and 2-bromoethyl methacrylate were prepared
according to the references [37] and [38], respectively. Lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI, battery grade, Rhodia),
potassium bis(fluorosulfonyl)imide (KFSI, battery grade, Suzhou
Fluolyte, China) were used as received. Azodiisobutyronitrile
(AIBN, 98%, Shanghai Reagent, China) was recrystallized from
methanol before use. All the procedures relative to handling
moisture and oxygen sensitive reagents were performed under a
dry argon atmosphere, or in a glove box (Mikrouna, H,O and
02 < 1 ppm).

2.2. Synthesis

2.2.1. Preparation and characterization of ionic liquid monomers

2.2.1.1. N-(n-Butyl)-N,N-dimethyl-N-[2-(methacryloyloxy )ethyl]
ammonium bis(fluorosulfonyl)imide ([C4Npma 11]FSI). The mixture of
2-(dimethylamino)ethyl methacrylate (DMAEMA, 10.0 g, 64 mmol)
and a little excess of 1-bromobutane (9.7 g, 70 mmol) in acetone
(20 mL) was stirred at room temperature for 12 h. Then, the acetone
and unreacted 1-bromobutane were completely removed under

Table 1

Abbreviation of the 10 ionic liquid monomers (ILMs).
Abbreviation R Anion
[C4Nma,11]FSI n-C4Hg FSI
[C30NMma,11]FSI CH,CH,0CH3 FSI
[C7Nma11]FSI (CH2)sCH3 FSI
[C502NMa11]FSI (CH,CH,0),CH3 FSI
[C703NMma 11]FSI (CH,CH,0);5CH3 FSI
[C4NMA.11]TFSI n-C4H9 TFSI
[C30Nwa 11]TESI CH,CH,0CH3 TFSI
[C7Nma,11]TFSI (CH,)6CH3 TFSI
[C502NMma 11 ]TFSI (CH,CH;0),CH3 TFSI
[C703Npa 11]TFSI (CH,CH,0)35CH3 TFSI

reduced pressure, and the obtained solid was recrystallized from
acetonitrile/ethyl acetate (1/2, v./v.), and dried under high
vacuum at room temperature to afford the intermediate, N-(n-
butyl)-N,N-dimethyl-N-[2-(methacryloyloxy)ethyl]Jammonium
bromide ([C4Nma11]Br), as a solid (16.8 g, 89% yield). Afterwards,
the intermediate, [C4Npa 11]Br (5.0 g, 17 mmol), was dissolved in
deionized water (60 mL), and a slightly excess of KFSI (4.2 g,
19 mmol) was added and stirred for 3 h at room temperature. The
organic layer at the bottom was separated and washed with
deionized water until no more bromide anion was detected
by AgNOj3 solution. The liquid was rigorously dried under vacuum
at room temperature for 24 h to afford pure product, N-(n-butyl)-
N,N-dimethyl-N-[2-(methacryloyloxy )ethyl]ammonium bis(-
fluorosulfonyl)imide ([C4Nma11]FSI), as a colorless oil (6.0 g, 90%
yield). 'TH NMR (399.76 MHz; DMSO-dg; TMS; ppm): 6 = 0.94 (t,
3H), 1.30 (m, 2H), 1.66 (m, 2H), 1.92 (s, 3H), 3.31 (s, 2 x 3H), 3.36 (t,
2H), 3.70 (t, 2H), 4.53 (t, 2H), 5.77 (s, 1H), 6.09 (s, 1H). '°F NMR
(376.05 MHz; DMSO-dg; CCIsF; ppm): 6 = 53.5. ESI-MS: m/z (%): 214
(100) [C4Nma11]T, 180 (100) FSI™. Elemental analysis calcd (%) for
C12H24F2N706S5: C, 36.54; H, 6.13; N, 7.10. Found (%): C, 36.61; H,
6.09; N, 7.08. IR (KB, max, cm~1): 3047 (s), 2968 (m), 1723 (s), 1636
(m), 1382 (s), 1320 (m), 1181 (s), 1106 (s), 951 (s), 832 (m).

2.2.1.2. N-(n-Butyl)-N,N-dimethyl-N-[2-(methacryloyloxy )ethyl]
ammonium  bis(trifluoromethanesulfonyl) imide ([C4Npa 11]TFSI).
This monomer was prepared from [C4Nya 11]Br and LiTFSI accord-
ing to similar procedures as described above for [C4Nma11]FSL
Yield: 90%, colorless oil. 'TH NMR (399.76 MHz; DMSO-dg; TMS;
ppm): 6 = 0.94 (t, 3H), 1.30 (m, 2H), 1.66 (m, 2H), 1.92 (s, 3H), 3.31 (s,
2 x 3H), 3.36 (t, 2H), 3.70 (t, 2H), 4.53 (t, 2H), 5.77 (s, 1H), 6.08 (s,
1H). '°F NMR (376.05 MHz; DMSO-dg; CCIsF; ppm): 6 = —78.9. ESI-
MS: mfz (%): 214 (100) [C4Nma11]T, 280 (100) TFSI~. Elemental
analysis calcd (%) for C14H24FsN20gS2: C, 34.01; H, 4.89; N, 5.67.
Found (%): C, 34.14; H, 4.82; N, 5.86. IR (KB, vmax, cm™1): 2970 (m),
1724 (s),1637 (m), 1353 (s), 1296 (w), 1058 (s), 1140 (s), 1196 (s), 952
(w), 790 (m).

2.2.1.3. N,N-Dimethyl-N-[2-(methacryloyloxy)ethyl]-N-(2-
methoxyethyl)Jammonium bis(fluorosulfonyl)imide ([C30Npa 11]FSI).
This monomer was prepared from N,N-dimethyl-N-[2-(meth-
acryloyloxy)ethyl]-N-(2-methoxyethyl)Jammonium iodide
([C30Nma11]l) and KFSI according to similar procedures as
described above for [C4Nya 11]FSI. Yield: 90%, colorless oil. TH NMR
(399.76 MHz; DMSO-ds; TMS; ppm): 6 = 1.91 (s, 3H), 3.15 (s,
2 x 3H),3.30(s, 3H), 3.63 (t, 2H), 3.73—3.77 (m, 2 x 2H), 4.53 (t, 2H),
5.77 (s, 1H), 6.09 (s, 1H). '°F NMR (376.05 MHz; DMSO-dg; CCI3F;
ppm): § = 53.5. ESI-MS: m/z (%): 216 (100) [C30Npa11]™, 180 (100)
FSI™. Elemental analysis calcd (%) for C11H22F2N207S5: C, 33.33; H,
5.59; N, 7.07. Found (%): C, 33.43; H, 5.52; N, 7.02. IR (KBr, vmax,
cm™1): 3047 (s), 2936 (m), 1723 (s), 1635 (m), 1382 (s), 1182 (s), 1107
(s), 919 (w), 832 (m).

