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Abstract

The cobalt-mediated radical polymerization (CMRP) of new ionic liquid monomers (ILMs), vinyl imidazolium
functionalized with redox-active free radical 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO)VIm and its CMR
copolymerization with vinyl imidazolium units functionalized with triethylene oxide (TEG)VIm produced a well-
defined PILs (co)polymers. The controlled nature of (co)polymerization can be seen from the linear first-order kinetic
plot, linear evolutions of the molar mass with total monomer conversion and the low polydispersity of the resulting
(co)polymers. By combining the redox activity of (TEMPO)PVIm and remarkable ionic conductivity of (TEG)PVIm,
outstanding rate capability performance was achieved with a remarkable capacity of 69 mAh g~*at 60C. The
obtained organic electrode can serve as sustainable electrodes in lithium ion batteries.

1. Introduction

Polymerized ionic liquid (PILs) attract considerable attention due to their thermal, mechanical and electrochemical
properties, for this reason these materials have found potential applications in various fields such as ionic conductive
material, porous material and electroactive material to name only a few [1-7]. Among the ionic liquid monomers
(ILMs), imidazolium cations remain a popular choice, because they are easy to prepare, present a large variety N-
substituent groups and allow the synthesis of different polymers with a wide chemical, as well as their electrochemical
stability [8-10]. Moreover, functional imidazolium can be obtained by simple quaternization reaction of vinyl
imidazole by bromide derivative [11]. Generally, PILs can be synthesized by postmodification [12] of a neutral polymer
precursor, or by free-radical polymerization [1,4,13,14] of ILMs under inert atmosphere. The first method involves
the prior preparation of the polymer precursor, introduction of IL moieties generally being carried out by
guaternization, however, it's marked by the uncomplete degree of functionalization. The second method results in a
large polymer dispersity due to irreversible termination, which will negatively affect the properties of the PlILs.
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Recently, controlled/living polymerization (CLP) techniques have been used to achieve well-defined PILs with
controlled molecular weights, and more importantly, for making copolymers with low dispersity. The CLP of vinyl-
imidazolium-type ILMs was investigated using organometallic-mediated radical polymerization (OMRP) [15], the
addition - fragmentation chain transfer (RAFT) [16—-18], and atom transfer radical polymerization (ATRP) methods
[19]. Nevertheless, OMRP and precisely cobalt-mediated radical polymerization (CMRP) remains an efficient way to
control homopolymerization and copolymerization of such highly reactive N-vinylimidazolium ionic liquid monomers
[20-23].

In our previous work, (TEMPO)VIm was polymerized by free-radical polymerization, before being coated onto a
carbon nanotubes buckypaper to be tested as cathode in a lithium ion battery [24]. The obtained battery exhibits a
good cycling stability, but with relatively low rate capability 27% of capacity retention at 60 °C. The contribution of
the ionic group to the performances of (TEMPO)PVIm is clearly evident compared to a polymer bearing the redox-
active TEMPO attached to an acrylate backbone. However, the presence of TEMPO moiety in the imidazolium cation
structure decreases the flexibility and the mobility of the cationic polymer backbone, which increase the glass
transition temperature (Tg) of the material (Tg = 100 °C) and reduces the ionic mobility. The incorporation of ionic
conductor based materials such as (Poly(TEMPO-Substituted Glycidyl ether) [25,26], and poly(TEMPO- substituted
methacrylate-co-styrenesulfonate)....) [27-29] has therefore been widely examined to enhance the ionic conductivity
of TEMPO- substituted polymer [30,31]. In order to develop a material that can synergistically combine high ionic
conductivity and high charge/ discharge capacity, here we report a novel PILs copolymers with TEMPO-substituted
imidazolium units and vinyl imidazolium units, functionalized with triethylene oxide substituent. The presence of
triethylene oxide pendant groups in imidazolium-based PILs was used to reduce the Tg and to improve their ionic
conductivity [1,32,33]. Synthesis of these PILs is carried out in controlled manner under mild experimental conditions
using a cobalt-mediated radical polymerization-induced self-assembly (CMRP).

