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Synthesis and Charge/Discharge Properties of Polyacetylenes Carrying
2,2,6,6-Tetramethyl-1-piperidinoxy Radicals

Jinging Qu,™ Toru Katsumata,'”! Masaharu Satoh,”” Jun Wada,'! Jun Igarashi,

Kenji Mizoguchi,'”! and Toshio Masuda*!*!

Abstract: The 2,2,6,6-tetramethyl-1-pi-
peridinoxy (TEMPO)-containing acety-
lenic  monomers HC=CC(H;-p,m-
(CONH-4-TEMPO), (1), HC=CCH,-
p.m-(COO-4-TEMPO), (2), (S,S.S,S)-
HC=CCH;-p,m-[CO-NHCH{COO-(4-
TEMPO)}CH,COO-(4-TEMPO)], (3),
(8,5)-HC=CC(H,CO-NHCH{COO-(4-
TEMPO)}CH,COO-(4-TEMPO)  (4),
HC=CC(H,-p-OCO-4-TEMPO (5),
HC=CCH,C(CH;)(CH,0CO-4-

TEMPO), (6), HC=CCH,NHCO-4-
TEMPO (7), and HC=CCH,OCO-4-

afford novel polymers containing the
TEMPO radical at high densities. Mon-
omers 1, 3-6, and 8 provided polymers
with average molecular weights of
10000-136500 in 62-99 % yield in the
presence of a rhodium catalyst, where-
as monomers 2 and 7 gave insoluble
polymers in 100% yield. The formed
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polymers were thermally stable up to
approximately 274 °C according to ther-
mogravimetric analysis (TGA). All the
TEMPO-containing polymers demon-
strated reversible charge/discharge pro-
cesses, whose discharge capacities were
21.3-108 Ahkg . In particular, the ca-
pacity of poly(1)-, poly(4)-, and
poly(5)-based cells reached 108, 96.3,
and 89.3 Ahkg™!, respectively, which
practically coincided with their theoret-
ical values.

TEMPO (8) were polymerized to

Introduction

Stable organic radicals are widely used as spin labels™ for
monitoring the functions of biomolecules and as spin traps
or radical scavengers” of organic materials and biological
systems. Polymers that carry stable organic radicals have
been intensively studied as subjects of electron spin reso-
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nance®® and molecular motion® and frequently employed as
functional materials, such as polymeric stabilizers,”! oxidants
of alcohols,” and spin- and charge-storage materials.”)
Among these applications, polymers with m-conjugated radi-
cals,® especially polyacetylenes containing stable radicals,”
have been extensively studied in the search for organic fer-
romagnetic materials.

2,2,6,6-Tetramethyl-1-piperidinyloxy (TEMPO) and its de-
rivatives are well-known stable nitroxy radicals'”! and have
found application in a variety of fields, such as spin labels in
the study of conformation and structural mobility of biologi-
cal systems,'!! scavengers of unstable radical species,™” and
oxidizing agents."”! The TEMPO radical is a typical oxygen-
centered radical with a resonance structure in which an odd
electron is delocalized onto a nitrogen atom, thus contribu-
ting to its high stability. The TEMPO radical displays two
redox couples, namely, oxidation to a cation and reduction
to an anion: it can be oxidized to form the corresponding
oxoammonium cation, the oxidation process of the radical is
reversible and leads to p-type doping of the radical material,
and it can also be reduced to the aminoxy anion, thus result-
ing in n-type doping of the material. By using the oxidation
process to the cation, TEMPO-carrying polymers can be ap-
plied to cathode-active materials in secondary batteries, and
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such batteries can be called organic radical batteries. As
compared to the currently popular lithium-based batteries,
organic radical batteries feature high-speed charging and
discharging.