2.2.1.4. N,N-Dimethyl-N-[2-(methacryloyloxy)ethyl]-N-(2-
methoxyethyl)ammonium  bis(trifluoromethanesulfonyl)  imide
([C30NMa 11]TFSI). This monomer was prepared from [C30Nma11]!
and LiTFSI according to similar procedures as described above for
[C4Nma11]FSL. Yield: 90%, colorless oil. 'H NMR (399.76 MHz;
DMSO-dg; TMS; ppm): 6 = 1.92 (s, 3H), 3.15 (s, 2 x 3H), 3.30 (s, 3H),
3.63 (t, 2H), 3.73—3.77 (m, 2 x 2H), 4.53 (t, 2H), 5.77 (s, 1H), 6.09 (s,
1H). 1°F NMR (376.05 MHz; DMSO-dg; CCIsF; ppm): 6 = —78.9. ESI-
MS: m/z (%): 216 (100) [C30Nma11]™, 280 (100) TFSI~. Elemental
analysis calcd (%) for Ci3H22FsN207S,: C, 31.45; H, 4.47; N, 5.64.
Found (%): C, 31.48; H, 4.42; N, 5.56. IR (KB, #max, cm~1): 2930 (m),
1723 (s), 1636 (m), 1473 (m), 1382 (s), 1215 (m), 1182 (s), 1107 (s),
957 (w), 832 (m), 751 (m).
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2.2.1.5. N,N-Dimethyl-N-(n-heptyl)-N-[2-(methacryloyloxy)ethyl]
ammonium bis(fluorosulfonyl)imide ([C7Npa 11JFSI). This monomer
was prepared from N,N-dimethyl-N-(n-heptyl)-N-[2-(meth-
acryloyloxy)ethyl]ammonium bromide ([C7Nma 11]Br) and KFSI ac-
cording to similar procedures as described above for [C4Nma 11]FSL
Yield: 88%, colorless oil. 'TH NMR (399.76 MHz; DMSO-dg; TMS;
ppm): 6 = 0.88 (t, 3H), 1.22—1.34 (m, 4 x 2H), 1.68 (m, 2H), 1.92 (s,
3H), 3.09 (s, 2 x 3H), 3.36 (t, 2H), 3.69 (t, 2H), 4.53 (t, 2H), 5.77 (s,
1H), 6.08 (s, 1H). '°F NMR (376.05 MHz; DMSO-dg; CCI3F; ppm):
0 = 53.5. ESI-MS: m/z (%): 256 (100) [C;Nma11], 180 (100) FSI™.
Elemental analysis calcd (%) for C15sH30F2N206S2: C, 41.27; H, 6.93;
N, 6.42. Found (%): C, 41.32; H, 6.85; N, 6.49. IR (KB, ymax, cm™1):
3047 (s), 2931 (m), 1724 (s), 1640 (m), 1464 (m), 1382 (s), 1106 (s),
1296 (w), 1215 (m), 1181 (s), 919 (w), 832 (m).

2.2.1.6. N,N-Dimethyl-N-(n-heptyl)-N-[2-(methacryloyloxy)ethyl]
ammonium bis(trifluoromethanesulfonyl) imide ([C7zNma 11]TFSI).
This monomer was prepared from [C7Nma 11]Br and LiTFSI accord-
ing to similar procedures as described above for [C4Nma11]FSI
Yield: 85%, colorless oil. 'H NMR (399.76 MHz; DMSO-dg; TMS;
ppm): 6 = 0.88 (t, 3H), 1.23—1.35 (m, 4 x 2H), 1.68 (m, 2H), 1.92 (s,
3H), 3.09 (s, 2 x 3H), 3.36 (t, 2H), 3.69 (t, 2H), 4.53 (t, 2H), 5.77 (s,
1H), 6.08 (s, 1H). '%F NMR (376.05 MHz; DMSO-dg; CCIsF; ppm):
6 = —78.9. ESI-MS: m/z (%): 256 (100) [C;Nma11]*, 280 (100) TFSI .
Elemental analysis calcd (%) for C;7H30FgN206S2: C, 38.05; H, 5.64;
N, 5.22. Found (%): C, 38.07; H, 5.69; N, 5.29. IR (KB, vmax, cm~1):
3047 (s), 2931 (m), 1724 (s), 1635 (m), 1464 (m), 1382 (s), 1106 (s),
1296 (w), 1215 (m), 1181 (s), 919 (w), 832 (m).

2.2.1.7. N,N-Dimethyl-N-[2-(methacryloyloxy)ethyl]-N-[2-(2-
methoxyethoxy JethylJammonium bis(fluorosulfonyl)imide
([C502NMa 11]FSI). This monomer was prepared from N,N-dimethyl-
N-[2-(methacryloyloxy)ethyl]-N-[2-(2-methoxyethoxy )ethyl]
ammonium iodide ([C502Nma11]l) and KFSI according to similar
procedures as described above for [C4Nwya 11]FSI. Yield: 80%, color-
less oil. '"H NMR (399.76 MHz; DMSO-dg; TMS; ppm): 6 = 1.92 (s,
3H), 3.15 (s, 2 x 3H), 3.26 (s, 3H), 3.47 (t, 2H), 3.59 (t, 2H), 3.64 (t,
2H), 3.76 (t, 2H), 3.86 (t, 2H), 4.54 (t, 2H), 5.76 (s, 1H), 6.09 (s, TH).
19F NMR (376.05 MHz; DMSO-dg; CCI3F; ppm): 6 = 53.5. ESI-MS: m/
z (%): 260 (100) [C502Npma11]T, 180 (100) FSI~. Elemental analysis
calcd (%) for C13H26F2N20gS5: C,35.45; H, 5.95; N, 6.36. Found (%): C,
35.54; H, 5.92; N, 6.36. IR (KB, 7max, cm1): 2930 (m), 1723 (s), 1635
(m), 1473 (m), 1382 (s), 1215 (m), 1182 (s), 1107 (s), 957 (w), 832 (m),
751 (m).

2.2.1.8. N,N-Dimethyl-N-[2-(methacryloyloxy)ethyl]-N-[2-(2-
methoxyethoxy JethylJammonium bis(trifluoromethanesulfonyl)imide
([C502NMa 11 ]TESI). This monomer was prepared from [C502Npa11]1
and LiTFSI according to similar procedures as described above for
[C4NMma11]FSL Yield: 80%, colorless oil. TH NMR (399.76 MHz;
DMSO-dg; TMS; ppm): 6 = 1.92 (s, 3H), 3.15 (s, 2 x 3H), 3.27 (s, 3H),

3.47 (t,2H), 3.59 (t, 2H), 3.64 (t, 2H), 3.76 (t, 2H), 3.86 (s, 2H), 4.54 (t,
2H), 5.77 (s, 1H), 6.08 (s, TH). '°F NMR (376.05 MHz; DMSO-dg;
CCIsF; ppm): 6 = —78.9. ESI-MS: m/z (%): 260 (100) [C502Nma11]™,
280 (100) TFSI™. Elemental analysis calcd (%) for C15Ha6FsN20gS>: C,
33.33; H, 4.85; N, 5.18. Found (%): C, 33.44; H, 4.82; N, 5.16. IR (KBr,
Ymax, €M~ 1): 2968 (m), 2934 (m), 1724 (s), 1637 (m), 1474 (m), 1354
(s), 1296 (w), 1058 (s), 1140 (s), 1197 (s), 955 (m), 790 (m).

