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ABSTRACT: To maximize the theoretical redox capacity of polymers containing cyclic nitroxides as redox-
active pendant groups for high-density charge storage application, a compact five-membered ring with the
smallest equivalent weight among the robust cyclic nitroxides was directly bound to a poly(ethylene oxide)
chain. 2,2,5,5-Tetramethyl-3-oxiranyl-3-pyrrolin-1-oxyl was synthesized and polymerized via anionic co-
ordinated ring-opening polymerization utilizing diethyl zinc/H,O as an initiator. The unpaired electron in the
monomer survived during the polymerization, giving rise to a high density redox polymer with a weight-
specific theoretical capacity of 147 mA h/g. Cyclic voltammetry of the polymer layer confined at the surface of
an electrode revealed a large redox capacity comparable to the theoretical capacity, which was ascribed to the
efficient swelling and yet insoluble properties of the polyether in electrolyte solutions by virtue of the high
molecular weight of >10° and adhesive properties allowing immobilization of the layer on the electrode surface.
The redox capacity also indicated that the ionophoric polyether matrix accommodated electrolyte anions
through the polymer/electrolyte interface to neutralize positive charges produced by the oxidation of the
neutral radicals at the polymer/electrode interface. The diffusion coefficient for the redox gradient-driven
charge hopping process corresponded to a large second-order rate constant in the order of 10’ M~ 's ™!, which
suggested an efficient electron self-exchange reaction throughout the polymer layer due to the large redox site
population and hence to the small intersite distance. Test cells fabricated with a polymer/carbon fiber
composite layer on an aluminum current collector as the cathode and a Li anode sandwiching an electrolyte
layer were capable of charging and discharging as a secondary battery with an output voltage near 3.7 V and

were durable for more than 10° charging—discharging cycles without substantial degradation.

Introduction

Polymers containing organic robust radical groups,' such as
NO-centered nitroxides and nitronyl nitroxides, N-centered
triarylaminium cation radicals, and O-centered phenoxyls and
galvinoxyls, are an interesting class of materials in which the presence
of the unpaired electron can lead to unusual electronic,” magnetic,”
and optical properties.* Broad attention has been given especially
to nonconjugated polymers bearing cyclic nitroxides such as
2,2,6,6-tetramethylpiperidin-1-oxyl (TEMPO) and 2,2,5,5-tetra-
methyl-1-pyrrolidineoxy (PROXYL)’ due to the opportunity to
reversibly switch between the oxidation states of the neutral
radical )N—O- and the oxoammonium cation )N =0 combined
with the exceptionally high stability of both redox states under
ambient conditions.® These so-called “radical polymers” also
constitute an extensively studied group of functional polymers for
charge transport and storage.” A recent example that typically
illustrates this concept is our approach to the “radical battery”
which is characterized by an excellent rate performance and
capability of fabricating purely organic, flexible, paperlike, and
transparent rechargeable energy-storage devices.® Our principal
finding is that the radical polymer layers, immobilized on electrodes
and swollen in electrolyte solutions, exhibit substantial redox capac-
ity, which indicates that the mass-transfer process for electrolyte
ions is accomplished to neutralize charges produced by the electrode
reaction.” Poly(1-oxy-2,2,6,6-tetramethylpiperidin-4-yl methacrylate)
(PTMA)' and poly(1-oxy-2,2.6,6-tetramethylpiperidin-4-yl vinyl
ether) (PTVE)'" have been the most typically employed as the
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cathode-active materials. However, the energy density of the fabri-
cated device has been limited by the intrinsic redox capacity of the
radical polymers. Indeed, the calculated weight-specific capacities
of PTMA (112 mA h/g) and PTVE (135 mA h/g) are smaller than
the conventional cathode-active materials in Li ion batteries such
as LiCoO, (=137 mA h/g for LiCoO, = xLi" + Li;_,CoO, +
xe  and x = 0.5). Toincrease the theoretical redox capacity of the
radical polymer by reducing the formula weight per repeating
unit, while maintaining the affinity to electrolyte solutions, is an
important subject of the current research.

We previously found that poly(1-oxy-2,2,6,6-tetramethyl-
piperidin-4-yl glycidyl ether) (PTGE) was an excellent cathode-
active material and reported that the efficient charge transport/
storage property was attributed to the flexible and ionophoric
poly(ethylene oxide) (PEO) backbone to allow propagation of
charges deeply into the polymer layer from the polymer/electrode
interface.'” In here, we design and synthesize a polymer 1 (Figure 1)
in which the 2,2,5,5-tetramethyl-3-pyrrolin-1-oxyl group with the
smallest equivalent weight among the robust cyclic nitroxides is
directly bound to the PEO chain per repeating unit. We focus on
the large weight-specific capacity of 147 mA h/g derived from the
compact unit and a dramatically facilitated charge hopping process
in the polymer layer as a result of the small intersite distance J,,
(Figure 1), which offered insights into the kinetic aspects of an
electron self-exchange reaction and a strategy to further improve
the capacity and the rate performance of the radical battery.

Experimental Section

Materials. All solvents were purified by distillation prior to
use. A vapor-grown carbon fiber (VGCF) was obtained from

© 2010 American Chemical Society
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Figure 1. Plots of mean intersite distance d,, versus redox capacities
for polyethers and a poly(vinyl ether) bearing TEMPO or 2,2,5,5-tetra-
methyl-3-pyrrolin-1-oxyl groups as redox sites (R), together with those
for poly(vinylferrocene) and PTMA. Dotted curve represents the mean
intersite distance calculated from the formula weight per repeating unit,
fiw, according to 8y, = (fin/Na)'® = NA~'3(1000£/3600)"(capacity) ™',
assuming a molecular density of 1 gfem®.