Poly(2,2,6,6-tetramethylpiperidinyloxy methacrylate)
(PTMA) was examined as a material for the first-generation
organic radical batteries, which could be rapidly charged
and had a high power density." Thus far, polymers carrying
nitroxy free radicals, such as PTMA, are usually synthesized
by an indirect method, namely, the synthesis of precursor
polymers with the corresponding amino group, followed by
oxidation to afford polymers containing stable radicals.!'”!
The indirect route is adopted as a result of the inability of
radical-bearing monomers to undergo radical polymeri-
zation. However, this method is often accompanied by in-
complete oxidation, thus resulting in less than quantitative
incorporation of the radical into the polymer.' As a conse-
quence, PTMA did not have the quantitative amount of rad-
icals but approximately 70 % against the theoretical value,
and the batteries using this polymer showed an average dis-
charge voltage of 3.5V and a discharge capacity of
77 Ahkg™' (70% of the theoretical value). Noting that tran-
sition-metal catalysts may poly-
merize radical-bearing mono-
mers, we recently investigated

the preparation and charge/dis- = r

moieties into polyacetylene may lead to new functional ma-
terials based on the synergistic effect of stable organic radi-
cals and a main chain of conjugated polyacetylene units.
Herein, we discuss the synthesis of TEMPO-carrying polya-
cetylenes by direct polymerization of TEMPO-containing
acetylenes (Scheme 1) with a rhodium-based transition-
metal catalyst and report on fundamental properties, such as
charge/discharge characteristics of the formed polymers as
cathode-active materials in an organic-radical battery.

Results and Discussion

Monomer synthesis: Scheme 2 illustrates the synthetic
routes to monomers 1-6. Acetylene ester and amide mono-
mers 1 and 2 were synthesized by the reaction of 4-ethy-
nylphthalic anhydride with the hydroxy or amino group of
TEMPO derivatives. Monomers 3 and 4 were synthesized
by the reaction of 4-hydroxy-TEMPO with 3' (M, =420.33)
for 3 and N-(4-ethynyl benzoyl)-L-aspartic acid for 4, which
were prepared from 4-ethynylphthalic anhydride and 4-ethy-
nylbenzoic acid reaction with L-H-Glu(OMe)-OMe-HCI,

Rh catalyst:

charge properties of several
polyacetylenes and polynorbor-
nenes  containing TEMPO
groups as a preliminary study
and revealed that the discharge o
capacity of the cell fabricated

with  poly[norbornene-2,3-en- : =
do,exo-(COO-4-TEMPO),] ¢
reached the theoretical value
(109 Ahkg™") expected for the
molecular structure.!'’l More re-
cently, Nishide and co-workers
reported that poly[4-(N-tert-
butyl-N-oxylamino)styrene], =
poly[3,5-di(N-tert-butyl-N-oxyl- NH

!
amino)styrene], and poly[4-(N- ONO

tert-butyl-N-oxylamino)-3-tri- o
fluoromethylstyrene] possessed

radical densities of 1.82-4.27x

10*! unpaired electronsg !, and

these polymers might be appli-

cable as electrode-active mate- 5
rials with a high charge/dis-
charge capacities."!

Substituted  polyacetylenes
exhibit unique properties, such
as chromism, semiconductivity,
paramagnetism, high gas per-
meability, helix formation, and
nonlinear optical properties.'”!
The introduction of TEMPO

7. R= e}
R

acetylenes.
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Scheme 1. Synthesis of TEMPO-containing polyacetylenes by direct polymerization of TEMPO-containing
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Scheme 2. Synthesis of acetylene monomers 1, 3, 5, and 6.

then by removing the methyl group of products. Monomer §
was prepared by condensation of the hydroxy group of 4-hy-
droxy-TEMPO with the carboxy group of 4-ethynylbenzoic
acid. Monomer 6 was synthesized by the reaction of 1-pen-
tyne-4,4-dimethanol with two equivalents of 4-carboxy-
TEMPO. Monomers 1-6 were purified by column chroma-
tography on silica gel eluted with ethyl acetate/n-hexane
(1:4 v/v). As a result of the presence of free radicals, it was
impossible to measure the NMR spectra of the monomers.
The structures of the monomers were confirmed by IR spec-
troscopic and elemental analysis.

