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Facile charge transport and storage by a
TEMPO-populated redox mediating polymer integrated
with polyaniline as electrical conducting path

Kenichi Oyaizu, Hanae Tatsuhira and Hiroyuki Nishide

A copolymer of TEMPO- and aniline-substituted norbornene was prepared by ring-opening metathesis polymerization of the

corresponding monomers. Electropolymerization of the pendant aniline groups in the copolymer gave a layer of polynorbornene

populated with the redox-active TEMPO pendants, in which polyaniline chain was incorporated. Electroactivity of the TEMPO

pendants throughout the layer and its excellent charging/discharging cyclability, in addition to the amorphous nature of the layer,

suggested that the polyaniline chain was homogeneously dispersed in the layer and that each chain served as crosslinking

moiety. The effect of the polyaniline chains was further enhanced when they were formed by in-situ electropolymerization of the

aniline group in the preformed layer of the copolymer/polyaniline composite. The polyaniline chain served as a conducting path

to reduce the charge-transfer resistance for redox mediation, which gave rise to an excellent rate performance for the charging/

discharging process of the layer, compared with those for the composite layers of TEMPO-substituted polymers with polyaniline

and other conductive additives prepared by the conventional grinding methods.
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INTRODUCTION

Charge transport by a redox mediation process is accomplished by an
electron self-exchange reaction between redox-active sites.1–5 When
the redox-active sites are electrochemically reversible6–9 and are bound
to a polymer chain, an electron self-exchange reaction between the
neighboring sites effects the redox mediation through the polymer
layer, which requires that electroneutralization by electrolyte ions is
accomplished throughout the layer to maintain the electroactivity.10–12

Aliphatic, or non-conjugated polymers populated with organic
robust radicals such as nitroxide,13–23 nitronyl nitroxide,24,25

spirobisnitroxide26 and galvinoxyl27,28 have been found to be the
typical examples, and their ideal redox-mediating properties29 are
different from those of conventional redox polymers such as poly
(vinylferrocene),30–33 which has been dominated by the ‘break-in
effect’ of the electroneutralizing ions to give rise to limited charge
capacity and hysteresis during the charging/discharging process. The
ideal, that is, diffusion-limited behavior by the so-called ‘radical
polymers’34,35 has led to reversible and exhaustive charging with the
simple redox diffusive process formulated by the finite diffusion
equation36 for the layer with a discrete thickness on a current
collector,37 and by the equation for semi-infinite diffusion36 that
applies to wholly gelated cells with the radical polymer.38 Added
support for the diffusional process has been obtained by the radical
polymer layer sandwiched with two electrodes, which gave rise to the
steady–state redox gradient across the layer to produce limiting
current according to the layer thickness.39 In rechargeable devices

such as batteries40–46 and electrochromic cells,47–49 such polymers
must be partitioned into anode and/or cathode sides to avoid the
redox shuttling between the two electrodes,50–54 and, for this purpose,
the polymers are usually crosslinked to suppress dissolution into
electrolytes and yet to maintain the swelling properties.37 In addition,
conductive additives such as vapor-grown carbon nanofiber,29 carbon
nanotube (CNT), graphene55 and carbon foam56 have been employed
to fabricate polymer composite electrodes to reduce the resistivity of
the organic layer for excellent rate performance,57,58 which have
spawned various methods to prepare the polymer/carbon composite
layers with the minimum requisite amounts of the carbon additives to
maintain the overall redox capacity, such as the CNT wrapping59 and
surface-initiated polymerization of the radical monomers from carbon
surface60 and other electroconductive material surfaces.61–63

We anticipated that the effect of the additives should be maximized
when the two dissimilar materials for redox mediation and electrical
conduction are compounded at a molecular level to afford an
integrated composite material. However, attempts to use π-conjugated
polymer backbones to bear the redox-active pendant groups as the
organic electrode-active materials have met with failure, resulting in
fluctuating redox potentials as a result of electronic intersite
communication64–66 through the conjugated chain and a significant
loss of the charge storage capacity. Reasoning that the mass-transfer
process for electroneutralization might be disfavored within the
conjugated polymer layers because of their inherent crystallinity, we
turned to incorporate the conducting path within the preformed layer
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of the redox mediating polymer. Here we report our successful
attempts to significantly reduce the charge-transfer resistance67,68 of
the composite electrode by incorporating polyaniline chain into the
radical polymer both as the conducting path and the crosslinking
moiety, which gave insights into the nature of charge propagation and
storage processes in the polymer to allow excellent power-rate
capability and charge-discharge cyclability as the organic electrode-
active material.