Scheme 1. Synthesis of the Polyether 1
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Showa Denko Co. A binder powder, poly(vinylidene fluoride)
(PVdF) resin (KF polymer), was purchased from Kureha
Chemical Co. Tetrabutylammonium perchlorate (TBACIO,)
was obtained from Tokyo Kasei Co. and purified by recrystalli-
zation. An electrochemical grade solution of 1 M lithium hexa-
fluorophosphate (LiPFy) in ethylene carbonate/diethyl carbonate
(1/11in v/v) was obtained from Kishida Kagaku Co. A 1 M solu-
tion of potassium tert-butoxide (#-BuOK) in THF was obtained
from Aldrich Co. All other regents were obtained from Kanto
Chemical Co. or Tokyo Kasei Co. and were used without further
purification.

Synthesis of Epoxide Monomer. The oxiranyl group in 4 was
derived in three steps from a carbamoyl group according to
Scheme 1. The paramagnetic products were characterized by
NMR spectroscopy after conversion to the corresponding dia-
magnetic N-hydroxy-2,5-dihydropyrrole derivatives using phenyl-
hydrazine as a reducing agent.

3-Carboxy-2,2,5,5-tetramethyl-3-pyrrolin-1-oxyl (2). 3-Carbamoyl-
2,2,5,5-tetramethyl-3-pyrrolin-1-oxyl (0.011 mol, 2.03 g) was added to
a 10 wt % aqueous NaOH solution (28.8 mL, 0.072 mol), which was
refluxed for 2 h until the generation of the eliminated NH;, monitored
using a flow meter, was finished. The resulting yellow solution was
neutralized with 10 mol % HCI. Extraction of the product with
diethyl ether and recrystallization from diethyl ether/hexane yielded 2
as a yellow crystal. Yield: 1.30 g (7.1 mmol, 64%). FAB-MS (m/z):
caled for M™ 184.21; found 186, 183. IR (KBr, cm ™ 1): 1717 (vc—o).
Anal. Calcd for CoH 4NOs: C, 58.68; H, 7.66; N, 7.60%. Found: C,
57.92: H, 7.54: N, 7.50%. '"H NMR (CDCls, 600 MHz, ppm, TMS,
after reduction with phen?/lhydrazine): 0 7.23 (s, 1H), 6.49 (s, 1H),
1.56 (s, 6H), 1.46 (s, 6H). °C NMR (CDCls, 150 MHz, ppm, TMS,
after reduction with phenylhydrazine): 6 169.0, 140.5, 137.7, 76.1,
72.6,23.5,23.2,22.8,22.5.

3-Formyl-2,2,5,5-tetramethyl-3-pyrrolin-1-oxyl (3). The car-
boxylic acid 2 (1.26 g, 6.84 mmol) was dissolved in a mixture of
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Scheme 2. Synthesis of the 3-Oxiranyl PROXYL 8
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benzene (15 mL) and pyridine (0.55 mL, 6.84 mmol). The result-
ing solution was maintained at 5—8 °C using ice bath, to which
was added a solution of thionyl chloride (0.55 mL, 7.74 mmol)
in benzene (2.3 mL). After stirring for 1 h and removal of the
solvent by rotary evaporation, the product was dissolved in
dehydrated THF (12.5 mL) under argon. To this solution was
added a solution of lithium aluminum ferz-butoxide hydride
(LiA1(O-'Bu);H) (1 M) in THF (6.79 mL, 6.79 mmol, 1 equiv)
at —78 °C under argon, which was kept stirring for 2 h under
the reduced temperature. (Note that addition of excess LiAl-
(O-"Bu);H led to a lower product yield as a result of the side
reaction to give 3-hydroxymethyl-2,2,5,5-tetramethyl-3-pyrrolin-
1-oxyl.) After removal of the solvent by rotary evaporation,
the product was extracted with ethyl acetate and purified by
silica gel column chromatography using diethyl ether/hexane
(7/3 inv/v) as an eluent to give 3 as a yellow crystal. Yield: 0.72 g
(42.8 mmol, 62%). FAB-MS (m/z): caled for M™ 168.21; found
168. IR (KBr, cm ™ '): 1684 (vc—o). Anal. Caled for CoH4NO5:
C,64.26;H,8.39; N, 8.33%. Found: C, 63.78; H, 8.64; N, 8.16%.
'"H NMR (CDCl;, 600 MHz, ppm, TMS, after reduction with
phenylh?/drazine): 09.62 (s, 1H), 6.43 (s, 1H), 1.38 (s, 6H), 1.33
(s, 6H). *C NMR (CDCls, 150 MHz, ppm, TMS, after reduction
with phenylhydrazine): 6 188.7, 146.0, 144.4, 68.8, 68.4, 25.2, 24.8,
24.6, 24.3.

2,2,5,5-Tetramethyl-3-oxiranyl-3-pyrrolin-1-oxyl (4). Sodium
hydride (211 mg) was added to DMSO (3.18 mL) under argon
and reacted for 1 h at 65 °C. The mixture was diluted with THF
(4.0 mL). The solution was cooled to —10 °C using ice bath with
CaCl,, to which was added a solution of trimethylsulfonium
iodide (1.03 g) in DMSO (4.00 mL) and stirred for 5 min under
argon. A solution of 3 (703 mg) in THF (1.6 mL) was slowly added
to the solution, which was kept stirring for 30 min at —10 °C and
for 2 h at room temperature. Extraction with ethyl acetate and
purification by column chromatography using ethyl acetate/
hexane (1/1 in v/v) as an eluent (Ry = 0.64) followed by HPLC
with CHCl; yielded the epoxide monomer 4 as an orange liquid.
Yield: 0.53 g(70%). FAB-MS (m/z): caled for M 182.24; found
182. IR (KBr, cm ™ 1): 1249 (v, epoxide 8 u), 932 (v, epoxide 11 x),
772 (v, epoxide 12 ). Anal. Calcd for C;oH(NO,: C, 65.91; H,
8.85; N, 7.69%. Found: C, 65.18; H, 8.80; N, 8.36%. The radical
concentration was determined to be 100% by comparing the
ESR intensity with that of 3-carbamoyl-2,2,5,5-tetramethyl-
3-pyrrolin-1-oxyl. "H NMR (CDCl;, 600 MHz, ppm, TMS, after
reduction with phenylhydrazine): 6 6.83 (s, IH), 3.28 (t, 1H), 2.78
(d, 2H), 1.34 (s, 3H), 1.30 (s, 3H), 1.23 (s, 3H), 1.21 (s, 3H). 1*C
NMR (CDCl;, 150 MHz, ppm, TMS, after reduction with
phenylhydrazine): 6 151.3, 119.5, 70.4, 68.1, 49.4, 47.7, 26.1, 25.6,
25.4,24.8.