2. Experimental part

2.1. Materials

Bromoacetyl bromide (98% TCI). 4-Hydroxy-2,2,6,6-tetramethylpiperidine 1-oxyl (H-TEMPO) (98% TCl), 2,2,6,6-
tetramethylpiperidine- 1-oxy (TEMPO, 98%,Sigma-Aldrich) and all other reagents, including (1-bromoethyl)benzene,
1-Vinylimidazole (99%, Aldrich), Cu® powder (75 um), CuBr, N N,N,N’,N’,N"-pentamethyldiethylenetriamine (PMDETA),
bi-pyridine, 2,2-Azobis(4-methoxy-2.4-dimethyl valeronitrile) (V70) and solvents were purchased from with the
highest purity available and used as received without further purification. Lithium bis (trifluoromethanesulfonyl)imide
(LiTFSI) (99% ABCR), Sodium bicarbonate (NaHCOs), anhydrous magnesium sulfate (MgSQO.), and sodium chloride
(NaCl) were of the highest grade, purchased from Sigma-Aldrich, and used without further purification. N,N-
Dimethylformamide (DMF), tetrahydrofuran (THF), dichloromethane, ethyl acetate, methanol, toluene, chloroform
and diethyl ether were dried using standard procedures, distilled, and stored under argon prior to use. Alkyl-cobalt(ll1)
adduct (R-Co(acac),) was synthesized and characterized following the previous publications and stored as a stock
solution in dichloromethane at -20 °‘C under argon [34,35]. Electrolyte (1 M LIiTFSI in Ethylenecarbonate:
Diethylcarbonate: Dimethylcarbonate 1:1:1, EC:DEC:DMC).
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2.2. 3-(2-0x0-2-((2,2,6,6-tetramethyl-1-(1-phenylethoxy)piperidin-4-yl) Oxy)ethyl)-1-
Vinylimidazolium bromide: (TEMPO)VIm-Br

(TEMPO)VIm-Br was synthesized as described in the previous work [24]. Briefly, 5 g (12.6 mmol) of 2,2,6,6-
tetramethyl-1-(1-phenylethoxy) piperidin-4-yl 2-bromoacetate (TEMPO)-Br was slowly added to a solution of 1.77 g
(19 mmol) of 1-vinylimidazole in 5 ml of methanol. The mixture was kept under stirring overnight. After concentering
the solution, 100 ml ether was added to the mixture, leading to the precipitation of the monomer as a white solid.
This solid was then recovered by filtration and purified by recrystallization in acetonitrile. The reaction yield was 5.26
g (85%). 'H NMR (250 MHz, DMSO-ds) 6 9.54 (s, 1H), 8.28 (s, 1H), 7.90 (s, 1H), 7.43 (dd, J = 15.6, 8.7 Hz, 1H), 7.29 (m,
5H), 6.01 (dd, J=15.7, 2.5 Hz, 1H), 5.45 (dd, /= 8.8, 2.5 Hz, 1H), 5.29 (s, 2H), 5.00 (m, 1H), 4.74 (q, J = 6.6 Hz, 1H), 1.90
(d,/=11.9 Hz, 1H), 1.77 (dt, J = 12.6, 3.7 Hz, 1H), 1.54 (dd, J = 22.3, 10.4 Hz, 2H),1.41 (d, J = 6.4 Hz, 3H), 1.30 (s, 3H),
1.18 (s, 3H), 1.03 (s, 3H), 0.60 (s, 3H).

2.3. 1-(2-(2-methoxyethoxy)ethoxy)-2- bromoethane: (TEG-Br)

The bromo compound TEG-Br was synthesized via a modification of literature procedure [33,36,37]. In a typical
experiment, triethylene glycol monomethyl ether (2-[2-(2- Methoxy-ethoxy)-ethoxy]-ethanol) (6.4 g, 40 mmol) was
added in a well-dried flask containing dry CH,Cl, (160 ml) under an argon atmosphere. Carbon tetrabromide (16 g, 48
mmol) was added to this solution. After cooling the reaction mixture to 0 °C, triphenyl phosphine (16 g, 60 mmol) in
dichloromethane (30 ml) was added dropwise to it. After stirring for 6 h, the solvent from reaction mixture was dried
under vacuum. 50 ml ether was added to the reaction mixture, which is kept for 5 min before being filtered to get rid
of triphenylphospine oxide. The same process (addition of ether, filtration) was repeated thrice. The ether solution
was concentrated and was subjected to flash column chromatography (3:1, hexane:ethyl acetate) to obtain the
brominated product as a yellow oil. The spectral data for TEG-Br is as follows: *H NMR (250 MHz, CDCls, 25 °C, TMS):

6-3.29(s, 3H), 3.34 (t, 2H,J = 6 Hz), 3.39 (t, 2H, J = 2.25 Hz), 3.47-3.51 (m, 6H), 3.64 (t, 2H, J = 6 Hz).