EXPERIMENTAL PROCEDURE

Materials
All solvents were purified by distillation before use. Tetrabutylammonium
perchlorate (TBAClO4) was obtained from Tokyo Kasei (Tokyo, Japan) and
purified by recrystallization. All other reagents were obtained from Kanto
Chemical (Tokyo, Japan) or Tokyo Kasei and were used without further
purification.

Synthesis of monomers
Diastereomeric mixtures of the endo-, endo- and endo-, exo-derivatives of
bicyclo[2.2.1]hept-5-ene-2,3-dicarboxylic acid bis-(2,2,6,6-tetramethylpiperi-
din-1-oxyl-4-yl) ester (1) and bicyclo[2.2.1]hept-5-ene-2,3-dicarboxylic acid
2-methyl 3-(2-oxo-2H-chromen-7-yl) ester (3) (Scheme 1) were prepared
according to the method described in our previous report.37 2-(3-Aminophe-
nyl) 3-methyl bicyclo[2.2.1]hept-5-ene-2,3-dicarboxylate (2) (Scheme 1) was
prepared from norbornene monomethyl ester and 3-nitrophenol as follows. To
a solution of norbornene monomethyl ester (0.50 g, 2.6mmol) and 3-
nitrophenol (0.41 g, 3.0 mmol) in CH2Cl2 (17ml) was added 2-chloro-1-
methylpyridinium iodide (0.76 g, 3.0 mol), 4-dimethylaminopyridine (0.12 g,
1.0mmol) and triethylamine (0.69ml, 4.95 mmol). The resulting mixture was
stirred at room temperature for 15 h. Removal of the pyridinium salt by
filtration followed by evaporation, extraction from CHCl3/saturated aqueous
NH4Cl and purification by silica gel column chromatography yielded 2-(3-
nitrophenyl) 3-methyl bicyclo[2.2.1]hept-5-ene-2,3-dicarboxylate as a colorless
crystal. Yield: 75%. MS (m/z): calcd. for M+ 317.29; found 317.72. 1H NMR
(CDCl3, p.p.m.): δ 8.05 (1H), 7.97 (1H), 7.49 (2H), 6.41 (1H), 6.19 (1H), 3.63
(3H), 3.49 (2H), 3.27 (2H), 1.55 (1H), 1.42 (1H). 13C NMR (CDCl3, p.p.m.): δ
172.7, 170.8, 151.1, 148.6, 135.7, 134.4, 129.9, 128.4, 120.6, 117.5, 52.0, 48.8,
48.6, 47.9, 47.0, 46.2. IR (cm− 1): 2984 (νC-H), 1736 (νC=O), 1528 (νN-O), 1206
(νC-O). Anal. Calcd. for C16H15NO6: C, 60.57; H, 4.77; N, 4.41%. Found: C,
60.47; H, 4.67; N, 4.41%. The product (0.50 g, 1.58mmol) was reduced with
SnCl2·2H2O (1.07 g, 4.72mmol) in ethanol at 80 °C under N2 for 15 h.
Extraction with ethyl acetate/saturated aqueous NaCl and purification by
alumina column chromatography using ethyl acetate as an eluent yielded 2
as pale yellow crystals. Yield: 57%. MS (m/z): calcd. for M+ 287.31; found
287.10. 1H NMR (CDCl3, p.p.m.): δ 6.97 (1H), 6.39 (1H), 6.21 (2H), 6.17
(1H), 6.13 (1H), 5.22 (2H), 3.58 (1H), 3.52 (3H), 3.46 (1H), 3.18 (1H), 3.12
(1H), 1.43 (1H), 1.33 (1H). 13C NMR (CDCl3, p.p.m.): δ 172.1, 170.3, 151.4,
149.8, 135.0, 134.6, 129.1, 111.0, 108.3, 106.7, 51.2, 48.0, 47.5, 47.4, 45.9,
45.8. IR (cm− 1): 3376 (νN-H), 2982 (νC-H), 1756 (νC=O), 1248 (νC-O).
Anal. Calcd. for C16H17NO4: C, 66.89; H, 5.96; N, 4.88%. Found: C, 66.88;
H, 5.91; N, 4.65%.