Synthesis of Oxiranyl-Substituted PROXYL. 2,5,5-Trimethyl-
3-oxiranyl-pyrrolidinoxyl (8) was synthesized according to Scheme 2,
as an alternative epoxide designed to give the radical polyether.

5-Nitrohexane-2-one (5). Methyl vinyl ketone (0.509 mol, 35.7 g)
was dissolved in CH3CN (130 mL). After addition of 2-nitropro-
pane (0.56 mol, 50 g) to the solution, tetramethylguanidine
(50.9 mmol, 5.86 g) was added dropwise at 0 °C. The resulting
mixture was stirred for 24 h at room temperature. After addition of
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aqueous HCI, the product was extracted with diethyl ether, washed
with H>O, and purified by distillation under reduced pressure to
yield 5 as a colorless liquid. Yield: 32%. FAB-MS (m)/z): calcd for
M™" 159.18; found 159. IR (KBr, cmfl): 1719, 1348. Anal. Calcd for
C;H5NO;: C, 52.82; H, 8.23; N, 8.80%. Found: C, 52.60; H, 8.41;
N, 8.81%. 'H NMR (CDCls, 600 MHz, ppm, TMS): 6 2.45 (t, 2H),
2.19(t,2H), 2.16 (s, 3H), 1.58 (s, 6H). '*CNMR (CDCls, 150 MHz,
ppm, TMS): 6 206.3, 87.3, 38.1, 33.9, 29.9, 25.8.
2,2,5-Trimethyl-3,4-dihydro-2 H-pyrrole 1-Oxide (6). To the
nitroketone 5 (5.1 g) was added an aqueous solution of ammo-
nium chloride. After cooling to 0 °C, a zinc powder was slowly
added to the solution which was kept stirring for 1 hat 0 °C and
then for 2 h at room temperature. Removal of zinc by filtration,
washing with CH3OH, extraction with CH5Cl, and distillation
under reduced pressure gave 6 as a colorless liquid. Yield: 1.7 g.
FAB-MS (m/z?: caled for M™ 127.18; found 127. IR (KBr, cm™):
1627 (ve=n). H NMR (CDCl;, 600 MHz, ppm, TMS): 6 2.59
(t,2H),2.03 (s, 3H), 2.00 (t, 2H), 1.40 (s, 6H). *C NMR (CDCls,
150 MHz, ppm, TMS): 6 141.9,100.5,73.1, 32.2,29.1,25.3, 13.0.
2,2,5-Trimethyl-5-vinylpyrrolidinoxyl (7). To a solution of 6
(1.80 g) in THF (17 mL) was added a 1 M solution of vinyl-
magnesium bromide in THF (17.4 mL) under argon, which was
kept stirring for 2 h at room temperature. After evaporating the
solvent, extraction of the product with diethyl ether followed by
purification by silica gel column chromatography using hexane/
ethyl acetate (10/1 in v/v) as an eluent yielded 7 as an orange
liquid. Yield: 0.5 g. FAB-MS (m)/z): caled for M™ 154.2; found
154. IR (KBr, cm ™ 1): 3087 (ve—_p), 1639 (ve—c). "H NMR (CDCl,,
600 MHz, ppm, TMS): 6 6.18 (t, 1H), 5.10 (d, 2H), 1.93 (m, 1H),
1.73 (m, 3H), 1.33 (s, 3H), 1.24 (s, 3H), 1.17 (s, 3H). '*C NMR
(CDCl3, 150 MHz, ppm, TMS): 6 152.6, 145.5, 65.7, 61.8, 34.5,
32.4,26.7,26.1, 24.5.
2,5,5-Trimethyl-3-oxiranylpyrrolidinoxyl (8). To 7 (100 mg)
was added a solution of m-chloroperbenzoic acid (mCPBA)
(121.8 mg) in CH,Cl, (10 mL). The resulting solution was stirred
for 15 min at 0 °C and then for 12 h at room temperature.
Extraction of the product with diethyl ether followed by purifi-
cation by slica gel column chromatography using hexane/diethyl
ether (2/1 in v/v) yielded the RS-mixture of the monomer 8 as an
orange liquid. Yield: 40 mg. FAB-MS (m/z): caled for M* 170.1;
found 170. IR (KBr,cm ™ 1): 1255 (v, epoxide 8u), 911 (v, epoxide
11 u), 865 (v, epoxide 12 u). "H NMR (CDCls, 600 MHz, ppm,
TMS, after reduction with phenylhydrazine): 6 3.04 (t, 1H), 2.69
(m, 2H), 1.70—1.50 (m, 4H), 1.25 (s, 3H), 1.17 (s, 3H), 1.15 (s, 3H).
13C NMR (CDCl;, 150 MHz, ppm, TMS, after reduction with
phenylhydrazine): 6 57.0,44.2,38.2, 34.6,29.8,27.1,25.9,22.9, 21 1.
Anionic Coordinated Ring-Opening Polymerization of 4. A 1 M
hexane solution of diethylzinc was cooled to —78 °C, to which was
added H,O (1 equiv) under argon. The mixture was slowly heated
to room temperature and stirred for 1 h to give the yellow solution
of the ZnEt,/H,O initiator. To the monomer 4 was added the
initiator (10 mol %) under strictly anaerobic conditions. The
mixture was stirred at 40 °C for 24 h (entry 5 in Table S1), which
gelated during the reaction. The resulting mixture was dissolved in
THF and slowly poured into hexane. The precipitate was collected
by filtration, which was dissolved in THF. The residual zinc catalyst
was insoluble in THF, which was removed by centrifugation. The
polymer was purified by reprecipitation from diethyl ether to yield
a yellow powder. Yield: 6 wt % (entry 5 in Table S1). The obtained
polymer was partially soluble in THF and CHCI; but insoluble
in CH3CN and propylene carbonate. GPC (THF, polystyrene
standard): M, = 1.2 x 10°, M,, = 3.5 x 10°. IR (KBr, cm™):
1042 (vc—o—c)- Anal. Caled for CoHcNO,: C, 65.91; H, 8.85; N,
7.69%. Found: C, 65.20; H, 8.80; N, 8.40%. '"H NMR (CDCl;,
600 MHz, ppm, TMS, after reduction with phenylhydrazine):
0 5.58 (s, 1H), 3.29 (d, 2H), 2.60 (t, 1H), 1.26 (s, 12H). *C NMR
(CDCl3, 150 MHz, ppm, TMS, after reduction with phenyl-
hydrazine): § 141, 132, 70.6, 68.1, 49.2, 47.4, 25.1. DSC (10 °C/min,
under argon): 7T, = 44 °C. TG-DTA (10 °C/min, under argon):
Ta10v, (temperature for 10% weight loss) = 192 °C.
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Anionic Ring-Opening Polymerization of 4. To a solution of 4
in THF was added a solution of -BuOK in THF (10 mol %)
under argon (entry 8 in Table S1). The mixture was stirred at 60 °C
for 24 h. The resulting mixture was dissolved in CHCl; and slowly
poured into hexane. The precipitate was collected by filtration,
dissolved again in THF, and purified by reprecipitation from
hexane and dried under vacuum at room temperature to yield
the oligomer as an yellow powder. Yield: 20 wt %. GPC (THF,
polystyrene standard): M,, = 8.4 x 10%, M,, = 9.2 x 10% IR (KBr,
cm ") 1041 (ve—o-0).

