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Abstract
Ethyl cellulose derivatives [EC-T and EC-P] and cellulose acetate derivatives [CA-T and CA-P] carrying TEMPO or PROXY radicals
(TEMPO¼ 2,2,6,6-tetramethyl-1-piperidinyloxy, PROXY¼ 2,2,5,5-tetramethyl-1-pyrrolidinyloxy) were synthesized with moderate number-
average molecular weights of 62 400e126 000 in 84e88% yield by the reaction of 4-carboxy-TEMPO or 3-carboxy-PROXY with residual hy-
droxyl group of ethyl cellulose or cellulose acetate. All the free radical-containing cellulose derivatives demonstrated reversible charge/discharge
processes, whose discharge capacities were 42.8e61.1 A h/kg. In particular, the CA-T-based cell displayed two-stage discharge process, and the
first-stage discharge capacity reached 29.5 A h/kg which corresponds to 74% of its theoretical value, and that of the total capacity was 61.1 A h/
kg which approaches up to 153% of the theoretical value for one-electron redox reaction.
� 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Cellulose, a sustainable and the most promising biomaterial
on the earth, is incapable of being soluble in most organic sol-
vents, while ethyl cellulose and cellulose acetate along with
inheriting a lot of fascinating features of cellulose display
good solubility in common organic solvents, thus finding
a multitude of potential applications [1]. The past few decades
have witnessed an extensive investigation on the synthesis and
characterization of various cellulose derivatives, which on
account of their solubility in organic solvents exhibit remark-
able features of lyotropic liquid-crystal formation, chiral sta-
tionary phases for enantiomer separation, and gas separation
membrane fabricability [2]. However, few efforts have been
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focused on the use of cellulose derivatives as advanced mate-
rials for organic electronic applications.

TEMPO, PROXY and their derivatives are well-known
stable nitroxy radicals finding a multitude of applications in
a variety of fields such as spin labels in the study of conforma-
tion and structural mobility of biological systems [3], scaven-
gers of unstable radical species [4], and oxidizing agents [5].
Polymers carrying TEMPO and PROXY radicals have been in-
tensively studied as subjects of electron spin resonance [6] and
molecular motion [7], and frequently employed as functional
materials such as polymeric stabilizers [8], oxidants of alco-
hols [9], and cathode-active materials in secondary batteries
[10]. We have recently investigated the preparation and
charge/discharge properties of several TEMPO- and PROXY-
containing polyacetylenes and polynorbornenes, and revealed
the attainment of theoretical discharge capacities for a number
of cells fabricated with these polymers as expected from their
spin density [11]. Thus far, most of the studies have been
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Scheme 1. Synthesis and structure of cellulose derivatives.
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carried out with synthetic polymers. However, there is a grow-
ing interest in natural polymers and their derivatives for
practical applications from the viewpoints of biotechnology,
environmental protection, and so forth. Among various natural
polymers, one of the most obvious choices for these applica-
tions is cellulose, an inexhaustible natural polymeric material
in the biosphere.

In the present study, we disclose the synthesis of ethyl
cellulose and cellulose acetate derivatives [(EC-T, EC-P) and
(CA-T, CA-P)] carrying TEMPO or PROXY radicals by the
reaction of 4-carboxy-TEMPO or 3-carboxy-PROXY with
the residual hydroxyl groups of organosoluble cellulosics
(Scheme 1), and clarifies their fundamental properties and
charge/discharge characteristics of the formed polymers as
cathode-active materials in an organic radical battery.