2.4. 3-(2-(2-(2-methoxyethoxy)ethoxy)ethyl)-1-vinyl imidazolium bromide: (TEG)VIm-Br

Under stirring, 5 g (18.5 mmol) of (TEG-Br) was slowly added to a solution of 1.9 g (20 mmol) of 1-vinylimidazole in 5
ml of methanol. The mixture was stirred at 80 °C for 24 h. After cooling to room temperature, 100 ml ether was added
to the mixture, causing precipitation of the monomer as a yellow oil. The yield was 95%. *H NMR (300 MHz, DMSO-ds):
6 3.23 (s, 3H), 3.48 (m, 8H), 3.80 (t, 2H), 4.38 (t, 2H), 5.44 (dd, 1H), 5.97 (dd, 1H), 7.32 (dd, 1H), 7.89 (t, 1H), 8.20 (t,
1H), 9.40 (t, 1H).

2.5. General polymerization procedure

All polymerizations were carried out in DMF with Alkyl Cobalt(Ill) compound as the initiator in a degassed sealed tube.

2.5.1. Homopolymer (TEMPO)PVIm-Br

The alkyl-Co(lll) solution in dichloromethane (0.14 ml, [Co] = 1.38 10" 1M, 1.93 x 10" 2mmol) was added to a shclenk
tube equipped with magnetic stir bar under argon flux, and the solvent was evaporated under vacuum. In another
previously prepared schlenk tube, dry DMF (6 ml) was added to 0.5 g of (TEMPO)Vim-Br. The reaction mixture was
degassed by five freeze-pumpthaw cycles, until the dissipation of bubbles, filled with argon, and the solution of the
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monomer was transferred by the cannula into the first tube containing the alkyl-cobalt(lIl). The polymerization occurs
at 30 °C for five hours and quenched using a degassed DMF-solution of TEMPO. Finally, the crude polymer was purified
by precipitation into a large excess of ethanol, the resulting product was dried under vacuum at room temperature
(yield: 91%).

2.5.2. Homopolymer (TEG)PVIm-Br

By the same procedure, we synthesized the homopolymer (TEG) PVIm-Br. The polymer obtained was precipitated in
ethanol and dried under reduced pressure at room temperature.

2.5.3. Copolymer (TEMPO)PVIm-stat-(TEG)PVIm

The statistical (or random) copolymerization of the two monomers (TEMPO)VIm-Br and (TEG)VIm-Br were preceded
by the same procedure. Copolymerization in a single reaction is well established, the ratio of the two monomers have
been changed, and as a result, we obtain different polymer composition and characteristics. The residual monomer,
Co(acac),;, and excess of TEMPO were removed by dialysis against methanol and dried under vacuum at room
temperature overnight, the resulting product was a light green solid.

2.6. Kinetics investigations

For the kinetic study, the polymerization takes place under the same condition and the samples were periodically
taken out of the medium via a syringe during the polymerization, the objective was to follow the macromolecular
parameters evolution (Mn, Mw/Mn).

2.6.1. Preparation of SEC simples

First, a few drops of TEMPO solution were added to the SEC samples in order to quench the polymerization. Then,
after removing the DMF under reduced pressure at 40 °C, 1 ml of a solution of LiTFSI in MeOH (50 mg/ml) was added
to each sample and kept under stirring overnight. The polymer was then precipitated in water, centrifuged at 8000
rpm for 10 min. The water was removed and the polymer was washed again with deionized water to remove the
residual bromide. The final samples with TFSI~ counter-anion were solubilized in THF/LITFSI solution (10%wt) and
filtered through a nylon membrane filter (0.45 um).