Polymerization
The copolymer 4 (Scheme 2) was prepared by ring-opening metathesis
polymerization (ROMP), according to the procedure as previously reported
in our literature for the TEMPO-substituted norbornene,37 with slight
modifications as follows. To a mixture of 1 and 2 at various compositions
(0.1M in total) in dehydrated THF was added the Grubb’s second generation
catalyst (5mol%) under nitrogen. After stirring at 25 °C for several hours, the
mixture was poured into hexane/diethyl ether (1/1 in v/v) to precipitate the
product 4, which was collected by filtration and washed repeatedly with hexane
to give a pale purple powder (Table 1). The product with a lower composition
of 2 than 50% (that is, entries 3 and 4 in Table 1) was soluble in CHCl3,
CH2Cl2, THF and CH3CN. The monomer composition in the copolymer was
determined by elemental analysis as shown in Table 1. It may be noted that
NMR was unavailable for characterization of these copolymers because of the
paramagnetic nature of the radical pendant moieties. Unpaired electron density
of the polymers was determined from magnetic susceptibilities obtained by
SQUID measurements.37 The densities were 95% (entry 3) and 94% (entry 4)
per 1 unit in the copolymer, which were roughly in agreement with the
composition of the copolymer based on the elemental analysis.

Crosslinking
The copolymer 4 (20mg) with a composition of m/n= 7/3 (entry 4 in Table 1)
was dissolved in CH3CN (10ml) containing 0.1 M TBAClO4. Then, it was
electropolymerized onto an ITO/glass electrode by scanning the electrode
potential in the range of 0–0.85 V vs Ag/AgCl at 50mV s− 1 to give a
homogeneous purple layer of 5 (Scheme 3), which was rinsed with CH3CN
repeatedly.
Polyaniline-enriched layer of 5 was prepared by the electropolymerization of

4 in the presence of polyaniline as follows. To an aqueous solution of aniline/
HCl was added a slight excess of ammonium persulfate, which was then stirred
at 0 °C for several hours. The product was collected by filtration, washed with
water and aqueous HCl, and dried to give a dark green powder of polyaniline in
58% with Mn= 1.3× 104, which was soluble in NMP and THF. A solution of
the copolymer 4 with a composition of m/n= 7/3 (entry 4 in Table 1) in ethyl
lactate was mixed with a solution of polyaniline in NMP with a weight ratio of
4/polyaniline= 9/1, which was coated on an ITO/glass electrode with a surface
area of A= 1 cm2 using a bar coater. The resulting layer was 1.5 μm in
thickness. The electrode was then immersed in CH3CN containing 0.1 M
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TBAClO4, which was maintained at a potential of 1.0 V vs Ag/AgCl to undergo
crosslinking by the electrolysis of the aniline unit in 4 and polyaniline in the
layer. After the electrolysis with an electricity of 0.026 C, the electrode was
rinsed with CH3CN repeatedly to give the polyaniline-enriched layer of 5.
The crosslinked polymer 6, a control material without the conducting path,

was prepared by the procedure described in our previous literature,37 with
slight modifications as follows. The monomers 1 and 3 with a molar ratio of
9/1 (0.1 M in total) was dissolved in CH2Cl2 to which was added the Grubb’s
second generation catalyst. The resulting solution was deaerated and stirred at
40 °C. The copolymer was isolated by pouring the reaction mixture into hexane
to precipitate the product, which was collected by filtration and washed with
hexane repeatedly. The copolymer was obtained as a red powder in 81% yield
with Mn= 1.0× 104 (Mw/Mn= 1.8) and a monomer composition of 8.5/1.5
based on the elemental analysis, which was soluble in CH2Cl2, CHCl3 and
CH3CN. Crosslinking of the copolymer spin-coated on an electrode was
accomplished by photodimerization of the coumarin unit, which proceeded
under the irradication of light at 8.1 J cm−2 using a low-pressure Hg lamp. The
progress of the crosslinking was monitored by the gradual decrease in intensity
of the absorption band at λmax= 320 nm for the coumarin unit, which
disappeared after 20min on the completion of the dimerization in the polymer
layer. Survival of the TEMPO radical during the course of the irradiation was
supported by the unpaired electron density determined by the SQUID
measurements, which amounted to more than 0.9 per TEMPO unit.