Polymer synthesis: The polymerization of acetylene mono-
mers 1-8 was carried out using [Rh*(nbd){n*-C,H;B™-
(C¢Hs)s}] (nbd=norbornadiene) as a catalyst at 30°C for
24 h (Table 1). Polymeric compounds were obtained quanti-
tatively by the polymerization of 2 and 7, but these poly-
mers were insoluble in common organic solvents, including
THF, CHCl;, and N,N-dimethylformamide (DMF; runs 2
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and 7 in Table 1). However,
poly(2), which was obtained at
a lower monomer concentration

g M],=0.10m), was soluble in

(
‘CE organic solvents, although the
polymer yield was rather low
(38%). On the other hand, 1,
3-6, and 8 gave solvent-soluble
polymers with number-average
/ molecular weights of 10000—
=c e 136500 in 62-99 % vyield (runs
Aon

NH 1, 3-6, and 8 in Table 1). All
the polymers were orange,
which is attributable to the
TEMPO side chains and/or the

conjugated main chain.

o Structure of the polymers:
Poly(1)-poly(8) did not exhibit
IR absorptions at about 3300
and 2120 cm™! that arise from
the stretching vibrations of H-
C= and -C=C-, respectively,
thus indicating that ordinary
acetylene polymerization took
place. The IR spectra of all the
polymers showed a strong ab-
sorption maximum at 1364 cm ™
assignable to the nitroxy radi-

7,
“?5@

0.0 cal, thus implying that the
I TEMPO moiety is present in
z the polymers.

N
0

Properties of the polymers:
Poly(1), poly(3)-poly(5), and
poly(8) were soluble in relative-

Table 1. Polymerization of acetylenic monomers 1-8 with [Rh* (nbd){n°‘-
CﬁHSBi(C6H5)3}] N

Run Monomer Polymer
yield [% ] M, M /M,

10! 1 99 108900 475
2[bl 2 100 _If] _fl

3l 3 95 125700 4.43
4Ll 4 99 83800 3.39
5kl 5 97 136500 4.68
64 6 62 10000 1.36
7[d] 7 100 _[1 _l1

gLl 8 66 47000 2.01

[a] MeOH-insoluble part. [b] Determined by GPC (THEF, polystyrene cal-
ibration). [c] In THF, 24 h, 30°C; [M],=0.50m, [Rh]=10 mwm. [d] In THF,
24 h, 30°C; [M],=0.25M, [Rh]=2.5 mm. [e] In CHCl;, 24 h, 30°C; [M],=
0.25m, [Rh]=2.5 mm. [f] Insoluble as a result of gelation.

ly nonpolar organic solvents, including toluene, CHCl;,
CH,Cl,, and THF, but were insoluble in n-hexane, methanol,
and diethyl ether. Poly(6) was soluble in CHCIl; and THF,
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partly soluble in toluene and CH,Cl,, and insoluble in n-
hexane, methanol, and diethyl ether. Polymers poly(2) and
poly(7) were insoluble in common organic solvents. Figure 1
illustrates the thermogravimetric analysis (TGA) traces of
the present polymers. The onset temperatures of weight loss
of poly(1)—poly(8) were all around 220-274°C in air. All of
the polymers containing TEMPO decomposed in similar
fashions. All of the present polymers completely decom-
posed when the temperature was raised above 650°C.

100

80 poly(1)

/
poly(3)
60

40

Weight Residue/ %

20

0
100 200 300 400 500
Temperature/ °C

0 700

Figure 1. TGA curves of poly(1)-poly(8) measured at a heating rate of
10°C min~! in air.

The cyclic voltammetry (CV) curves of poly(l) and
poly(4) are shown in Figure 2. Reversible oxidation and re-
duction based on the TEMPO radical are observed for all
the polymers. Poly(1) exhibits an oxidation potential peak at
0.507 V versus Ag/Ag* and a reduction potential peak at
0.459 V versus Ag/Ag™ at a sweep rate of 0.01 Vs™', where-
as poly(4) shows corresponding peaks at 0.504 and 0.431V,
respectively. It is noted that the distances between the oxi-
dation and reduction potential peaks of poly(1) and poly(4)
are 0.048 and 0.073 V, respectively, which are by far smaller
than those of other electroactive organic materials such as
PTMA (ca. 0.146 V)."! The small gaps between the reduc-
tion and oxidation peaks generally imply large electrode re-
action rates of the polymers, which suggests that these poly-
mers will exert high power rates in the charge/discharge pro-
cesses of battery under the constant battery process condi-
tions. The oxidation and reduction peaks of poly(1) and
poly(4) scarcely changed after five CV scans, thus indicating
that they were quite stable electrochemically.