Determination of the Radical Content. The polymer 1 (entry 5
in Table S1) was characterized by the g-value (2.0065) of the
ESR signal, which was close to that of the monomer 4 at 2.0059.
The radical concentrations were determined, assuming that the
polymers were paramagnetic at room temperature, by compar-
ing the integrated ESR intensity with that of the solution of 4 as
the standard. A dual sample cavity was employed to allow
accurate ESR integrations. The radical concentration was also
determined by means of SQUID measurements using the Curie
plots and the values for saturated magnetization. The two inde-
pendently determined values agreed well with each other.

Preparation of 1/Carbon Composite Electrodes. The polymer
1 (entry 5 in Table S1, 5.0 mg) was mixed with VGCF (40.0 mg)
and PVdF (5.0 mg) in N-methyl-2-pyrrolidone (NMP). The
mixture was pasted on the aluminum foil (ca. 1.13 cm?) and dried
under vacuum at 40 °C for 10 h to give the composite electrode
with a composition of 1/VGCF/PVdF = 1/8/1 (w/w/w).

Electrochemical Measurements. Electrochemical analyses were
carried out in a conventional cell under argon. The auxiliary
electrode was a coiled platinum wire. The reference electrode was
a commercial Ag/AgCl immersed in a solution of 0.1 M TBACIO,
in CH3;CN. The formal potential of the ferrocene/ferrocenium
couple was 0.45 V vs this Ag/AgCl electrode. An ALS 660B
electrochemical analyzer was employed to obtain the voltammo-
grams. Heterogeneous electron-transfer rate constants & for the
electrode reactions were determined from the variations of a peak-
to-peak separation AE, with a potential sweep rate v in cyclic
voltammetry according to ko = y{wDFv/(RT)}"* (Nicholson’s
method), where D was the diffusion coefficient of the reactant
determined from the slope of the peak current—v'’? plot'*® and v
was given by the data linking to AEp.Bb The macroscopic diameter
of the platinum disk microelectrode used for the electrochemical
measurements (¢ = 1.0 mm) was confirmed from the magnitude of
the current for the electrolysis of ferrocene as the internal standard.

Fabrication and Characterization of Test Cells. A coin cell was
fabricated by sandwiching the electrolyte layer of 1 M LiPFg in
ethylene carbonate/diethyl carbonate (1/1 in v/v) with the
1/carbon composite cathode and the Li anode, using the sepa-
rator film (cell guard #2400 from Hohsen Co.) under anaerobic
conditions. The cyclic performance of the fabricated cell was
examined by repeated charging—discharging galvanostatic cycles at
different current densities. The charging—discharging experi-
ments were typically performed at a current density of 10 C,
where 1 C represents the current density required for charging or
discharging of the cell at 1 h.

Measurements. 'H and '>C NMR spectra were recorded on a
JEOL JINM-LAS00 or Bruker AVANCE 600 spectrometer with
chemical shifts downfield from tetramethylsilane as the internal
standard. Infrared spectra were obtained using a Jasco FT-IR
410 spectrometer with potassium bromide pellets. Molecular
weight measurements were done by gel permeation chromatog-
raphy using a TOSOH HLCS8220 instrument with CHClIj; as the
eluent. Calibration was done with polystyrene standards. Ele-
mental analyses were performed using a Perkin-Elmer PE-2400
IT and a Metrohm 645 multi-DOSIMAT. Two parallel analyses
were performed for each sample. Mass spectra were obtained
using a JMS-SX102A or Shimadzu GCMS-QP5050 spectrom-
eter. ESR spectra were recorded using a JEOL JES-TE200
spectrometer with a 100 kHz field modulation frequency and a
0.1 mT width. The magnetization and the magnetic susceptibility of
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the powdery polymer samples were measured by a Quantum
Design MPMS-7 SQUID magnetometer. The magnetic suscept-
ibility was measured from 1.95t0 270 K ina 0.5 T field. Thermal
analyses were performed by a Seiko DSC220C and TG/DTA
220 thermal analyzer under nitrogen.