2.6.2. Preparation of NMR simples

For the determination of the monomer conversion ratio, the *H NMR spectrum of the polymerization mixture
collected over the polymerization time and quenched by rapid cooling with liquid nitrogen, were measured in
DMSO-ds at room temperature, and the integration of the monomer C_C—H resonance at around 5.9 ppm was
compared with the sum of N-CH-N peak intensity of the imidazolium ring in the polymer and the monomer at around
9.4-9.9 ppm.
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Scheme 1. Synthesis of Pendant TEMPO and TEG containing PILs and statistical copolymers via CMRP of (TEMPO)VIm-Br and (TEG)VIm-Br in
DMF at 30 °C, followed by counter-anion exchange and deprotection reaction.

2.7. Typical procedure for the anion exchange reactions to replace bromide by fluorinated
anions LiTFSI

The polymers with Br~ counter-anion (2 mmol) was redissolved in methanol and added slowly drop wise to a solution
of LiTFSI (2.5 mmol) in MeOH. After one night, the methanol was removed under pressure to provide an oily product
in ethyl acetate, which was washed with deionized water five times to remove residual salt (no precipitate of AgBr
was observed after testing with AgNO3 solution). After evaporating solvent on a rotary evaporator, the light pink oil
was dried under vacuum to yield PILs with TFSI” counter-anion.

2.8. Oxidation of polymers by thermal treatment

The oxidation was carried out as described previously [38—40], a solution of (TEMPQO)PVIm-TFSI or copolymers in tert-
butylbenzene (C = 0.01 g/ml) were briefly heated at 135 °C in the presence of oxygen for 12 h. The solvent was then
removed, and the residue was dissolved in a minimum of dichloromethane and precipitated tree times in diethyl
ether before drying in vacuum. The redox PILs was recovered as a dark- brown solid.
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2.9. Characterization

'H and 3C NMR spectra of the synthesized material were recorded at 298 K with a Bruker 250 MHz spectrometer
using DMSO as solvent. The Fourier transform infrared (FTIR) spectra were recorded with a thermofisher ATR
spectrometer instrument using an ATR germanium (Ge) crystal in the range 4000-600 cm™!range. Thermal behavior
was determined using a Thermogravimetric Analyzer TGA, Q500 from TA instruments, at a heating rate of 10 °C min~
Lunder a 50 ml min~!nitrogen flow within the range of 25-700 °C.
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Fig. 1. Semilogarithmic plot with PDI values against polymerization time (a and d), evolution of molar mass of the polymer with the monomer
conversion (b and e) and evolution of size exclusion chromatography (SEC) traces (c and f) for the CMRP of (TEMPO)VIm-Br (a, b and c¢) and
statistical copolymer (d, e and f) respectively. The polymerizations initiated by R-Co(acac), in DMF at 30 °C. Condition a): [(TEMPO)VIm-Br]:[R-
Co(acac),] of 50:1, 1/8:w/v (g/ml) b):[(TEMPO)VIm-Br]: [(TEG) VIim-Br]:[R-Co(acac),] of 50:50:1, 1/8:w/v (g/ml).
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Differential scanning calorimetric (DSC) analysis was performed on TA DSC Q100 thermal analyzer calibrated with

1 under a flowing nitrogen atmosphere with a sample weight of ~10

indium, at a heating/cooling rate of 10 °C min~
mg. The glass transition temperature (Tg) was measured at the second heating cycle using TA analysis software
provided with the instrument.

The number average molecular weight (Mn) and molecular weight distribution (Mw/Mn) were estimated by size
exclusion  chromatography (SEC) in tetrahydrofuran (THF) containing 10 mM lithium bis
(trifluoromethanesulfonyl)imide (LiTFSI) (flow rate: 1 ml min& 1) at 35 °C with a SFD S5200 auto sampler liquid
chromatograph equipped with an SFD refractometer index detector 2000. PSS SDV analytical linear S 5 um column
(molar mass range: 100—-15.105 Da) protected by a PL gel 5 um guard column and calibrated with poly(styrene) PS

standard (580-467,000 g/mol). Omnisec software was used for the treatment of the results.