Figure 3 shows the electron spin resonance (ESR) spec-
trum of poly(1) and poly(2). The ESR spectra of poly(1)
and poly(2) exhibited sharp singlet signals based on the
TEMPO moiety at g=2.0070 and 2.0064 respectively, which
are close to g=2.0055 for the 4-hydroxy-2,2,6,6-tetramethyl-
piperidine-1-oxyl (TEMPOL) crystal; the small enhance-
ment is probably a result of the effect of the polymer back-
bone. The spin concentration of poly(1) and poly(2) were
tested up to 2.53x10*" and 2.41 x 10* spinsg !, respectively,
and were much larger than that of PTMA; hence, the local-
spin concentrations within the macromolecular domains of
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Figure 2. Cyclic voltammograms of poly(1) and poly(4) measured at a
scan rate of 0.01 Vs~ versus Ag/Ag* in solution with TBAP.
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Figure 3. ESR spectrum of poly(1) and poly(2) measured in the powder
state.

poly(1) and poly(2) are higher than that of PTMA. The
ESR spectra of other polymers were similar to that of
poly(1). Further, we determined the spin concentrations and
magnetic properties of poly(1), poly(2), and poly(7) precise-
ly (Table 2). As seen from Table 2, poly(1), poly(2), and
poly(7) possess approximately quantitative amounts of free
radicals, that is, relatively close to 1 in poly(7) and around 2
in poly(1) and poly(2) per repeating unit. Both the Curie-
Weiss temperature @ and the frequency dependence of the
ESR line width are consistent with the 1D magnetic interac-
tion between the TEMPO radicals attached to the polymer
backbone. The @ value of the polymers with the 1D chain
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Table 2. Magnetic properties of polymers.
Polymer Number of Curie-Weiss ESR

ESR line width [G]

spins per temperature g-factor ~50 MHz =~9400 MHz
monomer O [K]
unit

Poly(1) 2.03+0.10 1.9 2.0070  13.9 9.9

Poly(2) 1.96+0.10 1.8 2.0064 126 8.9

Poly(7) 0.83+0.05 1.5 2.0064  13.0 8.6

of TEMPO radicals should be smaller than about 7 K of the
TEMPOL crystal, in which the 3D magnetic interaction
dominates the @ value. The ESR line widths vary with the
ESR frequency in the 1D electronic systems®®! (Table 2).
Figure 4 exhibits the charge/discharge curves of the cells
fabricated using poly(1)-poly(8) measured at a constant cur-
rent density of 0.030-0.096 A g™! in the voltage range of 2.5-
42'V. During the charge process of poly(1), the voltage
sharply increased from 3.0 to 3.5V with a cell capacity in
the range 0-10 Ahkg™', followed by a highly steady voltage
plateau at about 3.5-3.7V up to a cell capacity of
95 Ahkg™!, and the voltage finally increased to a top cut-off
voltage of 4.2 V. Similarly, during the discharge process of
poly(1), the voltage quickly decreased from 4.2 to 3.7V
within a cell capacity of 0-8 Ahkg™, followed by a steady
voltage plateau at about 3.7-3.4 V until a capacity of up to
97 Ahkg™!, and the voltage then gradually decreased to a

4.4
Paly(2)  poly(3) poly(4) _poly(1)
w y \ —
4.0 charge
4 |
S 3.6
|
5
>
3.2
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2.8
/ discharge |
2.4 pdiy(2) Poly(3)  poly(1)
" 1 1 " 1 1 " L 'l "1
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1 PR
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Figure 4. Charge/discharge curves of poly(1)-poly(8) at a current density
of 0.030-0.096 A g~' with a cell voltage of 2.5-4.2 V.
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bottom cut-off voltage at 2.5 V. The plateau voltages of the
charge/discharge processes are in the range 3.4-3.7 V start-
ing from approximately 3.6 V, which corresponds to the
redox potential of the TEMPO radical. The charge/dis-
charge processes of poly(2)-poly(8) behaved in a similar
way to poly(1). Namely, all of the present polymers exhibit
a clear voltage plateau at about 3.6 V in both the charge
and discharge curves, thus indicating that the polymers can
be used as cathode-active materials of a rechargeable bat-
tery.