X-ray Crystallography. All diffraction measurements were
made on a Rigaku RAXIS RAPID imaging plate area detector
with a graphite-monochromated Mo Ka radiation (1 = 0.710 75 A).
The data were collected at 298 K. Crystal data for 3- carbamoyl-
2,2,5,5-tetramethyl-3-pyrrolin-1-oxyl: CoH;sN>O,, M = 183.23,
orthorhombic space group Pca2; (No.29),a = 14.1743(7) Ab=
8.4983(4) A ¢=16.3600(8) A, V= 1970.68(17) A>, Z = 8, Dyied =
1.235 g/em®, u(Mo Ko)) = 0.880 cm ™. Of the 18 110 reflections,
4498 were unique (R, = 0.030). The non-hydrogen atoms were
refined anisotropically. Hydrogen atoms were refined isotropi-
cally. The final cycle of the full-matrix least-squares refinement
was based on 3998 reflections with 7 > 2¢(/) and 266 variable

parameters and converged Wrth R = Z;HFO\ [F|/> 1 Fol =
0.0787 and Ry, = (Cw(Fo> — FAXSw(F))' 2 = 0.2138. Atomic

coordinates, thermal displacement parameters, bond lengths and
angles, and torsion angles are shown in Tables S2—S9. Crystal
data for 3-carbamoyl-2,2,5,5-tetramethyl-1-o0x0-2,5-dihydro-
1 H-pyrrolium hexafluorophosphate: C9H15F6N202P M =
328.19, triclinic space group P1 (No. 2), a = 8.402(6) A b=
12. 432(8) A, ¢ =14.584(9) A, 0. = 69.184(16)°, 3 = 84. 735(19)°
y =85.620(16)°, V 1416 4(15) A3, Z =4, Deyieq = 1.539 g/em?,
u(Mo Ka) = 2.641 cm™'. Of the 13 196 reflections, 6332 were
unique (Rj,, = 0.078). The non-hydrogen atoms were refined
anisotropically. Hydrogen atoms were refined isotropically. The
final cycle of the full-matrix least-squares refinement was based
on 2829 reflections with 7 > 2¢(I) and 391 variable parameters
and converged with R = ZHFO\ |FI > 1 Fol = 0.1282 and

= (Cw(Fy® — FA?ow(Fa?)?)' " = 0.3286. Atomic coordi-
nates thermal displacement parameters, bond lengths and angles,
and torsion angles are shown in Tables S10—S17.

Results and Discussion

The 3-oxiranyl group in 4 was derived from the carbamoyl
group by the hydrolysis into the carboxyl group in 2, followed by
the reduction to the formyl group in 3 via the carbonyl chloride,
and epoxidation by the reaction of the resulting o.,f-unsaturated
ketone with dimethylsulfonium methylide (CHj3),S=CH,
(Scheme 1)."* A similar process to synthesize 2,2,5,5-tetramethyl-
3-oxiranyl-1-pyrrolidineoxy (3-oxiranyl PROXYL) was unsuccessful
due to the failure in the reduction step which produced the
corresponding alcohol rather than the desired aldehyde, demon-
strating that the partially reduced formyl group in 3 was sig-
nificantly stabilized by the conjugation with the double bond in
the ring. The oxiranyl-substituted PROXYL 8 was synthesized by
the introduction of vinyl group to the 2,2,5-trimethyl-3,4-dihydro-
2H-pyrrole 1-oxide 6 by the Grignard reaction followed by the
oxidation with mCPBA (Scheme 2).

Cyclic voltammetry of 4 and 8 both revealed a reversible electro-
chemical response, which was ascribed to the oxidation of the
nitroxide radicals to the corresponding oxoammonium cations
4" and 8", respectively. The cyclic voltammogram obtained for 4
at various scan rates revealed a totally reversible wave at (£, +
Ey)/2=0.87V vs Ag/AgCl, where E,,, and E,,. were the oxidation
and the reduction peak potentials, respectively (Figure S1). The
anodic and cathodic peak currents were equal and increased
proportionally with the square root of the potential scan rate,
which suggested that the electrode reaction was diffusion-limited
and that both of the oxidized and reduced states were stable in the
electrolyte solution. The peak-to-peak separation of AE, = E,

.= 60 mV at small scan rates was close to the theoretical value
of 59 mV. The electrolytic in-situ ESR spectroscopy revealed
a hyperfine structure for 4 resulting from the nitrogen-centered
(I = 1) radical (inset in Figure S1), which disappeared upon the
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anodic oxidation to 4*. The heterogeneous electron-transfer rate
constant ko was estimated by Nicholson’s method,* based on the
increase in AE,, at very large scan rates (> 1000 mV/s) with care-
fully compensated electrolyte resistance, which was accomplished
by the combination of positive feedback circuitry and digital
simulation methods. The rate constants for the 4/4™ and 8/8"
couples were 2.5 x 10”2 cm/s (Figure S1) and 1.0 x 10~" cmy/s,
respectively, which were slightly smaller than or comparable to
that for the TEMPO/TEMPO™ couple (8.4 x 10™" cm/s)®® and
provided support for the proposed electrochemically reversible
nature of the five-membered cyclic nitroxide. The rapid electron
transfer with electrodes is advantageous for use as redox catalysts
and electroactive materials because one could expect a large
exchange current density of j, = kOFC* > 10° A/em?, which is
desirable for battery applications,'® by virtue of the large activity
product C* of the reactants or the redox site concentration (ca. 5 M)
in the layer of 1.