2. Experimental section
2.1. Materials
Ethyl cellulose (Fluka Biochemika, Mn: 50 000, DSEt¼ 2.5),
cellulose acetate (Aldrich, Mn: w50 000, DSAc¼ 2.46), 4-car-
boxy-TEMPO (TCI), 3-carboxy-PROXY (TCI), N-(3-dimethyl-
aminopropyl)-N0-ethylcarbodiimide hydrochloride (EDC$HCl;
Eiweiss Chemical Corporation), and 4-dimethylaminopyridine
(DMAP; Wako) were purchased and used without further
purification.
2.2. Measurements
IR spectra were measured using a JASCO FT/IR-4100 spec-
trophotometer. Elemental analysis was conducted at the Kyoto
University Elemental Analysis Center. The number- and
weight-average molecular weights (Mn and Mw, respectively)
of polymers were determined by gel permeation chromatogra-
phy (GPC) on a JASCO Gulliver system (PU-980, CO-965,
RI-930, and UV-1570) equipped with Shodex columns
KF805-L�3, using tetrahydrofuran (THF) as an eluent at
a flow rate of 1.0 mL/min, calibrated with polystyrene standards
at 40 �C. ESR spectra were measured on a JEOL JES-FR30 type
X-band (9.48 GHz) spectrometer. The precise number of free
radicals was estimated with a Quantum Design MPMS suscep-
tometer and a home-built low-frequency ESR-NMR apparatus
operated around 50 MHz [12]. Cyclic voltammograms were ob-
served with an ALS600A-n electrochemical analyzer. The mea-
surements were carried out with a modified ITO substrate as the
working electrode coupled with a Pt plate counter electrode and
an Ag/AgCl reference electrode, using a solution of the polymer
(0.5 mg/mL) and tetrabutylammonium perchlorate (TBAP,
0.1 M) in CH2Cl2.
2.3. Determination of degree of substitution
The degree of substitution with ethyl group (DSEt) of the
ethyl cellulose and with acetyl group (DSAc) of the cellulose ac-
etate was determined by 1H NMR. The degree of substitution
with TEMPO and PROXY groups in cellulose derivatives
were estimated from the %N content determined by the elemen-
tal analysis data (Scheme 1). The total degrees of substitution
(DStotal) of cellulose derivatives were calculated by the follow-
ing equation:

DStotal ¼ DSEtðor DSAcÞ þDSTEMPOðor DSPROXYÞ ð1Þ
2.4. Fabrication and electrochemical measurements of
the batteries using the polymers
A coin-type cell was fabricated by stacking electrodes
(1.13 cm2) with porous polyolefin separator films. A cathode
was formed by pressing the composites of a cellulose deriva-
tive (10 wt%), carbon fiber (80 wt%), and fluorinated polyole-
fin binder (10 wt%) as described in a previous paper [9a]. The
cathode was set to a coin-type cell possessing a lithium metal
anode. A composite solution of ethylene carbonate (30 vol%)/
diethyl carbonate (70 vol%) containing 1 M of LiPF6 was used
as an electrolyte. Charge/discharge properties were measured
at 25 �C using a computer controlled automatic battery charge
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and discharge instrument (Keisokukiki, Co. Ltd., Battery Labo
System BLS5500).
2.5. Theoretical capacity of polymer-based cell
The theoretical capacity (in A h/kg) of an electroactive
polymer was calculated from the molecular weight required
per exchangeable unit charge in a polymer [11]:

CðA h=kgÞ ¼ NAe

3600ðMw=1000Þ ð2Þ

where NAe is the Faraday constant (96 487 C/mol), while Mw

is the equivalent weight (or mass) of polymer in g, and defined
as the molecular weight (molar mass) of the repeating unit of
polymer divided by the number of electrons exchanged or
stored by it (which may be a fractional number), or as the mo-
lecular weight of the set of repeating units exchanging (stor-
ing) one electron in polymers.
2.6. Synthesis of cellulose derivatives
Table 1

Synthesis of cellulose derivatives carrying free radicals

Sample Yield,a % Mn

(Mw/Mn)b
DSTEMPO or

DSPROXY
c

DStotal
d Spin numbere

(spin/T or P)

EC-T 85 72 200 (3.0) 0.50 3.00 0.75

EC-P 88 126 000 (3.0) 0.50 3.00 0.99

CA-T 84 62 400 (2.1) 0.54 3.00 1.06

CA-P 87 65 700 (2.4) 0.54 3.00 1.06

T: TEMPO; P: PROXY.
a Insoluble parts in methanol.
b Determined by GPC eluted with THF; polystyrene calibration.
c Degree of substitution of TEMPO or PROXY determined from elemental

analysis (N content).
d Total degree of substitution calculated from DSEt (or DSAc)þDSTEMPO (or