2.2.1.9. N,N-Dimethyl-N-[2-(methacryloyloxy )ethyl]-N-[2-(2-(2-
methoxyethoxy Jethoxy )ethylJammonium bis(fluorosulfonyl)imide
([C703NMa 11]FSI). The mixture of N-[2-(2-(2-methoxyethoxy)
ethoxy)ethyl]-N,N-dimethylamine (10.0 g, 52 mmol) and a little
excess of 2-bromoethyl methacrylate (11.0 g, 57 mmol) in acetone
(30 mL) was stirred at room temperature for 3 days. Then, the
acetone and unreacted 2-bromoethyl methacrylate were
completely removed under reduced pressure, and the obtained
product was recrystallized from acetonitrile/ethyl acetate (1/2, v./
v.), and dried under high vacuum at room temperature to afford the
intermediate, N,N-dimethyl -N-[2-(methacryloyloxy)ethyl]-N-[2-
(2-(2-methoxyethoxy)ethoxy)ethyl]ammonium bromide
([C703NMma11]Br), as a solid (19.6 g, 89% yield). Finally, [C703Nma11]
FSI was prepared from [C7;03Nwa 11]Br and KFSI according to similar
procedures as described above for [C4Nwa 11]FSI. Yield: 80%, color-
less oil. 'TH NMR (399.76 MHz; DMSO-dg; TMS; ppm): § = 1.91 (s,
3H), 3.16 (s, 2 x 3H), 3.24 (s, 3H), 3.42 (t, 2H), 3.53 (t, 4H), 3.58 (t,
2H), 3.65 (t, 2H), 3.76 (t, 2H), 3.86 (s, 2H), 4.53 (t, 2H), 5.76 (s, 1H),
6.09 (s, 1H). '°F NMR (376.05 MHz; DMSO-dg; CCI3F; ppm): 6 = 53.5.
ESI-MS: m/z (%): 304 (100) [C;03Nma11] T, 180 (100) FSI". Elemental
analysis calcd (%) for Ci5H30F2N209S2: C, 37.18; H, 6.24; N, 5.78.
Found (%): C, 37.08; H, 6.27; N, 5.74. IR (KB, vmax, cm~1): 3048 (s),
2888 (m), 1634 (m), 1724 (s), 1382 (s), 1297 (w), 1183 (s), 1106 (s),
958 (m), 832 (m).

2.2.1.10. N,N-Dimethyl-N-[2-(methacryloyloxy )ethyl]-N-[2-(2-(2-
methoxyethoxy Jethoxy JethylJammonium  bis(trifluoromethanesul-
fonyl)imide ([C703Npa,11JTFSI). This monomer was prepared from
([C703NMma11]Br) and LIiTESI according to similar procedures as
described above for [C703Nya 11]FSI. Yield: 80%, colorless oil. H
NMR (399.76 MHz; DMSO-dg; TMS; ppm): 6 = 1.96 (s, 3H), 3.17 (s,
2 x 3H), 3.24 (s, 3H), 3.43 (t, 2H), 3.54 (t, 4H), 3.58 (t, 2H), 3.65 (t,
2H), 3.74 (t, 2H), 3.90 (s, 2H), 4.53 (t, 2H), 5.72 (s, 1H), 6.13 (s, 1H).
19F NMR (376.05 MHz; DMSO-dg; CCl3F; ppm): 6 = —78.9. ESI-MS:
mjz (%): 304 (100) [C;03Npma11]", 280 (100) TFSI™. Elemental
analysis calcd (%) for Ci7H39FgN209S>: C, 34.93; H, 5.17; N, 4.79.
Found (%): C, 34.97; H, 5.24; N, 4.78. IR (KB, Vmax, cm~1): 3048 (s),
2888 (m), 1724 (s), 1636 (m), 1353 (s), 1297 (w), 1195 (s), 1058 (s),
958 (m), 849 (m).

2.2.2. Preparation and characterization of PILs
The PILs were synthesized by polymerizing the corresponding
neat monomer in acetone or other solvent (Table 2) via a free

Table 2
Characterization of polymeric ionic liquids (PILs) of [C502Nma11]FSI at different preparative conditions.
Entry I/m® (%) M/s® Solvent [ (cm3 g1 M, (10% g mol~ 1) Appearance
1 1 0.5 Dimethylformamide - - Liquid
2 4 1 Acetone 10 1.8 Viscous liquid
3 2 1 Acetone 21 6 Sticky rubber
4 1 1 Acetone 67 39 Soft rubber
5 1 2 Dimethylformamide 87 59 Soft rubber
6 1 4 Dimethylformamide - - Crosslinked

2 Molar ratio of the initiator to the monomer.
b Volume ratio of the monomer to the solvent.
¢ In MEK solution containing 10 mM KFSI at 30 °C.

4 Employing [n] = KM% with parameters of K = 2.3 x 1072 cm® g~! and « = 0.62 [39—41].
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radical process. In a typical reaction, [C4Nma 11]FSI (3.0 g, 7.6 mmol),
AIBN (1.3 mg, i.e., [AIBN]/[vinyl unit] = 0.01 by mole) as initiator,
and acetone (2 mL, i.e., V[acetone]/V[monomer] = 1/1) were mixed
to form a homogeneous solution, and were heated to 70 °C for 10 h
under argon atmosphere. Then, a small amount of acetone (ca.
5-10 mL) was added into the resulting inhomogeneous solutions
until the solid dissolved completely. The product was isolated and
purified by pouring the solution into a large excess of ether
(100 mL), the solid obtained was then washed thoroughly with
ether three times (3 x 50 mL) and dried rigorously under high
vacuum at 70 °C for 24 h to afford the target polymer product,
poly(N-(n-butyl)-N,N-dimethyl-N-[2-(methacryloyloxy)ethyl]
ammonium) bis(fluorosulfonyl)imide (P[C4Nwma 11]FSI), as a white
powder (2.4 g, 80%). '"H NMR (399.76 MHz; DMSO-dg; TMS; ppm):
6 = 0.89—1.15 (board, 8H), 1.24—1.42 (board, 2H), 1.62—1.81 (board,
2H), 3.11-3.25 (board, 2H), 3.58—3.62 (board, 2 x 3H), 3.82—3.90
(board, 2H), 4.31—4.52 (board, 2H). '°F NMR (376.05 MHz; DMSO-
de; CCIsF; ppm): 6 = 53.5. IR (KB, 7max, M~ 1): 2934 (m), 1730 (s),
1382 (s), 1263 (w), 1217 (m), 1182 (s), 1108 (s), 957 (m), 831 (m), 749
(m). Intrinsic viscosity ([7]): [#] = 67.0 cm® g, viscosity-average
molecular weight (My): My = 3.9 x 10° g mol~".