Preparation of a Poly(1-oxy-2,2,6,6-tetramethylpiperidinyl vinyl
ether)/polyaniline Composite Layer
Poly(1-oxy-2,2,6,6-tetramethylpiperidinyl vinyl ether) (PTVE) was prepared
according to the method described in the previous literature,15 with slight
modification as follows. A mixture of 4-hydroxy-2,2,6,6-tetramethylpiperidin-
1-oxyl, vinyl acetate, an iridium catalyst [IrCl(cod)]2 and sodium carbonate in
dehydrated toluene was stirred at 90 °C for 5 h. After concentrating the
mixture and adding hexane, the resulting mixture was further stirred for
10min. Purification of the product by silica gel column chromatography
with hexane/ethyl acetate (5/1 in v/v) as an eluent gave the monomer

1-oxy-2,2,6,6-tetramethylpiperidinyl vinyl ether as a red powder. The monomer
and a catalyst, boron trifluoride diethyl etherate, was dissolved in dehydrated
1,2-dichloroethane maintained at − 78 °C, which was then heated to − 25 °C
and kept stirring for 20 h. After quenching the polymerization by the addition
of methanol and pouring the mixture into hexane, PTVE was obtained as a red
powder (Mn= 1.2× 104). The oxidized product of the polymer, PTVE+ in
which all of the nitroxide radicals were converted to oxoammonium
hexafluorophosphate, was prepared by slowly adding 60% hexafluoropho-
sphoric acid to an aqueous solution of PTVE and stirring the resulting solution
for 1 h followed by addition of an aqueous solution of sodium hypochlorite to
precipitate the crude product, which was dissolved in CH3CN and purified by
precipitation from H2O to yield a pale green powder of PTVE+ as the
hexafluorophosphate salt. The PTVE+/polyaniline composite layer was prepared
either by spin-coating a mixture of a CH3CN solution of PTVE+ and a
dispersion of polyaniline in methanol (PTVE+/polyaniline= 9/1 in w/w) on an
electrode, or by electropolymerizing aniline at an electrode modified with a
preformed layer of PTVE+, which was accomplished by maintaining the
PTVE+-modified electrode at 1.0 V vs Ag/AgCl in aqueous HCl solution of
aniline.

Methods
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 0.1M TBAClO4 in CH3CN.
The formal potential of the ferrocene/ferrocenium couple was 0.45 V vs this Ag/
AgCl electrode. An ALS 660B Electrochemical Analyzer (ALS Co., Tokyo,
Japan) was employed to obtain the voltammograms.

1H and 13C NMR spectra were recorded on a JEOL JNM-LA500 (JEOL Co.,
Tokyo, Japan) or Bruker AVANCE 600 spectrometer (Bruker Japan Co.,
Tokyo, Japan) with chemical shifts downfield from tetramethylsilane as the
internal standard. Infrared spectra were obtained using a Jasco FT-IR 410
spectrometer (Jasco Co., Tokyo, Japan) with potassium bromide pellets.
Molecular weight measurements were done by gel permeation chromatography
using a TOSOH HLC8220 instrument (TOSOH Co., Tokyo, Japan) with
CHCl3 or THF as the eluent. Calibration was done with polystyrene standards.
Elemental analyses were performed using a Perkin-Elmer PE-2400 II (Perkin-
Elmer Japan Co., Tokyo, Japan) and a Metrohm 645 multi-DOSIMAT
(Metrohm Japan Co., Tokyo, Japan). Two parallel analyses were performed
for each sample. Mass spectra were obtained using a JMS-SX102A (JEOL Co.)
or Shimadzu GCMS-QP5050 spectrometer (Shimadzu Co., Tokyo, Japan). The
magnetization and the magnetic susceptibility of the powdery polymer samples
were measured by a Quantum Design MPMS-7 SQUID magnetometer
(Quantum Design Inc., San Diego, CA, USA). The magnetic susceptibility
was measured from 1.95 to 270 K in a 0.5 T field.

