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Summary: Nitroxide-substituted polyether was synthesized as a cathode-active

material for a secondary battery. Anionic ring-opening polymerization of a TEMPO-

bearing glycidyl ether was carried out under bulk conditions to yield the correspond-

ing polymer with the molecular weight of>104. The obtained polymer was insoluble,

but slightly swollen in the electrolyte solution (ethylene carbonate/propylene

carbonate). The test cell fabricated with a carbon composite cathode of this radical

polymer displayed a plateau voltage at 3.5 V vs. Li/Liþ. The cell performance was

maintained even with a higher amount of the radical polymer loaded in the

composite electrode, which could be ascribed to the flexible and rubbery polyether

backbone and its higher compatibility with the electrolyte solution.

Keywords: anionic ring-opening polymerization; electrode-active material; nitroxide;

polyether; radical polymer

Introduction

An organic radical molecule bearing one

unpaired electron had been classified as an

unstable and intractable material; however,

some organic radicals can be chemicallymodi-

fied into stable compounds through steri-

cally protected structures and/or resonance

structures around the radical center.[1,2]

A typical example is nitroxide radicals,

such as 2,2,6,6-tetramethylpiperidinyl-N-oxy

(TEMPO), which are stable under ambient

conditions and widely used as a spin-label

and a spin-trap.[3] The nitroxide radical has

redox couples attributable to the oxidation

to the corresponding oxoammonium cation

(p-type doping) and the reduction to the

corresponding aminoxy anion (n-type dop-

ing) (Scheme 1). Based on these redox

couples, nitroxide polymers have been

extensively studied in the 1970s as redox

reagents or redox resins, which catalyze the

oxidative and/or reductive reactions of

organic compounds.[4,5] For example,

poly(acrylic acid)-combined TEMPOs were

synthesized and studied as a catalytic

reagent for the oxidation of alcohols into

aldehydes and ketones.[6] The organic

radical-based or metal-free redox re-

agents have been recently reexamined from

the perspective of green or environmentally

compatible chemical reaction processes.[7]

However, there has been no report,

except for our work, in which the nitroxide

polymers have been utilized as the electro-

de-active or charge-storage component for

a secondary battery.[8,9] For example, poly(2,

2,6,6-tetramethylpiperidinyloxy methacry-

late) (PTMA) has a robust TEMPO radical

moiety, and displays a reversible redox

behavior attributable to the p-type doping.

Figure 1 shows the charging and dischar-

ging mechanism of a prototype organic

radical-based lithium-ion battery in which

the p-type nitroxide radical polymer forms

a cathode operated in conjunction with a

carbon anode. During the charging process,

the p-type radical polymer in the cathode is

oxidized to the oxoammonium form. Dur-

ing the discharging process, the nitroxide

radical is regenerated by reduction of the

oxoammonium. The organic radical battery

composed of the radical polymer electrode
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has several advantages: (1) high capacity (ca.

100 mAh/g), ascribed to the quantitative

doping, compared with the limited doping of

the p-conjugated conductive polymer elec-

trode, (2) high-power rate performance,

derived from the rapid electron-transfer

process of the nitroxide radical moiety,[10]

and (3) long cycle life (more than 1000

cycles) ascribed to the chemical stability of

the nitroxide radical moiety and to the

amorphous electrode structure. However,

PTMA lacks any molding ability during

battery fabrication. We selected in this

study, a polyether backbone to provide a

good compatibility with a current collector

and an electrolyte solution. The polyether

backbone also involves a flexibility of the

main chain, expecting an enhancement of

the high power rate performance.We report

in this paper, the synthesis of a TEMPO-

substituted polyether 1 and its electro-

chemical property. The test cell was fabri-

cated with a higher loaded radical poly-

mer in the composite cathode, of which

the battery performance is also demon-

strated.
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Redox couples of a nitroxide derivative.
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Synthesis of TEMPO-substituted polyether 1.

Figure 1.

The prototype organic radical battery composed of a nitroxide radical polymer cathode.
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Experimental

Preparation of 4-Glycidyloxy-2,2,6,6-

Tetramethylpiperidine-1-oxyl (2)

To 4 ml of a sodium hydroxide aqueous

solution(50 wt%) were added epichlorohy-

drin (2.5 ml) and tetrabutylammonium

hydrosulfate (0.84 g), and the mixture

was then vigorously stirred, cooling with

a water bath. 4-Hydroxy-2,2,6,6-tetra-

methylpiperidin-N-oxy (1.03 g) was added

into the mixture, and vigorously stirred for

12 h at room temperature. The mixture was

added into ice water and the crude product

was extracted with ether, washed with

water, and dried over anhydrous magne-

sium sulfate. The solvent was removed in

vacuo, and the residue was purified using a

silica gel column with hexane/ether (1/1)

eluent. The TEMPO-radical containing

epoxy monomer 2, 4-glycidyloxy-2,2,6,6-

tetramethylpiperidine-1-oxyl, was isolated

as a red solid (Yield 84%).

