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A crosslinked poly(4-glycidyloxy TEMPO) was synthesized 

via anionic ring-opening copolymerization of 4-glycidyloxy 

TEMPO and a diglycidyl ether using a 

pentaerythritol/phosphazene base initiator. A fast and 

reversible charge storage capability was established for the 

polyether/SWCNT composite layer with a large layer 

thickness in several ten micrometres, despite the low 

SWCNT content of 10% which was much closer to the 

percolation limit than the amount required for the 

previously reported TEMPO-substituted polymethacrylate. 

Chemistry of charge storage with electrode-active materials is 

dominated by a mass-transfer process of electrolyte ions to 

accomplish charge compensation throughout the electroactive 

layer.1–3 The electroneutralization process is much influenced by 

diffusivity of the counterion, which have prompted many studies on 

electrode-active materials designed for high ionic conductivity, such 

as mesostructured lithium metalates4–11 and polyethers bearing 

redox-active pendant groups.12 As typical organic ion conductors, 

poly(ethylene oxide) (PEO)-based materials have attracted much 

attention for their potential application in electronic devices, such as 

light-emitting diodes,13,14 thin-film transistors,15–17 sensors,18 solar 

cells,19,20 and Li-ion batteries,21–24 which are expected to acquire 

unprecedented properties related to flexibility, light weight, and 

safety. In particular, a PEO-based electrolyte layer has been 

investigated as a Li+ single conductor for many types of rechargeable 

devices.25–27 High ionic conductivity for the electrode-active layer is 

also crucial for charge compensation. Incorporation of PEO-based 

materials has therefore been widely examined to enhance the 

charging/discharging performance.28–32 For example, a 

multifunctional block copolymer containing a PEO segment and a 

conductive polymer segment was proposed as an ionic and electronic 

(or mixed) conductor and a binder within the cathode layer.33,34 

 We have been pursuing organic radical-containing polymers as 

electrode-active materials in organic secondary batteries which are 

characterized by the excellent electrochemical properties such as the 

high charging/discharging rate and the long cycle stability.35–40 

Charge transport through a layer of aliphatic polymers populated 

with the organic robust radicals per repeating unit, or radical 

polymers, consist of an electron self-exchange reaction between the 

redox-active radical sites and the electroneutralization with 

counterions. Among them, radical polyethers containing nitroxides 

such as 2,2,6,6-tetramethylpiperidin-1-oxyl (TEMPO) and 2,2,5,5-

tetramethylpyrrolidin-1-oxyl enabled quantitative 

charging/discharging at high current densities and long cycle life 

which was most likely attributed to the nature of the main chain 

analogous to PEO allowing ionic transport throughout the polymer 

layer and sufficient swelling in conventional electrolyte solutions. 

The PEO chain was also characterized by the excellent chemical 

stability against the redox reaction, allowing charging/discharging 

for more than 1000 cycles.12,41 The radical polyether is expected to 

contribute to increase the thickness of the polymer layer and yet to 

reduce the amount of carbon nanofibers as electroconductive 

additives while maintaining the rate performance of the 

polymer/carbon composite electrode, thus giving rise to larger 

charge-storage density of the composite layer compared with other 

radical polymers.  

 

 

 

 

 

 

 

 

 

 

 

Scheme 1 Anionic ring-opening copolymerization of 4-glycidyloxy 

TEMPO and 1,4-butanediol diglycidyl ether. 
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However, inherent difficulties in the synthesis of radical polyethers 

have deprived them of such opportunities. The radical polyethers 

were originally synthesized via anionic ring-opening 

polymerizations of radical monomers using potassium tert-butoxide 

(t-BuOK) or diethylzinc/H2O catalyst. These polymerizations 

resulted in either very low yields and/or deficits of radicals which 

primarily decreased the charging capacity of the organic 

batteries.42,43  

 In this paper, we report a controlled synthesis of crosslinked 

poly(4-glycidyloxy TEMPO) (CL-PTGE) with high molecular 

weights and radical concentrations, and an efficient charge transport 

of remarkable polymer-rich CL-PTGE/carbon composite electrodes 

with large thicknesses up to several ten micrometers maintaining the 

redox capacity. Our principal finding was that alcohols with a 

phosphazene base44,45 was an excellent initiator for the anionic ring-

opening polymerization of 4-glycidyloxy TEMPO, compared with t-

BuOK which was the most conventional for glycidyl monomers. The 

present initiator allowed many types of polyether architectures 

according to the structure of the alcohols or polyols, which led to 

good dispersion of a single-walled carbon nanotube (SWCNT) in the 

polymer.46,47 The CL-PTGE composite electrode demonstrated the 

fast and quantitative charging/discharging even in the thick layers 

which several ten micrometers in thickness. 