DSPROXY).
e Average values of two independent estimations from (1) the ratio of the

integrated intensity of ESR and that of broad-line 1H NMR, measured at

50 MHz, and (2) magnetization measured with SQUID magnetometer.
EC-T was prepared as follows: 4-carboxy-TEMPO
(500 mg, 2.90 mmol) was added to a solution of ethyl cellu-
lose (1.0 g, 2.22 mmol of hydroxyl group; DSEt¼ 2.50),
EDC$HCl (581 mg, 3.04 mmol) and DMAP (37 mg,
0.30 mmol) in CH2Cl2 (30 mL) at 0 �C and the resulting mix-
ture was stirred at room temperature for 48 h. The reaction
mixture was concentrated on a rotary evaporator, and then
poured into a large amount of methanol to precipitate EC-T
(cf. the unreacted carboxy-TEMPO or carboxy-PROXY, and
the starting cellulose derivatives were soluble in methanol)
as a pale red solid, yield 85% (1.3 g). IR (KBr, cm�1):
2977, 2931, 2850, 1747 (C]O), 1643, 1566, 1457 (NeO

�
),

1376, 1311, 1241, 1107, 918, 879, 555, 505. Anal. Calcd for
C32H56O12N (Scheme 1): C, 59.33; H, 8.87; N, 2.16. Found:
C, 59.41; H, 8.59; N, 2.21.

EC-P was synthesized from ethyl cellulose and 3-carboxy-
PROXY in a manner similar to EC-T, pale yellow solid, yield
88%. IR (KBr, cm�1): 2978, 2931, 2877, 1747 (C]O), 1651,
1566, 1458 (NeO

�
), 1377, 1311, 1110, 918, 879, 617, 462,

428. Anal. Calcd for C31H54O12N (Scheme 1): C, 58.75; H,
8.75; N, 2.21. Found: C, 58.12; H, 8.03; N, 2.17.

CA-T was synthesized from cellulose acetate (1.0 g,
2.23 mmol of hydroxyl group; DSAc¼ 2.46) and 4-carboxy-
TEMPO in a manner similar to EC-T, pale red solid, yield
84%. IR (KBr, cm�1): 2977, 2947, 1754 (C]O), 1670,
1635, 1438 (NeO

�
), 1373, 1234, 1164, 1049, 902, 844, 644,

601, 555, 447. Anal. Calcd for C32H47O17N (Scheme 1): C,
53.44; H, 6.73; N, 1.99. Found: C, 53.07; H, 6.30; N, 2.27.

CA-P was synthesized from cellulose acetate and 3-car-
boxy-PROXY in a manner similar to EC-T, pale yellow solid,
yield 87%. IR (KBr, cm�1): 2939, 1747(C]O), 1639, 1461
(NeO

�
), 1373, 1238, 1164, 1049, 902, 844, 779, 601, 482.

Anal. Calcd for C31H45O17N (Scheme 1): C, 52.84; H, 6.58;
N, 1.99. Found: C, 52.18; H, 6.12; N, 2.05.
3. Results and discussion
3.1. Synthesis of cellulose derivatives carrying free
radicals
Cellulose derivatives carrying TEMPO or PROXY radicals
were synthesized by the reaction of either 4-carboxy-TEMPO
or 3-carboxy-PROXY and either ethyl cellulose or cellulose ace-
tate, using EDC$HCl as a condensation agent and DMAP as
a base (Scheme 1), and the results are summarized in Table 1.
Polymeric materials with number-average molecular weights of
62 400e126 000 were obtained in 84e88% yields. Since the pres-
ence of free radicals did not allow us to measure the high-resolu-
tion NMR spectra of polymers, the polymers were identified by
IR spectroscopy and elemental analysis. The spin numbers in
each monomer unit in EC-T, EC-P, CA-T, and CA-P, calculated
from DSTEMPO/PROXY and spin numbers per TEMPO or PROXY
(see Table 1), were 0.75� 0.50e1.06� 0.54.