2.2.2.1. Poly(N-(n-butyl)-N,N-dimethyl-N-[2-(methacryloyloxy )ethyl]
ammonium) bis(trifluoromethanesulfonyl) imide (P[C4Npa 11]TFSI).
Yield: 82%, white powder. TH NMR (399.76 MHz; DMSO-dg; TMS;
ppm): 6 = 0.88—1.16 (board, 8H), 1.22—1.41 (board, 2H), 1.63—1.80
(board, 2H), 3.13—3.26 (board, 2H), 3.57—3.63 (board, 2 x 3H),
3.82-3.90 (board, 2H), 4.32—4.54 (board, 2H). ”F NMR
(376.05 MHz; DMSO-dg; CClIsF; ppm): 6 = —78.9. IR (KBr, vmax,
cm™1): 2959 (m), 1729 (s), 1479 (m), 1353 (s), 1296 (w), 1058 (s),
1139 (s), 1195 (s), 968 (w), 790 (m). [n] = 68.6 cm® g,
My = 4.0 x 10°> g mol .

2.2.2.2. Poly(N,N-dimethyl-N-[2-(methacryloyloxy)ethyl]-N-(2-
methoxyethyl)Jammonium)  bis(fluorosulfonyl)imide (P[C30Npa 11]
FSI). Yield: 76%, white powder. "H NMR (399.76 MHz; DMSO-dg;
TMS; ppm): 6 = 0.87—1.28 (board, 5H), 3.12—3.21 (board, 3 x 3H),
3.31-3.39 (board, 2H), 3.60—3.67 (board, 2H), 3.82—3.90 (board,
2H), 4.31—4.52 (board, 2H). '°F NMR (376.05 MHz; DMSO-dg; CCI5F;
ppm): 6 = 53.5. IR (KB, ¥max, cm~1): 2994 (m), 1729 (s), 1477 (m),
1382 (s), 1265 (w), 1217 (m), 1107 (s), 1181 (s), 920 (w), 955 (w), 832
(m), 751 (m). [7] = 44.0 cm® g~ ', My = 2.0 x 10° g mol .

2.2.2.3. Poly(N,N-dimethyl-N-[2-(methacryloyloxy)ethyl]-N-(2-
methoxyethylJammonium)  bis(trifluoromethanesulfonyl)imide (P
[C30Nya 11]TFSI). Yield: 80%, white powder. 'H NMR (399.76 MHz;
DMSO-dg; TMS; ppm): 6 = 0.88—1.27 (5H), 3.11-3.19 (board,
3 x 3H), 3.32—3.39 (board, 2H), 3.61—3.68 (board, 2H), 3.82—3.90
(board, 2H), 4.31—-4.52 (board, 2H). °F NMR (376.05 MHz; DMSO-
dg; CCl3F; ppm): 6 = —78.9. IR (KB, max, cm™1): 2994 (m), 1729 (s),
1478 (m), 1353 (s), 1057 (s), 1297 (w), 1139 (s), 1193 (s), 954 (m), 790
(m). [n] =470 cm® g1, My = 2.2 x 10°> g mol .

2.2.2.4. Poly(N,N-dimethyl-N-(n-heptyl)-N-[2-(methacryloyloxy)
ethylJammonium) bis(fluorosulfonyl)imide (P[C7Npa,11]FSI).
Yield: 75%, white powder. TH NMR (399.76 MHz; DMSO-dg; TMS;
ppm): 6 = 0.88—1.08 (board, 8H), 1.12—1.32 (board, 8H), 1.70—1.83
(board, 2H), 3.04—3.14 (board, 2 x 3H), 3.34—3.45 (board, 2H),
3.52-3.61 (board, 2H), 4.30-4.53 (board, 2H). °F NMR
(376.05 MHz; DMSO-dg; CCIsF; ppm): 6 = 53.5. IR (KB, vmax, cm~1):
2958 (m), 1729 (s), 1480 (m), 1382 (s), 1216 (m), 1181 (s), 1106 (s),
967 (w), 832 (m). [7] = 704 cm® g1, My = 4.2 x 10° g mol L.

2.2.2.5. Poly(N,N-dimethyl-N-(n-heptyl)-N-[2-(methacryloyloxy)
ethyllJammonium) bis(trifluoromethanesulfonyl) imide (P[C7/Nma 1]

TFSI). Yield: 72%, white powder. 'H NMR (399.76 MHz; DMSO-ds;
TMS; ppm): 6 = 0.86—1.09 (board, 8H), 1.10—1.31 (board, 4 x 2H),
1.72—1.81 (board, 2H), 3.05—3.13 (board, 2 x 3H), 3.32—3.41 (board,
2H), 3.55—3.62 (board, 2H), 4.31—4.52 (board, 2H). °F NMR
(376.05 MHz; DMSO-dg; CCIsF; ppm): 6 = —78.9. IR (KBr, vmax,
cm~1): 2969 (m), 1729 (s), 1480 (m), 1353 (s), 1297 (w), 1058 (s),
1139 (s), 1194 (s), 957 (m), 791 (m). [5] = 559 cm’® g7,
My = 2.9 x 10° g mol .

2.2.2.6. Poly(N,N-dimethyl-N-[2-(methacryloyloxy )ethyl]-N-[2-(2-
methoxyethoxy JethylJammonium) bis(fluorosulfonyl)imide (P
[C502NMma 11JFSI). Yield: 70%, soft rubber. 'H NMR (399.76 MHz;
DMSO-ds; TMS; ppm): 6 = 0.86—1.04 (board, 5H), 3.12—3.17 (board,
3 x 3H), 3.44—3.52 (board, 2 x 3H), 3.52—3.61 (board, 2H), 3.86—
3.92 (board, 2H), 4.32—4.36 (board, 2H). "9F NMR (376.05 MHz;
DMSO-dg; CClsF; ppm): 6 = 53.5. IR (KB, ¥max, cm™~1): 2932 (m),
1729 (s), 1476 (m), 1382 (s), 1264 (w), 1217 (m), 1181 (s), 1107 (s),
959 (w), 832 (m). [n] = 66.6 cm®> g1, My = 3.8 x 10° g mol .

2.2.2.7. Poly(N,N-dimethyl-N-[2-(methacryloyloxy )ethyl]-N-[2-(2-
methoxyethoxy JethylJammonium) bis(trifluoromethanesulfonyl)
imide (P[C503Nma11]TFSI). Yield: 68%, soft rubber. TH NMR
(399.76 MHz; DMSO-dg; TMS; ppm): 6 = 0.86—1.00 (board, 5H),
3.14—3.19 (board, 3 x 3H), 3.45—3.51 (board, 2 x 3H), 3.55—3.63
(board, 2H), 3.85—3.91 (board, 2H), 4.31—4.37 (board, 2H). °F NMR
(376.05 MHz; DMSO-dg; CCIsF; ppm): 6 = —78.9. IR (KBr, vmax,
cm1): 3049 (m), 1730 (s), 1482 (m), 1353 (s), 1058 (s), 1296 (w),
1139 (s), 1191 (s), 953 (m), 790 (m). [y] = 54.3 cm® g7,
My = 2.8 x 10° g mol™ .