 4-Glycidyloxy TEMPO was synthesized via the Williamson ether 

synthesis from epichlorohydrin and 4-hydroxy-TEMPO. PTGE was 

prepared at room temperature via the anionic ring-opening 

polymerization of 4-glycidyloxy TEMPO using 3-phenyl-1-propanol 

(ROH)/tert-butyl-4,4,4-tris(dimethylamino)-2,2-

bis[tris(dimethylamino)phosphoranylidenamino]-

2Λ5,4Λ5catenadi(phosphazene) (t-Bu-P4), a strong base with low 

nucleophilicity, or pentaerythritol (R(OH)4)/t-Bu-P4 as a 

monofunctional and a quadruply-branched initiator, respectively 

(Scheme 1). The moderate temperature was required to suppress 

undesirable side reactions involving a deactivation of the nitroxide 

radical moiety as observed for the t-BuOK initiator that required 

higher temperatures above 60 °C.41 The results of the polymerization 

are summarized in Table S1. PTGE was obtained with a low 

polydispersity index (PDI) in ca. 70% yield using the ROH/t-Bu-P4 

initiator at a molar ratio of 1:1, while the molecular weight was 

lower than the theoretical value based on the initial composition ratio 

of [monomer]/[initiator] = 100/1. The R(OH)4/t-Bu-P4 initiator at a 

molar ratio of 1:4 ([OH]/[t-Bu-P4] = 1/1) produced PTGE with the 

narrow PDI in a significantly higher yield of 90%. Furthermore, the 

R(OH)4/t-Bu-P4 initiator at a molar ratio of 1:2 ([OH]/[t-Bu-P4] = 

2/1) gave PTGE in 80% yield, in contrast to the R(OH)/t-Bu-P4 

initiator at the same molar ratio of [OH]/[t-Bu-P4] which produced 

only a trace amount of the polymer in 4 % yield. Copolymerization 

of 4-glycidyloxy TEMPO and 1,4-butanediol diglycidyl ether as a 

crosslinker was carried out to yield the CL-PTGE with a sufficient 

crosslinking density to realize the swelling but insoluble properties 

in organic electrolyte solutions. The CL-PTGE was obtained with 

the R(OH)4/t-Bu-P4 initiator at [monomer]/[crosslinker] = 100/5 in 

98% yield which was increased from the yield of 80% for the 

corresponding homopolymerization, while the copolymerization 

using ROH/t-Bu-P4 resulted in only 77% yield. The CL-PTGE 

contained low composition of the redox-inactive crosslinker to 

minimize the loss of the charge capacity. This efficient crosslinking 

was attributed to the high reactivity of the alkoxide anion activated 

by t-Bu-P4 and the quadruply-branched structure of R(OH)4 which 

also served as the crosslinking point. The unpaired electron density 

of 0.92 per monomer unit for CL-PTGE, estimated by the SQUID 

magnetic measurements, revealed that the radical survived during 

the polymerization by virtue of the low nucleophilicity of t-Bu-P4 

and the moderate reaction temperature (Fig. S1). 

 SWCNT with 1-3 nm in diameter was incorporated into a CL-

PTGE layer to support long-range conduction throughout the layer, 

with a view to maximize the overall energy density of the battery by 

reducing the amount of the conductive additive down to approach 

the theoretically predicted percolation limit of less than 1%.48–50 This 

has been an important issue in the studies of organic electrode-active 

materials, but has never been accomplished with the conventional 

redox polymer/ vapor-grown carbon nanofiber (VGCF) composites 

which always required a VGCF composition of 40 – 60 wt%.51,52 

CL-PTGE and SWCNT were uniformly dispersed in CHCl3, a good 

solvent for both materials, using a probe sonicator and then the 

resultant mixture was cast-coated on a current collector. A SEM 

image of the composite electrode indicated that 10 wt% SWCNT 

was homogeneously buried in a 90 wt% CL-PTGE matrix and 

formed a network in a micrometer scale despite that SWCNT still 

formed bundles (Fig. S2(a)). A smaller amount of SWCNT (5 wt%) 