RESULTS AND DISCUSSION

An excellent functional group tolerance established for ROMP of
norbornene has allowed the synthesis of a number of polynorbornene
derivatives bearing various functional groups. A polynorbornene-
polythiophene hybrid has been obtained by preparing polynorbornene

Table 1 ROMP of the monomers 1 and 2

Entry

Monomer feed

ratio (1/2) yield (%)

Copolymer

composition (m/n) a Mn (104)b Mw /Mn
b

1 0/10 90c — — —

2 2/8 45 1.5/8.5 0.85d 1.8

3 5/5 88 5.4/4.6 1.3 2.8

4 8/2 66 7.1/2.9 1.7 2.4

5e 10/0 59 1/0 0.6 1.4

aDetermined by elemental analysis according to X=12.01(ma+ne)/{12.01(ma+ne)+1.008(mb
+nf)+14.01(mc+ng)+16.00(md+nh)} for a copolymer with a composition of (CaHbNcOd)m
(CeHfNgOh)n (m+n=1) using the analytical data of C=X%. bDetermined by GPC with CHCl3
eluent. cRubber-like undefined product which was insoluble in solvents. dA CHCl3 soluble part.
eData from reference 37.

O
O

O
O

N
O

N
O

O
O

O
O

6

O

O

O
O

O
O

O

O

O
O

O
O

N
O

N
O

O
O

O
O

5

N
H n

Scheme 3 Poly(TEMPO-substituted norbornene) crosslinked with electropolymerized polyaniline (5) and photodimerized coumarin37 (6).

TEMPO-populated polymer integrated with polyaniline
K Oyaizu et al

214

Polymer Journal



bearing 2,2′:5′,2″-terthiophen-3′-yl pendant group, followed by in-situ
electropolymerization of the terthiophene unit within the polymer.69

Similar approach has been employed to integrate various conducting
polymers such as PEDOT into polynorbornene.70,71 However, one
could state that the polythiophene-based conducting path might be
incompatible with the radical polymers because of the dedoping
process anticipated for the p-doped thienylene chain to parallel with
the redox mediation process of the radical polymers equilibrated near
0.8 V vs Ag/AgCl. Reasoning that conducting polymers with more
negative doping potentials should be compatible with the radical
polymers, we integrated polyaniline into the TEMPO-substituted
polynorbornene. The copolymer 4 with a composition of m/n= 7/3,
prepared by the ROMP of the corresponding monomers 1 and 2
(Table 1), was subjected to electropolymerization of the aniline
pendants by the electrolysis of the solution of 4 with an ITO/glass
electrode. Cyclic voltammetry revealed a gradual increase in the
current for the TEMPO/TEMPO+ redox couple during the repeated
potential scanning (Figure 1b), which resulted in the formation of 5
on the ITO/glass as a pale purple layer. With the progress of the
elecropolymerization, new absorption bands ascribed to the quinoid
imine unit in the polyaniline chain emerged at λmax= 1107 cm− 1 and
650 nm in the infrared and visible spectra, respectively. The lack of
diffusion tail in the cyclic voltammogram of the layer of 5 at
E1/2= 0.78 V vs Ag/AgCl (Figure 1a) and the amounts of charge
integrated for the charging and discharging processes that were both
almost coincided with the amount of the TEMPO units in the layer
demonstrated a reversible charge storage throughout the polymer
layer. The much broader electrochemical response from the polyani-
line chain near 0.7 V was hidden behind the wave for the TEMPO
unit. An intriguing aspect of the electropolymerization was the
capability of tuning the layer thickness according to the amount of
charge passed during the potentiostatic electrolysis of 4 (Figure 1c).
The thickness increased almost linearly with the amount of the
electricity up to more than 1 μm, maintaining the apparent homo-
geneity and transparency of the layer. However, the electropolymer-
ized layer of 5 was not obtained when hexafluorophosphates or
tetrafluoroborates were employed as the electrolyte anion in place of

the perchlorate, which indicated that the property of the layer
depended on the nature of the dopant anion in the polyaniline chain.
The effect of polyaniline as the conducting path was highlightened

in the cyclic voltammogram obtained for thick layers (Figure 2). While
a broad wave was recorded for the 1.5-μm thick layer of 6 as a result of
the increase in resistance with the thickness, a quasi-reversible
response with a smaller peak-to-peak separation was obtained for
the layer of 5, which suggested the decrease in the substantial
diffusional length.
The reduced resistance of the polymer layer by the integration of the