2.2.2.8. Poly(N,N-dimethyl-N-[2-(methacryloyloxy )ethyl]-N-[2-(2-
(2-methoxyethoxy Jethoxy JethylJammonium) bis(fluorosulfonyl Jimide
(P[C703Npa 11]FSI). Yield: 62%, sticky rubber. "H NMR (399.76 MHz;
DMSO-dg; TMS; ppm): 6 = 0.91-1.12 (board, 5H), 3.14—3.25 (board,
9H), 3.51-3.54 (board, 2H), 3.60—3.73 (board, 10H), 3.85—3.91
(board, 2H), 4.31—4.37 (board, 2H). '°F NMR (376.05 MHz; DMSO-
de; CCIsF; ppm): 6 = 53.5. IR (KB, ¥max, cm™~1): 2888 (m), 1728 (s),
1474 (m), 1382 (s), 1216(m), 1181 (s), 1106 (s), 831 (m).
[n]=422cm’® g\, My = 1.8 x 10° g mol .

2.2.2.9. Poly(N,N-dimethyl-N-[2-(methacryloyloxy )ethyl]-N-[2-(2-
(2-methoxyethoxy Jethoxy Jethyljammonium) bis(tri-
fluoromethanesulfonyl)imide (P[C703Npa, 11]TFSI). Yield: 60%, sticky
rubber. 'H NMR (399.76 MHz; DMSO-ds; TMS; ppm): 6 = 0.90—1.14
(board, 5H), 3.11-3.22 (board, 9H), 3.54—3.56 (board, 2H), 3.58—
3.64 (board, 10H), 3.84—3.92 (board, 2H), 4.33—4.39 (board, 2H). '°F
NMR (376.05 MHz; DMSO-dg; CCIsF; ppm): 6 = —78.9. IR (KBr, Vmax,
cm™1): 2918 (m), 1728 (s), 1474 (m), 1352 (s), 1190 (s), 1138 (s), 831
(m). [n] =381 cm? g™, M, = 1.6 x 10°> g mol ..

2.3. Instrumentation

'H (399.65 MHz), and '°F (376.05 MHz) NMR spectra were
recorded on a Bruker AV400 spectrometer, and dimethyl sulfoxide-
ds (DMSO-dg) was used as solvent. Chemical shift values are re-
ported in ppm relative to TMS for 'H, and to external references,
CCI5F, for °F. Electrospray ionization mass spectra (ESI-MS) were
measured on a PerkinElmer ELAN DRC—e spectrometer. Element
analyses (C, H, and N) were performed on an Elementar Vario Micro
Cube elemental analyzer. Fourier transform infrared spectra (FTIR)
were recorded on a Bruker Equinox 55 spectrometer at a resolution
of 2 cm™!, and the scan number equals to 32 (KBr pellets).

The intrinsic viscosity ([n]) of the prepared PILs was measured
using an Ubbelohde-type viscometer at 30 °C in methyl ethyl ke-
tone (MEK), which contained 10 mM KFSI for suppression of
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polyelectrolyte effect [37—39]. The values of viscosity-average
molecular weight (M) of the prepared PILs were calculated ac-
cording to Mark—Houwink—Sakurada equation, [] = KM%, wherein
K=23x 102 cm? g ! and « = 0.62, were determined by using a
polystyrene/MEK solution at 30 °C [39—41]. Polystyrene was used
as an internal standard.

The calorimetric measurement was performed on a differential
scanning calorimeter (Netzsch 200 F3). The prepared ILMs or PILs
(see Section 2.2) sample with average weight of ca. 5 mg was
hermetically sealed in an aluminum pan in a glove box (H,0 and
0, < 1 ppm). The as-prepared sample was initially cooled from
room temperature (20—25 °C) to —150 °C and was allow to stand
for 5 min, and then heated to 150 °C at a rate of 10 °C min~! under
nitrogen flow. The glass transition temperature (T, onset of the
heat capacity change) was detected at the heating scan.

Thermal gravimetric analysis (TGA) was performed on a Perki-
nElmer Pyris 1 TGA system. Samples of average weight of 5—10 mg
were placed in a platinum pan and heated at 10 °C min~! from
room temperature to 600 °C under a flow of nitrogen. The tem-
perature at which 5% weight lost was defined as the decomposition
temperature (Tg).

The water content of ILMs was detected by Karl-Fischer titration
(Metrohm KF 831).

The density (p, in g cm~3) of ILMs was the mean of three mea-
surement values, which were determined by measuring the weight
of three separate samples of 1.0 mL at 25 °C.

The viscosity (7, in cP) of ILMs was measured on a program-
mable viscometer (Brookfield, DV-III+) in a homemade box filled
with Ar, and the temperature was accurately controlled at
25 + 0.1 °C with a Brookfield TC-502 oil bath.

The ionic conductivities (g, in S cm~!) were measured by using
ac impedance spectroscopic technique. The ac impedance spectra
were measured on an Autolab PGSTAT302N impedance analyzer
(Eco Chemie, Netherlands) in the frequency range from 0.1 to
108 Hz over a temperature range from 10 to 60 °C at an interval of
5 °C. The temperature was accurately controlled to +0.1 °C with a
JULABO F12 oil bath. At each temperature of measurement, the cells
were allowed to equilibrate for at least 30 min for good contact. The
conductivity of ILMs was measured in a sealed platinum black disk
conductivity cell (cell constant: 9.96 cm™~'). The cell was calibrated
with 0.1 M KCl aqueous solution before and after each measure-
ment. The conductivity of PILs was performed on symmetric two-
electrode stainless steel (SS) | polymer electrolyte | SS cells. The
polymer electrolyte was sandwiched between a pair of stainless
steel blocking electrodes and a Teflon spacer was used to maintain
the proper diameter (5 mm in diameter) and sample thickness
(200 pum thick). Before measurement, the sandwiched cell was
heated at 60 °C for 4 h for obtaining good contact, and then were
allowed to stand at room temperature overnight. The ionic con-
ductivity was derived from the value of resistance (R, in Q) of the
bulk electrolyte obtained in the complex impedance diagram, ac-
cording to the equation: ¢ = L/(RS), where L (cm) is the thickness of
membrane of the polymer electrolyte, and S (cm?) is the area of the
membrane.

3. Results and discussion
3.1. Synthesis of ILMs and PILs

The preparation for the ILMs in the present study is shown in
Scheme 1 and Table 1, where each subscript in the abbreviation
denotes a side chain group of the ammonium cation (i.e. CHs, 2-
(methacryloyloxy)ethyl groups in the cations are subscripted as 1,
MA, respectively), while C; and C,0,, in the abbreviations mean
the changed side chains (i.e., Cpy is alkyl, Gy, = n-CyHam 1, m =4 and

7; CnOp is alkyl ether, C30 = CH,CH,0CH3, C50, = (CH2CH20),CHs,
and C;03 = (CH,CH,0)3CH3). The ten ILMs comprised of the five
cations and two anions in Scheme 1 were prepared by a metathesis
reaction of the corresponding ammonium salt with a slight excess
of KFSI or LiTFSI (1.05 equiv.) in water at room temperature.

All these 10 new ammonium ILMs are hydrophobic and colorless
liquids at room temperature. Their structures and compositions
were confirmed by 'H and '°F NMR, and elemental analyses (see
Section 2.2).