was contrastingly buried in the 95 wt% CL-PTGE matrix without 

forming the network (Fig. S2(b)). A much lower-density network 

was formed with 10 wt% VGCF with a larger diameter of 150 nm 

than that of SWCNT (Fig. S2(c)). The higher dispersivity of 

SWCNT obviously suggested the affinity with PTGE, which was 

reminiscent of the molecular wrapping of SWCNT with a TEMPO-

substituted polymethacrylate in our previous study.47 The 

conductivity of the 10 wt% SWCNT composite (42 mS cm-1), 

measured by the four-probe method with 1 mm regular probe 

intervals, was higher than those of the 5 wt% SWCNT composite 

(14 mS cm-1) and the 10 wt% VGCF composite (2.3 mS cm-1) (Table 

S2), suggesting that the 10 wt% SWCNT was sufficient to form the 

conductive path throughout the composite electrode at the 

macroscopic scale.  

 Electrochemical properties of the three composite electrodes with 

ca. 10 µm in thickness were examined in a typical three-electrode 

cell using a Pt coil and an Ag/AgCl as the counter and the reference 

electrodes, respectively. Cyclic voltammograms obtained with the 

composite electrodes all displayed a reversible redox wave at 0.73 V 

(vs. Ag/AgCl) in a 0.1 M (n-C4H9)4NClO4/acetonitrile electrolyte 

solution (Fig. 1 and S3). 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1 (a) Cyclic voltammograms obtained for the CL-PTGE 

electrodes containing 0 or 10 wt% SWCNT at a scan rate of 5 mV/s. 

The electrolyte was a solution of 0.1 M (n-C4H9)4NClO4 in CH3CN. 

(b) Schematic representation for charge transportation in the CL-
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PTGE/SWCNT composite layer swelling the electrolyte solution. 

The redox cyclability of the electrodes indicated that CL-PTGE 

strongly adhered to the electrode substrate and hence served also as a 

binder. The 10 wt% SWCNT composite electrode displayed a 

narrow peak-to-peak separation and a large charging capacity in 

comparison with the 0 and 5 wt% SWCNT and the 10 wt% VGCF 

composites. Coulometric titration experiments by 

chronopotentiometry also revealed the highest charging/discharging 

capacity for the 10 wt% SWCNT composite electrode (Fig. S4). 

The excellent charge storage properties of the 10 wt% SWCNT 

composite electrode originated from the higher conductivity of the 

layer. The charging/discharging properties of the 5 wt% and the 10 

wt% SWCNT composite electrodes and the non-composite (or 

pristine polymer-coated) electrode with ca. 40 µm in thickness were 

examined (Fig. 2(a)). The 10 wt% SWCNT markedly increased the 

discharging capacity of the composite electrode up to 93 mA/g that 

corresponded to 90% of the theoretical or formula weight-based 

capacity from 20 mAh/g (20%) for the non-composite electrode, 

while the charging capacity of the 5 wt% SWCNT composite 

electrode was limited to 69 mAh/g. The difference in plateau 

potentials for discharging between 0.62 V for the 10 wt% SWCNT 

composite electrode and 0.54 V for the non-composite electrode 

demonstrated the less resistive properties established with SWCNT. 

The 10 wt% SWCNT composite electrode displayed a high current 

density, even at a 30 C rate, with a quantitative charging/discharging 

capacity (Fig. 2(b)). The resistance of the composite electrodes were 

also estimated from AC impedance measurements. The total charge-

transfer resistance for the 10 wt% SWCNT composite electrode (41 

Ω cm-2) was comparable to that of the non-composite electrode of 

CL-PTGE (44 Ω cm-2), while other composite electrodes exhibited 

higher resistances (Table S2). Transition from the diffusion 

controlled region (with a slope of 45° to the x axis) to the charge 

saturation region (90°) in the impedance spectrum for the 10 wt% 

SWCNT composite electrode indicated that the finite diffusion was 

realized at low frequencies, while the non-composite CL-PTGE 

exhibited a semi-infinite diffusional behavior even at very low 

frequency regions (Fig. S5). This difference was most likely ascribed 

to the shortened diffusion length for the electroneutralizing ions in 

the composite layer due to the long-range charge transport supported 

by the SWCNT network throughout the composite layer.  