2.10. lonic conductivity

PILs in THF solution (2 wt%) was first solvent casted onto an indium tin oxide (ITO) glass substrate and annealed 10
min at 100 °C to remove the solvent. An aluminum electrode was then placed on top of the polymer film. lonic
conductivity ¢ was measured in the 10-10° Hz frequency range, under isothermal conditions, with temperatures
ranging from 90 °C to 30 °C and reductions of 10 °C under an inert nitrogen atmosphere. Cell impedance was measured
by applying a perturbation of 10 mV in the frequency range of 100 kHz to 1 Hz, at the open circuit potential (OCV).
The ohmic resistance (RQ) of the sample, obtained from the Nyquist plot at the low frequency end of the semicircle,
was used to calculate the ionic conductivity using the following equation:

|~

1
o=-—
Rq
where o is the conductivity (S/cm), | is the film’s thickness (70 nm), A is (the electrode contact surface), RQ is the
resistivity (ohms). Cells were allowed to reach the thermal equilibrium for at least 15 min before each measurement.

2.11. Battery tests

Coin cells (CR2032) were used and assembled in an Ar-filled glove box (MBraun). The PILs/MWNTs composite
electrodes were prepared through a dispersing—filtration process [41]: A mixture of MWNTSs (5 mg) and PILs (5 mg)
was added to acetonitrile (20 ml). The solution was homogenized with an ultrasonic Vibra Cell VCX 750 homogenizer
(Sonics & Materials Inc., USA) for 10 min (2 s on, 1 s off), followed by sonication for 2 h at 300 W intensity, and then
kept it under steering for 2 more hours. The resulting solution was filtered through a Whatman Anodisc membrane
of 0.45 uM pore size, followed by a vacuum drying in a vacuum oven at 80 °C for 12 h to remove the solvent completely
before the test. The resulting composite MWNT film was mechanically Robust and was easily removed from the
membrane filter. The PILs/MWNT film was directly utilized as the free-standing cathode without any further inclusion
of binder, additives, or current collectors. The lithium metal foil was used as an anode. Celgard separator soaked with
100 pl of LP71 (1 M LiTFSI in EC:DEC:DMC 1:1:1) electrolyte was placed between electrodes.
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Fig. 2. 1H NMR spectra in DMSO-d6 of (TEMPO)PVIm-TFSI, (TEMPO)PVIm40-(TEG)PVIm60 and (TEMPO)PVIm75-(TEG)PVIm25 (up to down respectively).

3. Results and discussion

3.1. Monomers synthesis

The general procedure for the synthesis of (TEMPO)VIm-Br monomer with the protection of the free radical of
nitroxide group is well described in our previous reported works [42,43], and the detailed synthetic approach,
including experimental conditions and *H NMR characterization results are given in the Supporting Information (S1-
S3).

3.2. Homopolymerization of (TEMPO)VIm-Br and (TEG)VIm-Br

As described in scheme 1, the corresponding homopolymer of (TEMPO)VIm-Br and (TEG)VIm-Br were prepared by
CMRP at low temperature (30 °C) in DMF, using alkyl cobalt complex, R-Co(lll), as initiator and controlling agent. The
alkyl cobalt complex, R-Co(lll), showed a very efficient performance to control the polymerization of different
monomers, especially N-vinylimidazolium ionic liquid monomers [44-46].

The kinetic study of polymerization reaction of (TEMPO)VIm-Br in DMF at 30 “C with [Monomer]o/[alkyl cobalt]o= 50
and monomers concentration of 20%wt revealed a linear behavior in the semilogarithmic kinetic plot (Fig. 1a), which
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is in agreement with pseudo- first-order kinetic plot, meanwhile, the polydispersity index stays lower to (1.12) at 93%
of conversion. This indicates a constant radical concentration throughout the reaction due to the absence of
termination processes. Moreover, the molecular weight (Mnsgc) of (TEMPO)PVIm-Br increase in linear manner with
the monomer conversion (Fig. 1b), and the SEC traces are monomodal and clearly shift toward higher molecular
weight region (Fig. 1c¢). However, the measured Mnsgc are significantly lower than theoretical values, which could be
related to the difference in hydrodynamic volume between (TEMPO)PVIm-TFSI and the linear poly (styrene) (PS)
standards used for SEC calibration. Unfortunately, it was not possible to calculate with certitude the experimental
number average molecular weight of the polymer from the monomer conversion using *H NMR spectroscopy, due to
the low appearance of the methoxy group characteristic peaks of the alkyl Cobalt initiator. Similarly, we have
established conditions for controlled synthesis of (TEG)VIm-Br using alkyl cobalt at 30 °C in DMF [M]o/[alkyl cobalt]o
= 100 (Scheme 1). The controlled nature of polymerization can be seen from the linear behavior of the
semilogarithmic kinetic plot (figure S4), and also from the linear evolution of Mnsgc with the monomer conversions
(figure S5). Low polydispersity was also observed with SEC traces that were unimodal and shifted toward lower
elution time with monomer conversion (figure S6).