The IR spectrum of ethyl cellulose displays a broad peak
characteristic of the residual hydroxyl groups (3550 cm�1),
while EC-T newly showed an absorption at 1457 cm�1, which
is attributable to the NeO stretching of the TEMPO radical
[11]. Further evidence was furnished by the presence of the
peak characteristic of the carbonyl group (1747 cm�1) in the
IR spectrum of EC-T. According to the GPC data of EC-T (Ta-
ble 1), the number-average molecular weight (Mn) of EC-T
was estimated to be 72 200, and an increase was observed
upon the incorporation of the TEMPO groups (cf. the starting
ethyl cellulose: Mn¼ 50 000). Furthermore, the polydispersity
indices (Mw/Mn¼ 3.0) of EC-T somewhat increased compared
to that of ethyl cellulose (Mw/Mn¼ 2.58). These facts show
that TEMPO groups have been introduced into ethyl cellulose,
and the IR spectra and GPC data of EC-P, CA-T, and CA-P
also indicated the incorporation of TEMPO or PROXY groups
into ethyl cellulose and cellulose acetate. The DSEt and DSAc

were estimated to be 2.50 and 2.46, respectively, by calculat-
ing the integration ratio of methyl protons (acetyl protons) to
the rest of the protons in ethyl cellulose and cellulose acetate,
thus implying the presence of 0.50 and 0.54 hydroxyl groups
per anhydroglucose unit, respectively [2a,b]. The degree of
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substitution by TEMPO (DSTEMPO) and PROXY (DSPROXY)
was determined by elemental analysis, and the total degrees
of substitution (DStotal) were 3.00 for all the derivatives, indi-
cating that the hydroxyl groups in the starting materials have
been completely substituted by TEMPO or PROXY radicals.
EC-T, EC-P, CA-T, and CA-P were soluble in relatively non-
polar organic solvents including toluene, CHCl3, CH2Cl2 and
THF, but insoluble in n-hexane, methanol and diethyl ether.
EC-P
3.2. Physical properties of the polymers
EC-T
The cyclic voltammetry (CV) curves of EC-T and CA-P are
shown in Fig. 1. Reversible oxidation and reduction based on
the TEMPO and PROXY radicals were observed for these
polymers. EC-T exhibited an oxidation potential peak at
0.58 V versus Ag/Agþ, and a reduction potential peak at
Fig. 1. Cyclic voltammograms of EC-T and CA-P measured at a scan rate of

0.01 V/s versus Ag/Agþ in TBAP solution.

3200 3300 3400 3500
H (G)

Lorentzian shape

Fig. 2. ESR spectrum of EC-T, EC-P, CA-T, and CA-P in the solid state. The

dotted line indicates a Lorentzian curve shape.
0.42 V versus Ag/Agþ at a sweep rate of 0.01 V/s, while CA-
P showed the corresponding peaks at 0.62 and 0.47 V, respec-
tively. It was observed that the distances between the oxidation
and reduction potential peaks of EC-T and CA-P are 0.16 and
0.15 V, respectively, which are similar to those of other electro-
active organic materials such as PTMA (ca. 0.15 V) [10]. The
small gaps between the reduction and oxidation peaks generally
imply large electrode reaction rates of the polymers, which sug-
gest that these polymers will exert high power rates in the
charge/discharge processes of battery under the constant battery
process conditions. The oxidation and reduction peaks of EC-T
and CA-P scarcely changed after five CV scans, indicating high
electrochemical stability. The CV curves of EC-P and CA-T
were similar to those of EC-T and CA-P.

Fig. 2 shows the derivative spectra of the electron spin
resonance (ESR) of EC-T, EC-P, CA-T, and CA-P. All the
ESR spectra exhibited a Lorentzian-like shape with g-factors
from 2.0065 for CA-P to 2.0072 for EC-T, which are similar
to that of the TEMPOL (4-hydroxy-2,2,6,6-tetramethylpiperi-
dine-1-oxyl) radical crystals. As shown in Table 2, the ESR
Table 2