 

 

 

 

 

 

 

 

 

 

 

Fig. 2 Charging/discharging performance of the CL-PTGE 

electrodes (a) containing 0, 5, and 10 wt% SWCNT at 10 C rate, and 

(b) containing 10 wt% SWCNT at 10-30 C rate. The electrolyte was 

a solution of 0.1 M (n-C4H9)4NClO4 in CH3CN. 

 

We fabricated a test full-cell consisted of a 10 wt% SWCNT 

composite cathode, a lithium anode, a separator film, and a 1.0 M 

LiPF6 in ethylene carbonate/diethyl carbonate electrolyte solution. 

The charging/discharging curve at 1 C rate displayed a plateau 

voltage at 3.5 V corresponding to the potential difference between 

the cathode and the anode (Fig. 3). The charge capacity was 80 

mAh/g (80% of the theoretical capacity) and maintained over 70% of 

the initial capacity after 200 cycles. The excellent rate performance 

for the charging/discharging process of the CL-PTGE composite 

electrode gave rise to a high rate capability of the cell, allowing fast 

charging and discharging in 10 C without loss of the charge-storage 

capacity. Whilst some inorganic electrode-active materials in lithium 

ion batteries have been recently achieving the fast 

charging/discharging capabilities (> 100 C)53,54, organic electrode-

active materials still have advantages in terms of tuning the chemical 

structures for faster ion mobilities and quick redox reactions 

allowing the ultrafast charging/discharging ability (> 2000 C)55. 

Fabricating the high-performance, flexible, and lightweight all-

organic batteries56 will also be our next challenge. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3 Charging/discharging curves for a coin-type cell consisted of 

the CL-PTGE/10 wt% SWCNT composite cathode and the lithium 

anode with 1.0 M LiPF6 in ethylene carbonate/diethyl carbonate (1/1 

in v/v) at 1-10 C rates. Inset: cycle performance of the cell. 

Conclusions 

 CL-PTGE was successfully synthesized via anionic ring-opening 

copolymerization of the 4-glycidyloxy TEMPO and a small amount 

of the diglycidyl ether as a crosslinker using pentaerythritol/t-Bu-P4 

initiator. The CL-PTGE/SWCNT composite electrode (9/1 in w/w) 

exhibited a quantitative charging/discharging at high current 

densities with a long cycle life, due to the low resistance supported 

by the conductive network of SWCNT and the high affinity of CL-

PTGE to the electrolyte solution. The combination of the crosslinked 

poly(glycidyl ether) and SWCNT showed great potential in utilizing 

redox polymers for energy devices. 

 This work was partially supported by Grants-in-Aid for Scientific 

Research (Nos. 24108739, 24225003, 25107733, and 25288056) and 

the Leading Graduate Program in Science and Engineering, Waseda 

University from MEXT, Japan. Support by the project “Functional 

Redox Polymers” of Waseda Advanced Research Institute for 

Science & Engineering is acknowledged. 

 

 

Notes and references 

aDepartment of Applied Chemistry, Waseda University, Tokyo 169-8555, 

Japan. Fax: +81-3-3209-5522; Tel: +81-3-3200-2669; E-mail: 

nishide@waseda.jp 

0.2

0.4

0.6

0.8

1

1.2

0 20 40 60 80 100

P
o
te
n
ti
a
l 
(V
 v
s
. 
A
g
/A
g
C
l)

Capacity (mAh/g)

10 C

30 
20 

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

0 20 40 60 80 100

P
o
te
n
ti
a
l 
(V
 v
s
. 
A
g
/A
g
C
l)

Capacity (mAh/g)

10 wt%

5 

0 

(a) (b) 

1

1.5

2

2.5

3

3.5

4

4.5

0 30 60 90 120 150 180
P
o
te
n
ti
a
l 
(V
 v
s
. 
L
i/
L
i+
)

Capacity (mAh/g)

10
5 
1 C

0

20

40

60

80

100

0 50 100 150 200

R
e
la
ti
v
e
 c
a
p
a
c
it
y
 (
%
)

Cycle number (-)

●　Discharge

○　Charge

Page 3 of 4 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



COMMUNICATION Journal Name 

4 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 2012 

† Electronic Supplementary Information (ESI) available: detailed synthetic 

method, electrode preparation, and electrochemical and SQUID 

measurements. See DOI: 10.1039/b000000x/ 

‡ The 1 C rate is defined as the current density at which the charging or 

discharging of the cell takes 1 h.  
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