The radical containing monomer 2 was

chemically reduced with phenylhydrazine,

and characterized by the NMR spectro-

scopy. 1H-NMR(CDCl3, 500 MHz, ppm):

d¼ 3.70 (dd, 1H, J¼ 11.3, 3.0 Hz, OCH2),

3.64 (m, 1H, piperidine CH), 3.40 (dd, 1H,

J¼ 11.3, 5.8 Hz, OCH2), 3.11 (m, 1H,

epoxide CH), 2.77 (t, 1H, J¼ 4.6 Hz, epoxide

CH2), 2.58 (dd, 1H, J¼ 5.2, 2.7 Hz, epoxide

CH2), 1.92 (m, 2H, piperidine CH2), 1.44

(q, 2H, J¼ 12.2 Hz, piperidine CH2), 1.19

(s, 6H, CH3), 1.14 (s, 6H, CH3);
13C-NMR

(CDCl3, 125 MHz, ppm): d¼ 71.1, 68.9,

58.9, 50.9, 44.5, 44.3, 32.0, 20.5; Mass: m/z

228 (found), 228.3 (calcd). IR (cm-1): 1243

(n epoxide 8 m), 901 (n epoxide 11 m), 852 (n

epoxide 12 m); Found: C, 62.9; H, 9.5; N,

6.2%. Calcd for C12H22NO3: C, 63.1; H, 9.7;

N, 6.1%

Anionic Ring-Opening Polymerization of

the Epoxy Monomer 2

To the epoxy monomer 2 (100 mg) was

added potassium t-butoxide (5 mol%)

under an argon atmosphere. The mixture

was stirred for 24 h at 60 8C. The poly-

merization mixture was dissolved in chloro-

form and poured into hexane. The pre-

cipitate was dissolved in chloroform and

reprecipitated into hexane to yield an

orange powder (Yield 66%).

The obtained polymer 1 was chemically

reduced with phenylhydrazine, and char-

acterized by the NMR spectroscopy. 1H-

NMR (DMSO-d6, 500 MHz, ppm): d¼ 4.00

(b, 1H, OCH2), 3.75 (m, 1H, piperidine

CH), 3.61 (b, 3H, polyether CH and CH2),

1.94 (bs, 2H, piperidine CH2), 1.33 (bs, 2H,

piperidine CH2), 1.18 (s, 6H, CH3), 1.14 (s,

6H, CH3);
13C-NMR(DMSO-d6, 125 MHz,

ppm): d¼ 79.2, 70.6, 69.5, 67.8, 57.8, 44.6,

32.4, 20.7; IR (cm-1): 1040 (nC–O–C); Found:

C, 62.8; H, 9.5; N, 6.2%. Calcd for

C12H22NO3: C, 63.1; H, 9.7; N, 6.1%

Coodinated Anionic Ring-Opening

Polymerization of the Epoxy Monomer 2

Diethyl zinc in a 1.0 M hexane solution

(2.0 ml) was reacted with 36 ml of pure

water under an argon atmosphere to

prepare the initiator as a yellow solution.

The initiator (10 mol%) was added into the

epoxy monomer 2 under an argon atmo-

sphere. The reactionmixture was stirred for

24 h at room temperature, and then poured

into hexane. The precipitate was purified by

Soxhlet extraction to yield an orange solid

(Yield 73%). The obtained polymer was

insoluble in common organic solvents.
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Figure 2.

Thermal gravimetric analysis of polymer 1 (solid line)

and the radical concentration of the polymer 1.
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Characterization of the Radical Polymer

The polymer 1 was characterized by the

g-value (2.0065) of the ESR signal to

contain the TEMPO moiety. The radical

concentration or the concentration of the

unpaired electron of each sample was

determined on the basis of the assumption

of being paramagnetic at room temperature

by integration of the ESR signal standar-

dized with that of the TEMPO solution.

The radical concentration was also ana-

lyzed by the slope of the Curie plots and the

saturated magnetization in the SQUID

measurement. These radical concentration

values estimated by the two methods

almost agreed with each other.

Electrode Preparation and

Electrochemical Measurement

The polymer 1 (30mg)wasmixedwith 60mg

of a graphite fiber (vapor grown carbon fiber:

VGCF, Showa Denko Co.) and 10 mg of a

binder powder (polyvinylidenefluoride resin:

KF polymer, Kureha Chemical Co.) in the

presence of N-methyl-2-pyrrolidone (NMP).