3.3. Random copolymerization of (TEMPO)VIm-Br and (TEG)VIm-Br

The excellent control nature of the CMRP process has been successfully employed for the preparation of random
copolymers. We first investigated the statistical copolymerization with equal molar ratio of monomers, (50/50/1)
([(TEMPO)VIM-Br]/[(TEG)VIm-Br]/[Co(acac),]) (Scheme 1), using the same operating conditions as described before.
Fig. 1d showed the first order kinetics behavior as well as narrow mass distributions. Also, we get the same linear
trends in Mnsgc vs monomer conversion (Fig. 1e), and the SEC traces remained monomodal and shifted toward the
higher molar mass side with the conversion (Fig. 1f). Likewise, two other copolymers were obtained using two
(TEMPO)VIm- Br:(TEG)VIm-Br molar ratios (40:60 and 75:25). Copolymers were finally purified by dialysis against
methanol to remove any residual monomer and dried under vacuum. *H NMR spectra of the copolymers in DMSO-d&
(Fig. 2) represent the resonance peaks corresponding to both unities in the copolymer and the integrals are in
agreement with the theoretical molar ratio. The ratio between the monomers was determined by H NMR by
comparison of the backbone signal with the peaks of the TEMPO with the integral of the triethyleneoxy group pics.

3.4. lonic exchange and PILs deprotection

The ATR-FTIR spectra of the PILs are depicted in S7. All compounds show the same characteristic bands of the
vinylimidazolium backbone at 2860-2980 cm™ ! related to the —CH; and —CH, stretching vibration of the pendant
TEMPO units. IR spectra of ILs and PILs bearing the bis (trifluoromethanesulfonyl)imide (TFSI™) counterion are widely
studied in the literature [13,47]. The apparition of new bands in the IR spectrum of (TEMPO)PVIm-TFS, at 1180, 1343
and 1130 cm™ assigned to v.CFs, v.50; and v.SO; respectively can be clearly confirms the successful exchange of the
TFSI” counteranion.

At the final step, the PILs bearing the alkoxyamine C—ON bond was converted into the NO* radical group through a
deprotection reaction under aerated condition at 135 °C in tert-butylbenzene (scheme 1). As shown in the previous
work, at high temperature, the C—ON bond of the alkoxyamine cleaved, releasing TEMPO on the polymer chain while
oxygen avoided the back reaction [24]. Figure S8 displays the GPC traces after the deprotection of different
copolymers and evidences that, the monomodal signal were remained. 3.5. Thermal behavior and ionic conductivity
of PlLs
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It’s well known that the Imidazolium based PILs Tg's depend sensitively on both the counterion and the grafted group
[48]. Generally, exchanging the counterion from Br~to larger anion, such us TFSI-influences dramatically the thermal
characterization and reduces significantly the Tg's of the PILs [1]. Interestingly, the (TEMPO)PVIm-TFSI homopolymers
exhibited a higher Tg’s (=100 °C). An increase in van der Waals interactions between the rigid, bulky TEMPO
heterocycle appears to cause this remarkable increase in Tg. it also was found that the presence of more polar group,
like carbonyl and nitroxide groups, could contribute to increase the Tg value [49,50]. The (TEG)PVIm-TFSI with

a) = (TEMPO )P VIm 15 -(TEG)PVIm 25
= (TEMPO)PVIm 1 -(TEG)PVImeo

= (TEG)PVIm - TFSI

- (TEMPO)PVIM-TFSI

Tg=5°C \

Heat Flow (Normalized) (W/g)

R T o

60 35 10 15 40 65 90 115 140
Temperature T (°C)

1000/T (K
2,7 29 31 3,3 3,5
b) . . :
-+-(TEMPO)PVIm75-(TEG)PVIm25
{TEMPO)PVIm-TFSI
102

108
Fig. 3. a: DSC thermograms of (TEMPO)PVIM-TFSI, (TEG)PVIm-TFSI and different copolymers (TEMPO)PVIm-(TEG)PVIm with 25% and 60% of TEG
unities under nitrogen atmosphere at 10 °C min~ 1. b: Temperature dependence of the ionic conductivity for (TEMPO)PVIm-TFSI and

(TEMPO)PVImys-(TEG) PVIm;s electrolytes.