Fig. 1 shows '"H NMR spectra of the representative IL monomer
[C502NMma11]FS], and its polymer, P[C502Nma 11]FSI. [C502NMma 11]FSI
monomer shows proton signals at 6.06 and 5.79 ppm corre-
sponding to the vinyl group (CH,=CH(CH3)—C). After the poly-
merization of the monomer, the double bond peaks disappeared,
while new proton signals representing single bond peaks appeared
between 0.86 and 1.00 ppm (CH,—CH(CH3)—C), which suggests
that [C50,Nma11]FSI was polymerized successfully. Additionally,
the disappearance of double bond stretching frequencies at around
1640 cm~! in the FTIR spectrum also strongly supports the suc-
cessful polymerization.

It has been shown that the physicochemical and electrochemical
properties of PILs (e.g., solubility, film-forming ability and con-
ductivity) are greatly affected by their molecular weights [41].
Herein, the free radical polymerization of [C502Nma11]FSI was
studied in detail and the optimal conditions for the preparation of
good physicochemical properties polyelectrolytes were elaborated.
AIBN was used as a standard well known initiator for free radical
polymerization processes. To exclude the inhibition by air oxygen,
the reaction was carried out in degasified sealed ampoule.

The influence factors such as the nature of the solvent and its
quantity, the reaction time and the concentration of the monomer
on the yield and inherent viscosity of the P[C502Nma11]FSI were
summarized in Table 2.

Fig. 2 shows the influence of the molecular weight on the con-
ductivity and appearance of the P[C502Nya 11]FSL. The result in-
dicates that the size of the polyelectrolyte chain strongly influences
the conductivity of the obtained PIL. The conductivities change in
the range of nearly three orders of magnitude (from 10~# to
1077 S cm™! at 30 °C). Starting from the pure monomer,
[C502Nma 11]FSI, with the conductivity of 3.7 x 1074S cm ™! at 30 °C,
the conductivity curve sharply decreases with the increase of
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a g b
\(\b/ﬁl d o/ psi® (b)
o 0/\/Tv\ j
e h ito o
phiom-o | Dmso,
h-k
e
d a,b,c
6 5 4 3 2 1
5 (ppm)

Fig. 1. '"H NMR spectra of the ionic liquid monomer, [C50,Nyma11]FSI (a), and its
polymer, P[C502Npa 11]FSI (b).
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Fig. 2. The conductivities (at 30 °C) and appearance of the polymeric ionic liquids
(PILs), P[C502Nma 11]FSI, with different inherent viscosity (in MEK solution at 30 °C).

molecular weight until the conductivity becomes 3.8 x 1077 S cm™!

while the molecular weight of PIL approaches 6.0 x 10> g mol~L In
addition, the appearance of the P[C50,Nwma11]FSI changes from
viscous liquid (inset of Fig. 2a) to sticky rubber (inset of Fig. 2b) and
then to soft rubber (inset of Fig. 2¢) with the increase of molecular
weight. However, with further increasing the molecular weight, P
[C502NMma11]FSI is cross-linked (inset of Fig. 2d, which shows the
swelling behavior of the P[C502Npma 11]FSI in acetone) and insoluble
in various solvents, such as tetrahydrofuran (THF), acetone, dime-
thylformamide (DMF), methanol and dimethylsulfoxide (DMSO).
This would be attributed to the oxygen radicals generated by high
concentration of alkyl ether group during the polymerization,
initiate the crosslinking, and thus results in the gelation of the P
[C502NMma11]FSI [42]. The obtained result leads to the conclusion
that molecular weight is crucial to the ionic conductivity and film-
forming ability of PILs. In this case, P[C502Nma 11 ]FSI with a medium
molecular weight (3.8 x 10° g mol~!, Table 2, entry 4) shows a
relative good balance between ionic conductivity and film-forming
ability.

The other PILs were prepared via free radical polymerization
according to the optimized condition (Table 2, entry 4) for the
preparation of P[C502Nwa 11]FSI. Fig. 3 shows the appearance of the
FSI™-based PILs films prepared by casting the solutions of PILs in
acetone onto the Teflon dish. Depending on the structure of the
PILs, the obtained films differ by their appearance and film-forming
abilities. P[C4Nma 11]FSI and P[C30Npia 11 ]FSI with shorter side chain
length provide films which are brittle at room temperature, and P
[C703NMa 11]FSI with the longest side chain length generates sticky
film, while P[C7Nma 11]FSI and P[C50,Nwa 11]FSI are possessing tight
elastic films, and the latter one is more flexible. This result reveals
that the enlargement of the space of polymer backbone by longer
side chain length (especially alkyl ether side chain) of ammonium-
based PILs can greatly improve the mechanical properties. Such

tendency in the film-forming behavior of PILs is in agreement with
our DSC results (see Section 3.3).

3.2. Thermal stability

Fig. 4 depicts the TGA traces for the FSI™- and TFSI -based
monomers. All the monomers can be stable up to 250 °C. The
thermal stabilities of the FSI"-based monomers are obviously lower
than that of the TFSI™-based ones, as already observed in previous
studies [27,35]. This could be attributed to the poor thermal sta-
bility of FSO,-group towards pyrolysis [35]. In addition, the values
of Tq of these methoxyethyl substituted ammonium ILMs are lower
than those of the hydrocarbon alkyl substituted ammonium ones.
This is consistent with the reported results that having an ether
function into the onium of the ILs generally causes a decrease in
thermal stability [24,25].

Fig. 5 exhibits the TGA traces for the FSI"- and TFSI™-based
polymers. The thermal stabilities of the PILs significantly increase
for both the FSI™- and TFSI™-based polymers, compared with the
corresponding ILMs. For example, P[C4Nma11]FSI (297 °C) vs.
[C4Nma11]FSI (267 °C), and P[C4aNma11]TESI (339 °C) vs. [C4aNma11]
TFSI (322 °C). This is might be caused by the increased ion—ion
interactions after polymerization. The values of Ty of the FSI™- and
TFSI™-based PILs are in the range of 268—300 °C and 326—-351 °C,
respectively, which are well acceptable for a wide range of elec-
trochemical applications.

3.3. Phase transition

Fig. 6 shows the DSC traces of the FSI™- and TFSI -based
monomers. As seen in Fig. 6, all the prepared monomers exhibit
glass-forming characteristics without crystallization/melting
events. It is very interesting that the Tg values are lower for the
FSI™-based ILMs than for the TFSI -based ones (e.g., [C4Nma 11]FSI
(=72 °C) vs.[C4Nma11]TFSI (—66 °C) and [C30Nma 11]FSI (=71 °C) vs.
[C30NMma11]TESI (—68 °C)). This can be attributed to larger Van der
Waals interactions in the latter due to the larger volume of TFSI™.
For the same anion, the values of T, of the ILMs containing the alkyl
ether chains increase progressively with increasing the length of
the alkyl ether chains, e.g., [C30Nma11]FSI (=71 °C) vs. [C502NMma 1]
FSI (761 OC) and [C3ONMA'11]TFS[ (768 OC) VS. [C502NMA‘11]TFSI
(—=59 °C), as expected by the increased van der Waals interactions.