polyaniline chain reflected in excellent power-rate capability. Galvano-
static charging/discharging curves revealed the higher rate perfor-
mance for the layer of 5 that maintained more than 50% of the
formula weight-based theoretical charge-storage density even at a high
rate of 120 C (that is, within 30 s) than that for 6 (Figure 3), where 1 C
represented the current density required to complete full charging or
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Figure 1 (a) Cyclic voltammogram (5 cycles) for a thin layer of 5 on an ITO/glass electrode obtained by electrolytic polymerization of 4 (m/n=7/3) followed
by thorough washing with CH3CN to remove unreacted 4 in the layer. The electrolyte contained 0.1 M TBAClO4 in CH3CN. Scan rate=5mV s−1. (b) Cyclic
voltammogram recorded during the electropolymerization of 4 (m/n=7/3) on the ITO per glass. The electrolyte was a solution of 4 (20mg) in CH3CN (10ml)
containing 0.1 M TBAClO4. Scan rate=50mV s−1. (c) Plots of a layer thickness of 5 versus the amount of charge consumed during the electropolymerization
of 4 (m/n=7/3) by potentiostatic electrolysis at 0.9 V vs Ag/AgCl. The electrolyte conditions were as in (b).
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Figure 2 Cyclic voltammograms for thick layers of 5 (red curve) and 6 (black
curve). The conditions for the electropolymerization of 4 and the electrolyte
were as in Figure 1a. The thickness was 1.5 μm for both 5 and 6.
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discharging in 1 h. The reduced resistance of the layer also led to the
less significant overvoltage required for the charging and discharging
processes, which was evidenced by the smaller shift in plateau
potentials at high C rates.
Attempt to increase the polyaniline composition in 5 was examined

with a view to further improve the rate performance for the charging/
discharging process. However, electrolopolymerization of the aniline-
enriched 4 with a composition of m/n= 5/5 (entry 3 in Table 1)
resulted only in the formation of very thin layers with a thickness of
less than 300 nm. The copolymers 4 with higher aniline composition
were all insoluble, which limited the use as the monomer for the
electropolymerization. In contrast, the polyaniline-enriched layer
of 5 was successfully prepared by an in-situ electropolymerization of
the preformed layer of a 4/polyaniline composite with a composition
of 9/1 (in w/w) on the ITO/glass electrode. Interestingly, dissolution

of 4 during the electropolymerization was suppressed by the presence
of polyaniline as the conducting additive, which suggested that
polyaniline also acted as a binder in the composite layer. Electrolysis
of the layer affected the crosslinking of the aniline unit in 4 with
polyaniline to provide the layer of polyaniline-enriched 5, which was
characterized by an excellent robustness of the charging/discharging
cycles without dissolution of the polymer into the electrolyte or
decrease in the charge-storage capacity. Indeed, the robustness
of the charging/discharging cyclability was a good indication of the
crosslinking. Layers of 5 with higher polyaniline contents, prepared
from the 4/polyaniline composites with 7/3 and 6/4 (in w/w), both
resulted in the loss of unreacted or excess polyaniline that dissolved
into the electrolyte. The crosslinking was also evidenced by a control
experiment, in which a composite layer of a copolymer of 1 and 3
(that is, the precursor of 6) and polyaniline was electrolyzed to give a

0.4

0.8

1.2

E
 (V

 v
s.

 A
g/

A
gC

l)

E
 (V

 v
s.

 A
g/

A
gC

l)

0.4

1.2 1.2

10 C 

120

120 C 

10

10 C 

120

120 C 

10

0.8

0.4

0.8

1.2
0.4

0.8

0 20 40 60 0 20 40 60
Capacity (mAh/g) Capacity (mAh/g)

Figure 3 Galvanostatic chronopotentiomery for charging and discharging of 5 (a) and 6 (b) at the rate of 10, 20, 40, 80 and 120 C with the descending
order of capacity. For discharging at various C rates, the layers were charged in advance at 10 C. The layers of 5 and 6 were as in Figure 2. The electrolyte
conditions were as in Figure 1a.