The rapid electron transfer process of 4 with electrodes origi-
nated from the relatively small structural changes accompanied
by the redox reaction, which was demonstrated by the comparison
of the crystal structures for 3-carbamoyl-2,2,5,5-tetramethyl-
3-pyrrolin-1-oxyl and its oxidized product, 3-carbamoyl-2,2,5,5-
tetramethyl-1-0xo0-2,5-dihydro-1 H-pyrrolium hexafluorophosphate
(Figure 2). The chemical oxidation of the nitroxide was accom-
plished by the aerobic oxidation in the presence of HPFg to give
bright yellow crystals of the oxoammonium salt. Single crystals
were grown from methanol solutions. The atomic arrangement
around the NI atom revealed the electronic state of the N—O
redox center. The N—O bond in the nitroxide shrank upon the
oxidation to the oxoammonium cation by ca. 0.08 A, as a result of
an increased bond order. The small displacement of the oxo-
ammonium nitrogen from the C,O plane (Figure 2b) demon-
strated the sp” character of the N1 atom. The nitroxide radical
was characterized by moderate delocalization of the unpaired
electron over the N—O center, resulting in a partial 7-bond
character of the N—O bond. The NI atom in the radical was
slightly displaced from the CZO plane by 0.037 A, which was
intermediate between the sp” amines (0.58 A)and the oxoammonlum
cation (0.01 A) and was indicative of the partial sp* character.
Organic molecules usually experience a large rearrangement of
structural framework during the redox reactions through the
bond scission and formation that must overcome activation
energies. An account for the rapid electrode reaction observed for
4 is given by the relatively small atomic rearrangement required
for the overall redox reaction to decrease the activation energy,
in addition to the flexibility of the molecular framework and the
stability of the radical.

The anionic coordinated ring-opening polymerization of 4
initiated with the ZnEt,/H,O catalyst yielded the polymer 1
(entries 1—7 in Table S1). The product was partially soluble in
CHCl; and THF and insoluble in other common organic solvents
but swollen in the electrolyte solution employed for the electro-
chemical measurements. The swelling but insoluble property of
the polymer was favorable for battery applications to impede a
self-discharge accompanied by the undesired dissolution into the
electrolyte solutions and was likely to be ascribed to the high
molecular weight of M, ~ 1 x 10°, which was suggested from the
GPC analysis for the CHCl;-soluble fraction of the product.

The anionic ring-opening polymerization of 4 using #~-BuOK as
the initiator produced oligomers with low unpaired electron
densities. The similar incompatibility of the monomer with the
five-membered cyclic nitroxide group has been observed for
the polymerization of 2,2,5,5-tetramethyl-3-oxiranylmethoxy-
methyl-2,5-dihydro-1H-pyrrol-1-oxyl.'** Even more difficulty was
found for the polymerization of 8 (entries 11 and 12 in Table S1).
Other initiators reported for the anionic coordinated ring-opening
polymerization, such as aluminum complexes,'® were not effective
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Figure 2. ORTEP drawing (50% probability ellipsoids) for 3-carbamoyl-
2.2,5,5-tetramethyl-3-pyrrolin-1-oxyl (a) and 3-carbamoyl-2,2,5,5-tetra-
methyl-1-0x0-2,5-dihydro-1 H-pyrrolium hexafluorophosphate
(b), showing the deviation of N1 from O2—C3—C6 planes. Crystals
of the radical (a) and the cation (b) both contained crystallographically
independent molecules in the unit cell (not shown). The anion in (b) was
omitted for clarity. Mean bond lengths (A) for N1-02: (a) 1.267,
(b) 1.187.

for the polymerization of 8, which reacted rather with the radical
groups to undergo decomposition.

Reasoning that polymerization of 8 might have been sterically
impeded by the bulky ring adjacent to the epoxide, we turned to
focus on the polymerization of 4 to obtain the product with a high
unpaired electron density by optimizing the reaction conditions.
We found that the ZnEt,/H,O-initiated polymerization of 4 at a
monomer/initiator ratio of [M]o/[I]o = 10 under bulk conditions
maintained at 40 °C yielded 1 possessing an unpaired electron per
repeating unit (entry 5 in Table SI). Magnetic measurements
revealed that the unpaired electron in the monomer survived
during the polymerization, giving rise to the unpaired electron
density of 100% (i.e., 1.0 spin/repeating unit) (vide infra). The
structure-defined and high-molecular-weight radical polyether
with a high radical site density was first obtained by the present
method. Polymerization at elevated or reduced temperatures and
at different [M]y/[1]o ratio yielded the products in lower molecular
weights and/or unpaired electron densities, which suggested that
undefined parallel reactions coincided during the polymerization.

Thermal analysis revealed that the decomposition of 1 was
initiated at temperatures higher than 170 °C and became signif-
icant around 180 °C, but 90 wt % of the polymer remained up to
Ta100 = 192 °C. The thermal stability against the 10% weight
loss was lower than that of PTMA (79, = 263 °C). 1% The slow
decomposition initiated below 190 °C is characteristic of the
polyether backbone and could be ascribed to the abstraction of
hydrogen adjacent to the polyether oxygen atom by the nitroxide
radical.'® The cyclic nitroxide group on the polyether backbone
was stable at temperatures below 190 °C without substantial
decomposition until the thermolysis of the backbone was initi-
ated, which was confirmed by monitoring the unpaired electron
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Figure 3. o7 vs T (a) and 1/ymer vs T plots with the Curie—Weiss
fitting (solid line) (b) for 1 (11.0 mg) obtained by SQUID measure-
ments, where y,0; is based on per mole of the nitroxide radical. Dashed
line in (a) represents the theoretical value of yo T for § = /5. Inset in
(a) shows ESR spectrum obtained for the solution of 1 (2.00 mmol unit/L)
in CH,Cl, at room temperature. Small signals near 332 and 340 mT in
the ESR spectrum are from the Mn>"/MgO standard.

density by the SQUID measurement. The polyether backbone
was characterized by the low glass transition temperature (7, =
44°C). The increased flexibility, compared with PTMA (T, = 71 °C),
suggested a good moldability and higher compatibility of 1 with
the current collector and the electrolyte solutions.