ESR data of cellulose derivatives carrying free radicals

Sample ESR

g-factor

ESR line widtha (G) Spin concentrationb

(1021 spin/g)w50 MHz w9.4 GHz

EC-T 2.0072 36.6 23.4 0.69

EC-P 2.0067 37.1 21.7 0.95

CA-T 2.0067 34.4 20.6 0.90

CA-P 2.0065 35.7 20.7 0.91

a This frequency dependence of ESR line width is attributable to the one-

dimensional spinespin interaction along cellulose polymer chain.
b Average values of two independent estimations from (1) the ratio of the

integrated intensity of ESR and that of broad-line 1H NMR, measured at

50 MHz, and (2) magnetization measured with SQUID magnetometer.



Fig. 3. Charge/discharge curves of cellulose derivatives carrying free radicals at a current density of 0.088 mA/cm2 (0.452e0.573 A/g) in the range of 2.0e4.2 V

cell voltage. (A) The curves of the 3rd cycle and (B) two-stage charge/discharge curves of CA-T from 1st to 10th cycle.

Scheme 2. The charge/discharge process of TEMPO radicals.
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line widths at w50 MHz were remarkably broader than that at
w9.4 GHz, which is typical of the spin systems with one-dimen-
sional spinespin interaction [13]. This finding is consistent with
the line shapes in Fig. 3, indicating a slight deviation from the
Lorentzian curves, demonstrated by the dotted curve in Fig. 2,
typical of the ESR spectra for the spin systems with three-
dimensional spinespin interaction [12].
3.3. Battery properties of the polymers
Table 3

Capacity data of cellulose derivatives carrying free radicals

Sample Theoretical

capacitya

(A h/kg)

Observed

capacity (A h/kg)

Observed/theoretical

capacity (%)

1st stageb 2nd stagec Total 1st stage 2nd stage Total

EC-T 30.7 23.6 19.2 42.8 77 62 139

EC-P 42.3 28.8 30.4 59.2 68 72 140

CA-T 40.1 29.5 31.6 61.1 74 81 153

CA-P 40.5 27.8 17.2 45.0 69 42 111

a Specific charge calculated according to Ref. [11].
b Discharge capacity in the 3rd cycle at a current density of 0.088 mA/cm2

(0.0452e0.0573 A/g), cutoff at 3.0 V.
c Discharge capacity in the 3rd cycle at a current density of 0.088 mA/cm2

(0.0452e0.0573 A/g), cutoff at 2.0 V.
Fig. 3A illustrates the charge/discharge curves of the cells
fabricated from EC-T, EC-P, CA-T, and CA-P measured in
the 3rd cycle at a constant current density of 0.088 mA/cm2

(0.0452e0.0573 A/g) in the voltage range of 2.0e4.2 V. Dur-
ing the charge process of CA-T, the voltage increased progres-
sively from 2.7 to 3.5 V in the range of 0e30 A h/kg cell
capacity, followed by a steady voltage plateau at about 3.5e
3.7 V up to a cell capacity of 65 A h/kg, and the voltage finally
increased to a top cutoff voltage at 4.2 V. Similarly, during the
discharge process of CA-T, the voltage quickly reduced from
4.0 to 3.7 V within 0e3 A h/kg cell capacity, followed by
a steady voltage plateau at about 3.7e3.4 V until the capacity
of 30 A h/kg, then the voltage sharply decreased to 2.7 V, fol-
lowed by another slightly leaned plateau at about 2.7e2.2 V
up to a cell capacity of 60 A h/kg, and the voltage then again
sharply decreased to a bottom cutoff voltage at 2.0 V. Thus,
the discharge curve of CA-T possessed two voltage plateaus,
one in the range of 3.7e3.4 V and the other in the range of
2.7e2.2 V. The charge/discharge processes of EC-T, EC-P
and CA-P resembled that of CA-T. Quite interestingly, all of
the present polymers displayed clear voltage plateaus at about
3.6 V in charge/discharge curves, indicating that they can be
used as cathode-active materials of organic radical batteries.