Table 1
Molecular weights, Tg’s and ionic conductivities of synthesized PlILs.
PlLs Mnsec® Mngrmn® PDI° Tg coat 30°C
(kg/mol) (kg/mol) (-C)° (Sem- 1)¢
(TEMPO)PVIm- 7.5 32 1.2 98 1.5910°¢
TFSI
(TEG)PVIm-TFSI 12 - 1.3 5 -
(TEMPO)PVImyzs- 77 110 2.0 47 1.2810°4
(TEG)PVImas
(TEMPO)PVImao- 44 94 2.2 44 -
stat-(TEG)
PVIm60

Reported values obtained by:
2 Mnsec were estimated by SEC against PS standard.
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b Mnnmr was calculated in *H NMR by comparing the integral of the methoxy group at the chain-end of the alkyl-cobalt initiator (Ha = 3.17 ppm), with that of the
TEMPO group of the repeat unit (Hg, Hhand Hkat 4.7-5.7 ppm) and with that of TEG group (Hoat =3.7 ppm).

¢Tg was measured by DSC at the second heating cycle at a rate of 10 °C min~1.

46 was measured in the 10-10° Hz frequency range at a temperature ranging from 90 °C to 30 °C.

linear functional group have a lower Tg (=5 °C), due to their flexible nature caused by the elevated chain mobility of
the TEG ether groups, presumably it is facilitated by the electrostatic interactions in the cationic poly(N-vinyl-
imidazolium)s based PlLs [14,51-54]. The introduction of ethylene oxide pendant groups in (TEMPQO)PVIm-TFSI
polymer decrease the Tg (Fig. 3a), facilitates mobility of the polymer chains

a b 40
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80400C0e .
A . -
- T AAAAan - 3,6 1 P
- [ ZV VN ° . .
=] 60 _ [ Y
< | L™ A - . .
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- EEEEn -
o
2 40 — g
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Fig. 4. Comparative electrochemical performance for the (TEMPO)PVIm/MWNTs and (TEMPO)PVIm;s-(TEG)PVIm,s /MWNTs buckypaper electrodes in Li-ion half- cells. a: rate capability:
discharge capacity vs cycle number, b: charge/discharge voltage profile of the (TEMPO)PVIm/MWNTs and (ethyl)PVIm/MWNTs at a rate of 1C in the potential range from 2 to 3.8 V (Vs
Li/Li*), c: Modified Peukert plots, indicating retention of discharge capacity as a function of C rate in logarithmic scale (Capacity at different C rate are normalized with respect to the
capacity at 1C = 45 mA g~ 1), d: long-term cyclability and coulombic efficiencies measured at 60C.

and thus increases the ionic conductivity. Otherwise, there is not significant decrease in the Tg values between the
copolymers with 25% and 60% of TEG unities (Tg = 49 °C and Tg = 44 °C respectively). In order to respect the balance
between low Tg/high ionic conductivity combined with the maximum of energy density, we kept only the copolymer
with 75—-25 M ratio for the electrochemical properties characterizations (see Table 1).
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3.6. lonic conductivity

The temperature dependence of the anhydrous ionic conductivity (o) of (TEMPO)PVIm-TFSI homopolymers and
(TEMPO)PVImys- (TEG)PVImys copolymer were then evaluated by using the electrochemical impedance spectroscopy
(EIS) using a thin film of PILs (70 nm). In all case, the ionic conductivity increases with increasing temperature, as is
typical of polymer electrolytes (Fig. 3b). There is also a significant effect from the presence of triethyleneoxy (TEG) in
the copolymer versus the homopolymer on ionic conductivity. The room temperature ionic conductivity of (TEMPO)
PVIm7s-(TEG)PVImas (1.28 107 Scm™2) is almost 100-fold higher than that of the (TEMPO)PVIm- TFSI (1.59 10~ ¢Secm™).
The diethyleneoxy units on the imidazolium cation afford a higher ionic conductivity by decreasing Tg and
contributing to the ion pair dissociation, as well as promoting their solubilization and mobility [32].