A large population of the cyclic nitroxide pendants in 1 pro-
duced a broad featureless ESR spectrum even in dilute solutions,
as a result of a locally high density of the unpaired electrons.
A CH,Cl, solution of 1 showed a unimodal ESR signal at g =
2.0065 due to the spin exchange interaction between the unpaired
electrons of the neighboring nitroxide group (Figure 3a, inset), in
contrast to the spectrum obtained for a solution of the monomer
4 with the distinct hyperfine structure (Figure S1, inset). These
spectra persisted without change for days at room temperature
under air, which demonstrated the durability of the nitroxide
radicals.

Electrode reaction of 1 in electrolyte solutions yielded a single
voltammetric wave due to the nitroxide radical/oxoammonium
cation couple with a magnitude of the current determined by the
number of nitroxide groups present. The multiple, noninteract-
ing redox behavior was based on the presence of many unpaired
electrons each localized on different nitroxide groups, which gave
rise to a paramagnetic response in a magnetization experiment.
Static magnetic susceptibility of 1 was determined by SQUID
measurements at 0.5 T and at various temperatures from 1.95 to
300 K. The resulting y.,o7 values at high temperatures corre-
sponded to 0.375 emu K mol ™" calculated for a spin quantum
number of S = 1/2, which supported the paramagnetic property
(Figure 3a). The deviation of y,7 to lower values at low tem-
peratures indicated a weak through-space antiferromagnetic inter-
action within the polymer.

The unpaired electron density in 1 was determined from the
1/%mo1 Vs T plots (Figure 3b), based on the Curie—Weiss rule
according to 1/ypaa = T/C — 0/C, where C is a Curie constant
defined as N.g’up’S(S + 1)/(3kg). The slope of the 1/ymo Vs T
plots corresponded to 1/C and gave an unpaired electron density
of N, = 3.29 x 10?! spin/g for 1, which corresponded to 99.6% of
the existing nitroxide groups in the polymer. The paramagnetic
nature of 1 at room temperature also allowed determination of
the unpaired electron density of ~99% by simply integrating the
ESR signal and comparing the integrated magnitude with that of
4 as a standard, which roughly agreed with that from the SQUID
measurement.

The spin-coating of a THF solution of 1 gave a uniform layer
on an electrode surface. Contact stylus profile near a scratched
edge gave a thickness of 180 nm under dry conditions and revealed
a flat surface with a roughness of less than 4 nm. Cyclic voltammo-
grams obtained for the layer revealed a reversible response at
(Epa + Epe)/2 = 0.84 V vs Ag/AgCl. The redox wave persisted
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Figure 4. (a) Cyclic voltammograms for the layer of 1 at a scan rate of
v=1,5,10, 20, 30, 40, and 50 mV/s with the ascending order of peak
currents (i,). The electrolyte was a solution of 0.5 M TBACIO, in CH;CN.
The polymer layer was prepared on an ITO/glass plate. (b) Plots of i, vs
v showing the linearity.

without change for several hours of continued charging/discharging
cycling in CH3CN, in which the dissolution of the layer was
lower than the detection limits of the ESR spectroscopy (Figure 4a).
The adhesive polyether layer stayed on electrodes without dis-
solution into the electrolyte solution. A monolayer-like redox
behavior of the layer was demonstrated by the negligible peak-to-
peak separation AE,, (= E,, — Ey), the peak current proportional
to vin the range of 1—50mV s~ ' (Figure 4b), and the absence of the
diffusion tail, which suggested that all redox sites in the layer,
even not immediately adjacent to the electrode surface, were
almost equilibrated with the electrode potential due to the rapid
charge and counterion transport in the polymer layer (vide infra).
Wave shapes with slightly larger AL, of 13 mV at the scan rate of
50 mV/s suggested some contribution from the diffusion across
the layer. The amount of charge consumed during the poten-
tial scan, determined by the integration of the voltammogram
(146 mA h/g), coincided with the formula weight-based capacity
of 147 mA h/g (Figure 1), which supported that all of the sites in
the layer underwent the redox reaction.

Electroneutrality requires that the removal of each electron
from the polymer layer result in the insertion of one ClO4 into
the layer and/or the Donnan exclusion of the electrolyte cation.
The dynamics of the propagating charge and ionic transport in
the polymer layer gave insight into the nature of the processes
responsible for the monolayer-like characteristics. The diffusion
coefficient D for the propagating charge was determined from the
Cottrell plots obtained from potential-step chronoamperometry
which revealed the typical finite-diffusion behavior (Figure 5b).
The slope of the Cottrell plot for the semi-infinite diffusion, which
prevailed at the early stage of the electrolysis (I < 7 < 2 ms), gave
D =53x10"" cm?/s. A relatively small degree of swelling allowed
approximation of the redox site concentration of C* = 5.5 M
and a small intersite distance of d,, = 6.7 A, based on the fw of 1
(Figure 1). Because the redox sites were immobilized in the
polymer layer allowing only diffusional collision of the neighbor-
ing sites to undergo an electron self-exchange reaction, the charge
propagation process involved an electron hopping mechanism
with the bimolecular rate constant k., given by the Laviron—
Andrieux—Savéant equation expressed by D = k., 0>C*/6, where
0 was the center-to-center distance between the redox centers
at the time of electron transfer'” and was approximated by
Oay (= (C*NA)~3).17¢ The electron self-exchange rate in the layer
predicted from D was ke = 1.4 x 107 M~ !'s™!, which was excep-
tionally large compared to those for the conventional redox
polymers such as poly(vinylferrocene) (2 x 10> M~ s~ 1) and
viologen-containing polymers (1.6 x 10° M~' s7")"? and even
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Figure 5. (a) i—tcurve for chronoamperometry (red curve) after apply-
ing a potential pulse of 0.6 to 1.2 V vs Ag/AgCl (blue line), obtained for
the layer of 1. The electrolyte was a solution of 0.5 M TBACIO, in
CH;3CN. The polymer layer was prepared on an ITO/glass plate.
(b) Cottrell plots for chronoamperometry. Dashed line corresponds
to a semi-infinite diffusion process.