The mixture was pasted on aluminum foil

and dried overnight in vacuo at 80 8C. The
composite electrodes with a series of 1-

loading ratios (1/carbon/binder¼ 1/8/1, 2/7/1,

3/6/1) were also prepared.

The electrochemical measurements were

performed using a conventional cell under a

dry argon atmosphere. A normal potentio-

stat system (BAS Inc. ALS660B) was used

for the cyclic voltammetry, chronopoten-

tiometry and other electrochemical mea-

surements. A platinum disk, coiled plati-

num wire, and Ag/AgCl were used as the

working, auxiliary, and reference electrode,

respectively. Cyclic voltammogram of the

polymer/carbon composite electrode was

measured in an acetonitrile solution in the

presence of 0.1 M tetrabutylammonium

perchlorate as the supporting electrolyte.

The formal potential of the ferrocene/

ferrocenium redox couple was 0.45 V vs.

Ag/AgCl reference electrode.

Cell Fabrication and Battery Performance

A coin cell was fabricated by stacking the

polymer/carbon composite cathode with a

separator film (cell guard #2400, Hohsen

Corp.) and lithium metal as the anode

under an argon atmosphere. An ethylene

carbonate/diethyl carbonate (1/1) solution

of lithium hexafluorophosphate (1 M) was

used as the electrolyte. The cycle per-

formance of the fabricated cell was tested

by repeated charge-discharge galvano-

static cycles at different current densities.

The cut-off potentials were 3.0 and 4.0 V vs.

Li/Liþ.

Other Measurements

The 1H- and 13C NMR spectra were

recorded using a JEOL Lambda 500 or

Bruker AVANCE 600 spectrometer, and

the mass spectra were recorded by a

JMS-SX102A or Shimazu GCMS-QP5050

spectrometer. Gel permeation chromato-

graphy was performed with chloroform or

THF using a Tosoh HLC-8220 instrument.

The ESR spectra were taken using a JEOL

JES-TE200 ESR spectrometer with a

100 kHz field modulation. The magnetiza-

tion and magnetic susceptibility of the

powder polymer sample were measured

by a Quantum Design MPMS-7SQUID

(superconducting quantum interference

device) magnetometer. The magnetic sus-

ceptibility was measured from 10 to 300 K

in a 1.0 T field. The thermal analyses were

performed by a Seiko DSC220C and TG/

DTA 220 thermal analyzer at the heating

rate of 10 8C/min under nitrogen.

Results and Discussion

The TEMPO-substituted epoxy monomer,

4-(glycidyloxy)-2,2,6,6-tetramethylpiperid-

ine-oxyl 2, was synthesized from 4- hydroxy-

2,2,6,6-tetramethylpiperidin-N-oxy and epi-

chlorohydrin in the presence of a phase

transfer agent. This reaction proceeded

with a higher yield than the previous

report.[11] The TEMPO radical moiety

of the monomer was chemically reduced

to the corresponding hydroxylamine with

phenylhydrazine, and characterized by 1H-

and 13C-NMR spectroscopies.
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The anionic ring-opening polymeriza-

tion of the monomer 2 using potassium

t-butoxide as an initiator in THF yielded

the corresponding polymer. The polymer

with a higher molecular weight (Mn¼
3.2� 104) was obtained for the polymeriza-

tion under bulk conditions (without sol-

vent). The radical concentration per mono-

mer residue in the polymer 1 was estimated

to be ca. 90%. The polymer 1 was also

chemically reduced with phenylhydrazine

and characterized by the NMR spectrum,

supporting the fact that the polymerization

of 2 proceeded without any side reactions.

The obtained polymer 1 was insoluble in

any common solvents, but slightly swollen

in chloroform, THF, and the electrolyte

solution (ethylene carbonate/diethyl carbo-

nate solution (1/1) containing 1.0 M LiPF6).

The radical concentration of the polymer 1

obtained by the coordinated anionic ring-

opening polymerization using ZnEt2/H2O

was not quantitative, indicating the side

reactions on the TEMPO moieties.

The thermal analyses data of 1 and

PTMA are summarized in Table 2. Both

polymers were thermally decomposed at

260 8C. The radical moieties on these

polymers were very stable even at high

temperature and almost stable up to this

thermal decomposition temperature (the

latter was monitored with the radical

concentration of the polymers). The radical

concentration of 1 remained unchanged for

3 months under ambient conditions. The

glass transition temperature (Tg) for change

to a rubbery state was 18 8C and 71 8C for 1

and PTMA, respectively. The low Tg value

of 1 could be ascribed to the flexible

polyether backbone of 1, and suggested a

good molding ability and higher compat-

ibility of 1 with the carbon, the current

collector, and also with the electrolyte

solution.