Fig. 7 displays the DSC traces of the FSI™- and TFSI~-based PILs.
Upon the monomers being polymerized, the corresponding poly-
mers show much high glass transitions, e.g., f[C3ONya 11]FSI (51 °C)
vs. [C30Nma11]FSI (=71 ©°C); P[C30Nma11]TFSI (61 ©°C) wvs.

[C30Nma11]TFSI (—68 °C), which is essentially due to the sharp
decrease in the segmental motion of ions in solid state. In addition,
only a glass transition occurred in the range of —35 to 66 °C, while
without melting, was observed for all these PILs. This phase
behavior indicates that all these polymers do not crystallize, and
have a high degree of amorphous phase, which would be helpful for
improving the ionic conductivities.

Fig. 3. Photographs of the FSI"-based polymeric ionic liquids (PILs): (a) P[C4Nma11]FSL, (b) P[C30Nwma 11]FSI, (¢) P[C7Nwma11]FSI, (d) P[C502Npma11]FS], and (e) P[C;03Nwpa 11]FSL
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Fig. 4. The TGA traces of the FSI - (a) and TFSI -based (b) ionic liquid monomers
(ILMs).

Fig. 8 shows the dependence of T, on the structure of PILs.
Comparison of the values of T; of the alkyl ether chains-based PILs
with those of the isoelectronic alkyl chains-based ones clearly
shows the impact of flexibility of alkyl ether group (e.g., P
[C3ONmA11]FSI (51 °C) vs. P[C4Nma 11]FSI (59 °C) and P[C30Nwma 1]
TFSI (61 °C) vs. P[C4Nma,11]TFSI (66 °C)). For a given anion, the Ty
values of the alkyl ether chains-based PILs dramatically decrease
with the side chain length increase from one to two alkyl ether
groups (—CHCHp0-), i.e,, T = —33 °C for P[C502Nma11]FSI vs.
Ty=51°C for P[C30Nwa 11]FSI and Ty=-15°C for P[C502Nwa 11]TFSI
vs. Ty = 61 °C for P[C30Nma11]TFS], indicating the reduced restric-
tion of mobility of polymer chain by grafting with alkyl ether chains
[28,29]. However, with the further increase of the side chain length
to three alkyl ether groups, the values of T, of the alkyl ether chains-
based PILs have no substantial changes (e.g., Ty = —35 °C for P
[C703NMa 11]FSI vs. T, = —33 °C for P[C502Npa 11]FSI). This might be
due to the polarity of the alkyl ether group, which dominates over
its flexibility, and introducing a long length of polar alkyl ether
group into the ammonium cations turns to increase ion—ion and
van der Waals interactions in the PILs, thus raising Tj.

On the other hand, one may note that the FSI~-based PILs show
much lower T than the corresponding TFSI™-based PILs, e.g.,
Tg = —33 °C for P[CsozNMA_11]FSI VS. Tg = —15°C for P[C502NMA'11]

(a)
100 ettt it e
< 80
o)
g
£ 60+
(0]
o
g 40 - _P[C4NMA,11]FS|
% - = P[C,ON,, . JFSI
§ 204 'P[C7NMA,11]FSI <
- P[CsozNMA,ﬂ]FSI e,
0+ _"_P[C703NMA.11]FSI
T T T T ;
100 200 300 400 500
Temperature (°C)
(b)
100
80
S
o 60
(o))
8
@
= 20 - P[CBONMA,H]TFSI
§ 1 ----PICN,, JTFSI 3
o —-—P[C,ON,,.,ITFSI Q-—__,_:____
i - P[C:7()3NMA,11]TFSI
T T T T ;
100 200 300 400 500

Temperature (°C)

Fig. 5. The TGA traces of the FSI"- (a) and TFSI -based (b) polymeric ionic liquids
(PILs).

TFSI. This can be attributed to much better plasticizing effect of FSI™
vs. TESI™, as already observed in our recent study [36].

3.4. Conductivity

Some of the physicochemical properties of the prepared ILMs
including density (d), dynamic viscosity () and ionic conductivity
(o) are presented in Table 3.

The specific conductivity of the 10 ILMs in Table 3 (Entries 1—10)
is mainly governed by the viscosity, molecular weight, density, and
ion size [24,25,43,44]. Fig. 9 shows the ionic conductivity of these
ten ILMs at 25 °C, which ranges from 0.16 to 0.71 mS cm™! (see
Table 3). For a common cation, the TFSI"-based ILMs are less
conductive than the FSI_-based ones (e.g., 0.31 mS cm~! for
[C4NMA'11]TFS] vs. 0.55 mS cm™! for [C4NMA‘11]FS[ at 25 °C), as ex-
pected from their higher viscosity and higher molecular weight
[24,25]. For a given anion, the conductivities at 25 °C decrease with
increasing the length of the alkyl ether chains (e.g., Table 3 entry 4
vs. 2 and 9 vs. 7).

Fig. 10 shows equivalent conductivity (/) vs. reciprocal of vis-
cosity (n~1) at 25 °C in common logarithm form for the ten ILMs in
Table 3, where 4 = ¢M|p, M, g, and p are the formula weight, specific
conductivity, and density of the ILMs, respectively. As seen in
Fig. 10, all the plots for the ILMs are located into a non-ionic region
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Fig. 6. DSC traces for the FSI"- (a) and TFSI™-based (b) ionic liquid monomers (ILMs).

below the “ideal” Walden line, which suggests that the ILMs are not
fully ionized [23,43,44]. A relatively larger deviation of the plots
from the “ideal” Walden line was observed for the ILMs with
[C703Nma11]t (nos. 5 and 10 in Fig. 10) than for the ILMs with
[C502NMa11]t (nos. 4 and 9 in Fig. 10), indicating that the former is
less ionic than the latter. This may be explained by the increased
van der Waals interactions, due to the increase of the length of the
alkyl ether chain, thus a higher dissociation energy in the former
ILMs.

Generally, the ionic conductivity of polymer electrolytes is
mainly governed by the concentration of charge carrier, and the
polymer backbone and/or segmental mobility, and the latter factor
is generally coupled with the T, [45]. Fig. 11 shows the ionic con-
ductivity at 30 °C vs. T for FSI™ and TFSI"-based PILs. As seen in
Fig. 11,with a constant anion, the ionic conductivities of the PILs
increase with the decease of T in the order of P[C4Npa11]X < P
[C30Nma1]X < P[C7NMa11]X < P[C502Nma11]X < P[C703Nma 111X
(X = FSI and TFSI). This trend in conductivity is also observed in
other PILs [21,22] and strongly indicates that the segmental
mobility of PILs is the dominating impact in determining the con-
ductivities. On the other hand, with a constant cation, the

(@) PICN,,  JIFSI] (b) PICN,,, JITFSI] )
T =59°C T =66°C
- — N
P[C,ON,,,,JIFSI] P[C,ON,,, ., I[TFSI]
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g g
—_— N — —_—~ T~
o P[C7NMA,11][FSI] P[C7NMAY11][TFSI]
2 T,=44°C T =48°C
W ’\—/g__ /\_/{_/-
PIC,ON,,, ,I[FSI] PIC,O,N,,. ,I[TFSI]
T =-33°C T =-15°C
9 g
N
PIC,ON,,, , I[FSI] P[C,ON,,,, I[TFSI]
T =-35°C T =-22°C
/H ——/x___,