larger than that for the TEMPO-substituted polynorbornene
(1.8 x 10> M~ s7") reported previously by our group.”® The rate
constant in the polymer layer was almost comparable to that for
nitroxides in homogeneous electrolyte solutions typically evalu-
ated for the TEMPO/TEMPO™ couple in CH;CN and propylene
carbonate (kex ~ 10° M~" s7").% The rapid electron exchange is
most likely attributed to the small intersite distance as a result of
the large population of the redox site to facilitate the electron
hopping by orders of magnitude and the ionophoric polyether
backbone to allow efficient counterion transport, which indicated
that the charge propagation was dominated by the contribution
from the electron hopping rather than that from the electrostatic
attractive interaction of the ion pair.!”®

The absence of substantial electric conductivity for 1 led us to
examine their charge storage capability as a composite layer with
a carbon nanofiber (VGCF) and a binder (PVdF). The polymer
was coated on the surface of the carbon fiber by sufficient
grinding of the mixture in NMP. The composite layer was placed
on the surface of an electrode or a current collector by a solution-
based wet process. A test cell was fabricated by sandwiching an
electrolyte layer with the composite electrode and a Li foil using a
separator film. The electrolyte was a conventional lithium salt,
dissolved in ethylene carbonate/diethyl carbonate. The charging/
discharging curves obtained for the fabricated cell at a constant
current were characterized by the presence of a plateau voltage
near 3.7 V (Figure 6), which was equal to the redox potential of 1
versus Li/Li*. The charging process corresponded to the oxida-
tion of the nitroxide radical to the oxoammonium cation at the
cathode and the reduction of Li" to metallic Li at the anode. The
cycle performance during the repeated charging—discharging
process, recorded with cutoff voltages at 3.2 and 4.0 V, was free
from significant deterioration in the charge-storage capability
even after 400 cycles and persistent for 10 cycles (Figure 6).

A remarkable feature of the test cell with 1 is the capability of
charging and discharging at large current densities of 10 C while
maintaining the capacity and the plateau voltage (Figure 6). To
characterize the rate performance, the test cell was charged at
10—120 C and then discharged at 10 C (Figure S2). The charging
and discharging capacities gradually decreased with the C rate,
probably as a result of the limitation from the Lianode. However,
they were fairly well maintained even with the very rapid charging
at 120 C, indicating that the test cell was fully charged in 30 s. The
excellent rate capability, comparable to that of the supercapaci-
tors, is attributed to the rapid charge and counterion transport
in the layer of 1. It may be noted that the plateau voltage,
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Figure 6. Charging and discharging curves for a coin cell at a current
density of 10 C recorded between cutoff voltages at 3.2 and 4.0 V. The
1 C rate is defined as the current density at which the charging or
discharging of the battery takes 1 h. The capacity of the cell was cal-
culated per total weight of the loaded amount of 1. The coin cell was
fabricated with the 1/carbon composite cathode and the Li anode
sandwiching an electrolyte layer. The two electrodes were separated
with a separator film (see Experimental Section for details). Inset: cycle
performance of the cell.

inaccessible to the supercapacitors based on the double-layer
charging, is accomplished by the Faradaic process of 1, which is
advantageous for high-density energy storage in batteries.

Preliminary experiments using an electrochemical quartz micro-
balance technique suggested that the amount of the electrolyte
ions incorporated into or excluded from the layer of 1 for the
charge neutralization was in agreement with the redox capacity
determined by the coulometric measurements.”® The flexible and
ionophoric polyether backbone in 1 allowed rapid electrode
reaction of the nitroxide radicals and the efficient charge propa-
gation within the polymer layer, which led to the excellent rate
performances.

Our efforts have been directed toward tuning the redox poten-
tials of the radical polymers to more negative side to use them as
anode-active materials for an entirely organic radical battery.*®
To be employed as the anode-active materials, the radical sites
bound to the polyether backbones must undergo negative char-
ging. Optimization of the radical sites and polyether backbones as
well as the battery configuration is the topics of our continuous
research.

Conclusion

The anionic coordinated ring-opening polymerization of the
epoxide with the 2,2,5,5-tetramethyl-3-pyrrolin-1-oxyl group
utilizing diethylzinc/H,O as the initiator yielded the correspond-
ing radical polyether, which was insoluble and yet swellable in
electrolyte solutions by virtue of the high molecular weight. The
unpaired electron in the monomer survived during the polymer-
ization, giving rise to the large charge storage density. The radical
polyether was characterized by the rapid charging and discharg-
ing capability, which was attributed to the efficient charge
hopping throughout the polymer la;/er with the exceptionally
large rate constant in the order of 10’ M™' s™" due to the small
intersite distance. The amorphous polyether backbone with a low
glass transition temperature allowed efficient swelling in conven-
tional electrolyte solutions, which enabled counterion transport
for charge neutralization in the polymer layer. The organic-based
rechargeable device fabricated with the polymer as the cathode-
active material exhibited the high capacity and excellent char-
ging—discharging properties. In particular, the cycle performance
of the test cell persisted for 10° cycles with the high power-rate
capability, which demonstrated the repeatability of the redox
process of the nitroxide in the polymer.
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