It is reasonable to assume the following for CA-T as an ex-
ample (see Fig. 3B): (i) the charge process at cathode in the 1st
cycle is the oxidation of TEMPO moiety 1 in the polymers to
oxoammonium salt 2, in which the charge capacity at 1st stage
is about 38 A h/kg; (ii) the discharge process in the 1st cycle is
a two-stage reduction process as shown in Scheme 2, namely,
the first-stage reduction of salt 2 to radical 1 whose discharge
capacity is 40 A h/kg, and the second-stage reduction of radi-
cal 1 to anion 3 whose discharge capacity is 66 A h/kg in the
1st cycle; (iii) the second charge process (2nd cycle) starts
from 3 to finally form 2 (Scheme 2), and the charge capacity
reaches about 95 A h/kg; (iv) the charge/discharge capacities
of the 3rd to 10th cycle are smaller than that of the 2nd cycle
but are stabilized. It is thought that the 3rd and later cycles
show the capacity inherent to CA-T, whereas some other fac-
tors such as impurities contribute to irreversible capacity in the
1st and 2nd cycles. Thus Fig. 3B clearly shows a two-stage
charge/discharge process especially at the 3rd cycle and later.

Taking into account that one TEMPO moiety provides one
electron in the first-stage redox process, the theoretical capac-
ities of the cells based on EC-T, EC-P, CA-T, and CA-P are
calculated to be 30.7e42.3 A h/kg (Table 3). Evaluating from
the values at 3.0 V in Fig. 4A, the discharge capacities in the
third cycle of the cells using EC-T, EC-P, CA-T, and CA-P are
determined to be 23.6e29.5 A h/kg per polymer weight at
a current density of 0.088 mA/cm2 (0.0452e0.0573 A/g).



Fig. 4. Dependence of capacity on current density in EC-T, EC-P, CA-T, and

CA-P.

Fig. 5. Dependence of capacity on cycle number in EC-T, EC-P, CA-T, and

CA-P. Charge and discharge were repeated at a current density of 0.88 mA/

cm2 (0.452e0.573 A/g) in the range of 2.5e4.2 V cell voltage.
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The observed discharge capacity of CA-T was 29.5 A h/kg,
which corresponds to 74% of the theoretical capacity. Moreover,
evaluating from the values at 2.0 V in Fig. 3A, the discharge ca-
pacities of the cells using EC-T, EC-P, CA-T, and CA-P in the
2nd stage are determined to be 17.2e31.6 A h/kg per polymer
weight at a current density of 0.088 mA/cm2 (0.0452e
0.0573 A/g). The observed discharge capacity of CA-T in the
2nd stage reached up to 31.6 A h/kg, and consequently the total
capacity of CA-T was 61.1 A h/kg, which corresponds to 153%
of the theoretical value for the one-electron redox reaction. Thus
CA-T displays a large capacity thus indicating a possibility of
a wide range of potential applications as a power source. The ca-
pacities of the EC-T-, EC-P-, and CA-P-based cells in the 2nd
stage were 19.2, 30.4, and 17.2 A h/kg, respectively (Table 3),
and were more or less lower than that of their CA-T-based coun-
terpart. This can be ascribed to the differences not only in the
spin density but also in the molecular scale structures (e.g., spa-
tial arrangement of the TEMPO or PROXY radicals) and macro-
scopic aggregation states (e.g., the size and hardness of polymer
powders).

Fig. 4 depicts the relationship between the capacity and
current densities of EC-T, EC-P, CA-T, and CA-P. The large
capacity of CA-T was maintained fairly well even though
the current density was increased to 4.5 A/g. The capacity of
the other polymers decreased to some extent with increasing
current densities. Thus the largest capacity is available in the
discharge of CA-T among the present polymers irrespective
of the current densities.

Fig. 5 illustrates the cycle performance of the EC-TeCA-P/
Li cells, in which charge and discharge were repeated at a cur-
rent density of 0.88 mA/cm2 (0.452e0.573 A/g) under the
application of 2.5e4.2 V cell voltages. More than 93% of
the 10th cycle capacity of the cell using CA-T was maintained
after 110 cycles. The cycle-lives of EC-T- and EC-P-based
cells were somewhat inferior to those of CA-T and CA-P.

4. Conclusions

We have successfully synthesized a new category of cellu-
lose derivatives carrying TEMPO or PROXY radicals [EC-T,
EC-P, CA-T, and CA-P]. All of the free radical-containing
polymers demonstrated reversible charge/discharge processes,
whose total capacities were 42.8e61.1 A h/kg. In particular,
the total capacity of a CA-T-based cell reached 61.1 A h/kg,
which corresponds to 153% of the theoretical value for one-
electron redox reaction.
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