The radical polymer 1 itself does not

show sufficient electric conductivity; there-

fore, 1 is mixed with graphite fibers to give a

composite electrode. Cyclic voltammo-

grams of the 1/carbon composite electrode

displayed a reversible redox wave at 0.78 V

vs. Ag/AgCl in an acetonitrile solution

(Figure 3), which was ascribed to the

oxoammonium cation formation or the

p-type doping of the TEMPO radical

moiety of the polymer 1. Electrolytic

ESR spectroscopy supported the ESR-

silent oxoammonium formation under the

applied potential at 1.1 V and regeneration

of the nitroxide radical at 0.6 V. A sym-

metric redox wave with a narrow peak-

to-peak separation (DE¼ 90 mV) indicated

fast electrode reaction kinetics for the

p-type doping of the nitroxide radical.

The test cell was fabricated by stacking

the polymer 1/carbon composite cathode

with a separator film and lithium metal as

an anode. The charge-discharge curves for

the fabricated cell display a plateau voltage

at 3.54 V vs. Li/Liþ (Figure 4), correspond-

ing to the redox potential of the polymer 1

(0.78 V vs. Ag/AgCl, Figure 3): This

revealed that 1 served as a cathode-active

Macromol. Symp. 2006, 245–246, 416–422420

Table 1.
Anionic ring opening polymerization of the epoxy monomer 2a).

Entry Solvent Monomer concn/M Mn/10
3 Mw/Mn Yield/% Radical concn/mol%

1 THF 0.5 2.5 1.2 25 88
2 THF 1.0 3.2 1.3 43 91
3 THF 2.0 3.6 1.4 57 90
4 – Bulk 32.0 1.8 88 84
5b) – Bulk 10.9 1.5 73 62

a) time: 24 h, initiator: potassium t-butoxide (5 mol%).
b) initiator: ZnEt2/H2O (10 mol%).

Table 2.
Glass transition temperature (Tg) and thermal
10%-decomposition temperature Td (10%) of 1 and
PTMA.

Polymer Tg/8C Td (10%)/8C

1 18 260
PTMA 71 263
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material. The cycle performance during

charging and discharging at the cut-off

voltages of 3.0 and 4.0 V, respectively,

displayed no significant deterioration in the

capacity up to 1000 cycles. This surprisingly

stable cyclability could be ascribed to the

simple one-electron transfer of the nitr-

oxide radical, the flexible backbone suffi-

ciently swollen with the electrolyte solu-

tion, and the amorphous electrode

structure. When the amount of the radical

polymer (1 and PTMA) loaded in the

composite electrode was 10–20%, the cell

performance displayed no significant dif-

ference between 1 and PTMA. However, as

the loaded amount of the polymer in the

electrode increases up to 30 wt%, the

discharge capacity for the PTMA/carbon

composite electrode decreased. The dis-

charge capacity for the 1/carbon composite

electrode maintained unchanged even at

high current density (10 C rate), suggesting

the high compatibility of the radical poly-

mer 1 with the current collector and the

electrolyte solution.

Conclusion

The anionic ring-opening polymerization of

the TEMPO-substituted glycidyl ether 2

yielded the corresponding radical polymer

which was insoluble, but swollen with the

electrolyte solution. The fabricated cell

composed of this polymer cathode dis-

played a plateau voltage at 3.54 V and

stable charging and discharging curves. The

cell performance was maintained even

with a higher amount of 1 loaded in the

composite electrode, which could be as-

cribed to the flexible polyether backbone

and its higher compatibility with the

electrolyte solution. We reported in this

paper that the flexible backbone structure

played an important role as a matrix for

electron transfer. The electron transfer

process in the polymer film with various

backbone structures; e.g., polyether, poly-

acrylate, polyisocyanate, and polynorbor-

nene, will be discussed later. The molecular

design of the main chain such as a branched

or network structure will be the next target

to enhance the compatibility and proces-

sability of the polymer.
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Figure 3.

Cyclic voltammogram of 1/carbon composite elec-

trode (solid line) and the PTMA/carbon composite

electrode (dashed line) in CH3CN with 0.1 M

(C4H9)4NClO4. A platinum wire and Ag/AgCl were used

as the counter and reference electrodes, respectively.

Scan rate¼ 5 mV/s.
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Figure 4.

Charge/discharge curves of the test cell fabricated

with the polymer 1/carbon cathode and Li anode in

ethylene carbonate/diethyl carbonate with 1.0 M

LiPF6. Current density¼ 10 C rate; The 1 C is defined

as the current density at which the charging or

discharging of the cell takes 1 h. Inset: discharge

curves for 1/carbon composite cathode (solid line)

and PTMA/carbon composite cathode (dashed line), in

which a 30 wt% radical polymer was loaded.
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