Fig. 7. DSC traces for the FSI™- (a) and TFSI~-based (b) polymeric ionic liquids (PILs).
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Fig. 8. Glass transition temperature of various polymeric ionic liquids (PILs).

conductivities of FSI~-based PILs are higher than those of TFSI—-
based ones, e.g., 2.6 x 10°%Scm™! for P[C502NMma 11]FSI (no. 4 in Fig
11) vs. 1.2 x 1078 S cm™! for P[C50,Npia 11]TESI (no. 9 in Fig 11) at
30 °C), this would be ascribed to the lower T and small anion size
(ie. 95 A3 (FSI) vs. 147 A3 (TFSI™) [35]) for the corresponding FSI™-
based PILs. Note is that the maximum ionic conductivity at 30 °C is
40 x 10°9S em™! for P[C703Nma11]FSI (no. 5 in Fig 11), which is
higher than other poly(ammonium)-based PILs reported in litera-
ture, e.g., the conductivity at 30 °C is 1.7 x 10~7 S cm~! for the
copolymer of poly(ammonium)-based PILs with poly(ethylene
glycol)dimethacrylate (PEGDM) [41].

Fig. 12 depicts the Arrhenius plots of ionic conductivity for these
ten PILs. Clearly, all these PILs show significantly decrease in ionic
conductivity compared with corresponding ILMs, e.g.,
26 x 10°% S cm™! for P[C502Npma11]FSI (no. 4 in Fig 11) vs.
5.5 x 1074 S cm ™! for [C502Nma11]FSI at 30 °C, due to the decrease
in the segmental motion of ions after polymerization. As can be
seen from Fig. 12, the ionic conductivities increase with increasing
the temperature for each PILs, and a notable change in ionic con-
ductivity is observed around 20—40 °C for P[C7Nma 11]FSI and P
[C7NMa11]TESI, due to their glass transitions (see Fig. 8) [36,46].
While, this change in conductivity is absent for P[C4Nya 11]X and P
[C30NMma11]X (X = FSI and TFSI), which would arise from relatively
high T; values (see Fig. 8) and different kinetic rate of glass
transition.

Table 3
Density, viscosity, and specific conductivity of various ionic liquid monomers (ILMs)
at 25 °C (water content: <100 ppm).

Entry  Samples My? d° 7 ¢
(gmol™") (gecm™3) (cP) (mScm!)
1 [C4Nma 11]FSI 395 1.32 252 0.55
2 [C30NMma 11]FSI 396 1.34 209 0.71
3 [C7Nwa11JFSI 437 1.22 493 028
4 [C502NMma 11]FSI 441 1.31 297 0.44
5 [C703NMma 11]FSI 485 1.29 371 0.30
6 [CaNwia11]TFSI 495 1.36 391 031
7 [C30NMa,11]TESI 496 141 319 0.45
8 [C7Nma,11]TESI 537 1.30 659 0.16
9 [CsO:Nma 1 |TFSI 541 138 442 027
10 [C;0sNwa 1 [TESI 585 1.36 557 0.18
¢ Molecular weight.
b Density at 25 °C.
¢ Viscosity at 25 °C.
d

Ionic conductivity at 25 °C.
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in logarithm form, wherein the number is exactly consistent with the entry number in
Table 3.
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Fig. 11. Ionic conductivity at 30 °C vs. T, for the FSI"- and TFSI -based polymeric ionic

liquids (PILs).

On the other hand, the Arrhenius plots of ionic conductivity for P
[C502NMA_1]]X and P[C703NMAV11]X (X = FSI and TFS[) exhibit posi—
tively curved profiles in the measured temperature range of 10—
60 °C (Fig. 12). Therefore, we correlate the ionic conductivities of
these four PILs with the empirical Vogel-Tammann—Fulcher (VTF)
equation (Eq. (1)) [47—49]:

o(T) = \%exp {T:—BTO} (M

wherein A and B are constants, of which the former is a pre-
exponential factor proportional to T/, and B is related to the
critical free volume for ion transport. Ty is the ideal glass transition
temperature, at which free volume disappears. Fig. 13 shows VTF
plots of conductivities for P[C502Nma11]X and P[C703Nma11]X
(X = FSI and TFSI) in the temperature range of 10—60 °C, which was
obtained by best fitting the experimental data to Eq. (1), and the
values for all the parameters in Eq. (1) are presented in Table 4.
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Fig. 12. Arrhenius plots of ionic conductivity for the FSI"- (a) and TFSI -based (b)
polymeric ionic liquids (PILs).
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Table 4

The best-fitting parameters of VTF equation for the conductivity of the selected PILs.
Samples A(Sem™'K'™)  B(K) To(K) R Tg" (K)
P[C502Nma,11]FSI 57 1489 198 0.998 240
P[C705Nma 11]FSI 2.6 1074 192 0.996 238
P[C502Npma.11]TFSI 48 1387 211 0.999 258
P[C703Nma,11]TFSI 1.6 1078 204 0.998 251

2 Glass transition temperature determined by DSC in absolute temperature unit

().

Indeed, excellently linear relationships (correlation coefficient
R? > 0.995) are also obtained between two parameters, In(¢T'/?)
and 1000/(T—Ty), for these four PILs. This result indicates the o-T
dependence of these four PILs shows a typical VTF behavior and the
ionic motion is coupled with the segmental motion of the polymer
chain [50]. As seen in Table 4, the values of Ty obtained from the DSC
measurements are all higher by a magnitude of 40—50 °C than
those of the corresponding Ty derived from Eq. (1). This is consis-
tent with the reported results, where the values of Ty are typically
~50 K below the measured T of the polymer [38,50,51].

4. Conclusions

A new family of functionalized ionic liquid monomers and their
corresponding PILs based on alkyl and alkyl ether substituted am-
moniums and perfluorinated sulfonimides (i.e., bis(fluorosulfonyl)
imide (FSI™), and bis(trifluoromethanesulfonyl)imide (TFSI™), are
prepared and characterized. All these ILMs and PILs show good
thermal stability up to >250 °C. The values of T; of the alkyl ether
chains-based PILs greatly decrease with the increase of the side
chain length to two alkyl ether units (—CH;CH,0—), while no
notable changes in T; can be observed with increasing the side
chain length further, due to the increased ion—ion interactions. The
ionic conductivity is greatly improved after introducing alkyl ether
group, and the maximum ionic conductivities at 30 °C for FSI™ and
TFSI-based PILs are 4.0 x 107 S cm™! and 22 x 1076 S cm™,
respectively. The o-T dependence of P[C502Nma11]X and P
[C703NMa 111X (X = FSI and TFSI) shows a typical VTF behavior and
the ionic motion is coupled with the segmental motion of the
polymer chain. The good physicochemical properties of the

presented PILs make them potential candidates for electrochemical
applications.
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