0.4

0.8

1.2

0 20 40 60
Capacity (mAh/g)

0 20 40 60
Capacity (mAh/g)

0.4

0.8

1.2

0.4

0.8

1.2

E
 (V

 v
s.

 A
g/

A
gC

l)

E
 (V

 v
s.

 A
g/

A
gC

l)

0.4

0.8

1.2

10 C 

360

360 C 

10

10 C 

360

360 C 

10

Figure 4 Chronopotentiomeric responses for (a) the polyaniline-enriched layer of 5 prepared by the electropolymerization of 4 in the presence of polyaniline
(9/1 in w/w) and (b) a repeat of Figure 3a, at very high rates. The C rates were 10, 40, 80, 120, 240 and 360 C with the descending order of capacity. For
discharging at various C rates, the layers were charged in advance at 10 C. The electrolyte conditions were as in Figure 1a.

TEMPO-populated polymer integrated with polyaniline
K Oyaizu et al

216

Polymer Journal



layer of the unreacted copolymer that readily dissolved into the
electrolyte.
Galvanostatic charging/discharging experiments for the polyaniline-

enriched layer of 5, prepared from the 4/polyaniline composite with a
composition of 9/1 (in w/w), revealed an exceptionally high rate
capability that retained almost 50% of the theoretical charge-storage
density even at a very fast charging/discharging at 360 C (Figure 4a).
The rate performance significantly improved from that of the layer of
5 prepared by the electropolymerization of 4 (Figure 4b), suggesting
the effect of integrated polyaniline as the conducting path. It may be
added that the process of preparing the polyaniline-enriched 5 would
be advantageous over the electropolymerization of dissolved 4, because
all of the 4molecules in the preformed layer is retained in the resulting
composite layer.
Nyquist plots obtained from the impedance spectroscopy of the

polyaniline-enriched layer of 5, equilibrated at each electrode
potential (Figure 5a), revealed a smaller semicircle and thus a less
resistive charge-transfer process than those obtained for the photo-
crosslinked layer of 6 (Figure 5b), which was in agreement with the
higher rate performance obtained with 5. The radius of the semicircle,
or the charge-transfer resistance RCT, was minimized when the
layers were equilibrated near the redox potential of E1/2= 0.8 V vs
Ag/AgCl (curves C), based on the mechanism of the redox
mediation through the electron self-exchange reaction between the
neighboring sites.37 The decrease in RCT for 5, compared with 6, was
the most significant when the electrode potential was maintained at
1.0 V vs Ag/AgCl, which was indicative of the enhanced effect of
polyaniline as the conducting path in the fully doped state of the
emeraldine base.
Attempts to prepare the hybrid of the radical polymer and

polyaniline without the chemical bond between the two components
was examined by an exhaustive mechanical grinding method. For this
purpose, an aqueous solution of a hydrophilic radical polymer,
PTVE+, was employed with the dispersion of polyaniline in methanol.
However, the resulting composite layer was more resistive than the
polyaniline-enriched layer of 5. Incorporation of polyaniline into the
preformed layer of PTVE+ by the electropolymerization of aniline at
the PTVE+-coated anode also gave resistive layers with low-rate
performances. These results demonstrated that the chemical bond
formation by the crosslinking of the radical polymer with polyaniline
most likely affected the integration of the two dissimilar polymers to

yield the molecular hybrid. Incorporation of the self-doped polyaniline
chain into the radical polymers with a view to further reduce the
charge-transfer resistance, together with the exploration of radical-
bearing aliphatic polymers with higher affinity to the π-conjugated
chain, is the topic of our continuous investigation.

CONCLUSION

A hybrid of the electroconducting π-conjugated polymer and the non-
conjugated redox-mediating polymer at a molecular level was prepared
by integrating polyaniline into polynorbornene populated with redox-
active TEMPO sites. The synthetic approach was based on the in-situ
electropolymerization of the aniline pendants incorporated in the
copolymer, which took advantage of the functional group tolerance of
the ROMP of norbornene. The obtained layer was characterized by the
significant power-rate capability as a result of the presence of the
conducting path to reduce the charge-transfer resistance, giving rise to
very fast charging and discharging of the layer within several seconds
and yet maintaining the substantial capacity and plateau voltage. The
present approach is viewed as a practical strategy to improve the
performance of various redox mediators with diffusion-limited mass
transfer processes.
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