3.7. Electrochemical characterization

Nitroxide radical based material still one of the most studied polymers in energy storage application, due to its ultra-
fast electrochemical response and higher working potential [41-43,55-57]. In order to compare the power
performance of the two PlLs, half-cells with buckypaper composite electrodes based on PlLs-supported TEMPO
radicals as working electrode, lithium plate as the counter electrode and LiTFSI as electrolyte were fabricated (S9).
The electrochemical power performances were measured by galvanostatic charge/discharge experiments in the
potential range from 2 to 3.8 V (Vs Li/Li*) at different C-rate (1-150C).(Fig. 4a) Note that for a proper comparison of
the specific capacities of PILs/MWNT electrodes only the active blocks (TEMPO)PVIm are considered. The capacity of
the cathode was calculated based on the total weight of the active polymer (TEMPO)PVIm- TFSI which is determined
by TGA analysis (510). At C-rate of 1C, both PILs show almost the same reversible capacity with a slight difference 80
mAh g~ tand 77 mAh g ! for (TEMPO)PVIM-TFSI/MWNTs and (TEMPO)PVImss-(TEG)PVIm,s/MWNTs respectively,
which is 78% higher than the theoretical capacity of homopolymer (45 mAh g™1). To highlight this capacity excess, Fig.
4b shows a comparison of the charge/ discharge voltage profile of the (TEMPO)PVIm/MWNTs and (ethyl)
PVIm/MWNTs at a rate of 1C in the potential range from 2 to 3.8 V (Vs Li/Li*). The composite electrode PILs/MWNTs
with the non-redox- active ethyl groups exhibits a discharge capacity of 45 mAh g~ *which is attributed to the electric
double-layer capacitance (EDLC). This is fully consistent with the previous obtained results [24,45]. The discharge
capacities continue to decrease with increase in the current intensity, but with more effect in the case of
homopolymer. For 60C (60 s for total discharge), we still get a high reversible capacities of 69 (87%) and 54.5 (71%)
mAh g 1 for copolymer and the homopolymer respectively. At a higher C-rate (90, 120 and 150C), (TEMPO)PVImgs-
(TEG)PVIm,s/ MWNTSs still demonstrate an excellent rate performance with discharges capacities of 64.2, 60 and 56
mAh g™, which is more than two times higher than that of (TEMPO)PVIm-TFSI/MWNTSs at the same C-rate (Fig. 4c).
When the current rate reverses back to 60C, both cells capacity immediately recovers to its original value. This
suggests that the presence of ethylene oxide pendant groups in imidazolium-based PILs improves the material ionic
conductivity, which solves the limitations of ion species diffusion responsible for the reduced material activity at
higher C-rates. Fig. 4.d demonstrate the long-term cyclability of (TEMPO)PVImys-(TEG)PVIm,s /MWNTs electrode
material. A very stable capacity retention, 92% of the initial discharge capacity, was obtained after 3600 cycles at 60C
with 100% of the coulombic efficiency during the whole cycling test. This high electrochemical performance are
assumed to be the results of: (i) the stable and ultra-rapid redox reaction of the nitroxide group, (ii) the high ionic
conductivity of the PILs with its negligible solubility into the non-aqueous electrolyte solution, (iii) the excellent
electronic conductivity of three dimensional MWNTSs network.
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4. Conclusion

This contribution reports the well synthesis in a controlled way and with narrow PDIs of a new redox active poly(ionic
liquid)s PILs using cobalt mediated radical polymerization at moderate temperatures (30C). (TEMPO)PVIMm-TFSI with
bis(trifluoromethanesulfonylimide) counterion was obtained through an easy anion exchange reaction and thermal
deprotection by oxidative aerobic C-ON bond homolysis. Besides, copolymers of PILs containing not only TEMPO but
also triethyleneglycol pendant groups were prepared to improve the ionic conductivity and increase the
electrochemical performances with a remarkable capacity of 69 mAh g~'at 60C, and impressively retained 87% of its
initial capacity at 1C. The excellent performances (TEMPO) PVIm-(TEG)PVIm copolymer as an organic cathode active
material was back to the synergistic effect between high stability of the radical PILs (TEMPQO)PVIm-TFSI and high ionic
conductivity of the (TEG)PVIm-TFSI.
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