It is reasonable to assume that the charge process at the
cathode is the oxidation of the TEMPO units (9) in the
polymers to an oxoammonium salt (10), and the discharge
process is the opposite reaction, namely, the reduction of
the salt (Scheme 3). Taking into account that one TEMPO

R R
|\|l e N+
0 o
9 10

Scheme 3. Charge/discharge processes.

moiety provides one electron in this redox process, we can
estimate the theoretical capacities of the cells based on
poly(1)-poly(8) to be 89.3-113 Ahkg™" (Table 3). Evalua-
tion of the values given at 2.5 V in Figure 3: the initial dis-
charge capacities of the cells using poly(1)-poly(8) are de-
termined to be 21.3-108 Ahkg ™' per polymer weight at a
current density of 0.030-0.096 A g~'. The observed discharge
capacities of poly(1), poly(4), and poly(5) were 108, 96.3,
and 89.3 Ahkg™!, respectively, which agreed with the theo-
retical capacity. This result demonstrates that poly(1),
poly(4), and poly(5) display high capacities, thus leading to
a wide range of potential applications as power sources. On
the other hand, the capacities of the cells based on poly(2)-,
poly(3)-, and poly(6)—poly(8) remained 21.3, 62.3, 63.0, 80.5,
and 66.0 Ahkg™!, respectively (Table 3), which are clearly

Table 3. Capacity data of poly(1)-poly(8)

Polymer m/z Theoretical Observed Observed
capacity capacity capacity/
[Ahkg " [Ahkg 1] theoretical
capacity [%]
Poly(1) 248.3 108.0 108.0 100
Poly(2) 249.3 107.5 21.3 19.8
Poly(3) 2523 106.2 623 58.7
Poly(4) 277.8 96.5 96.3 100
Poly(5) 300.2 89.3 89.3 100
Poly(6) 246.3 108.9 63.0 58.0
Poly(7) 2273 113.0 80.5 71.2
Poly(8) 238.3 112.0 66.0 589

[a] The polymer mass required per exchangeable unit. [b] Theoretical ca-
pacity: specific charge calculated according to reference [26]. [c] Ob-
served capacity: initial discharge capacity at a current density of 0.030-
0.096 Ag™', cut-off at 2.5 V.
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lower than that of the poly(1)-based counterpart, although
the theoretical capacities of the cells are all about
100 Ahkg™". This behavior seems to be a result of the differ-
ences in both molecular scale structures (e.g., the spacial ar-
rangement of the TEMPO radicals) and macroscopic aggre-
gation states (e.g., the size and hardness of the polymer
powders) but not in the spin concentration (because the
spin concentrations of poly(2) and poly(7) are all quantita-
tive).

Figure 5 depicts the charge/discharge curves of poly(1)
and poly(5) observed at different current densities. The
charge and discharge capacities gradually decreased with in-

|-' poly(1) charge
4.0
=36
@
g
g 3.2
discharge
2.8
current densi
24+
8.1, 4.86, 3.24, 1.62, 0.81,
0.41,0.16,0.081 Ag"
2 D 1 1 1 Il Il ]
0 20 40 60 80 100 120
Capacity/ A h kg™
44
4.0
3.6
>
=
832 discharge
(=]
>
28 F
[current density
24T 30, 1.:0,1.20, 0.60, 0.30,
0.15, 0.060, 0.030 A g
2 0 1 1 1 1 1

0 20 40 60 80 100 120
Capacity/ Ah kg™

Figure 5. Charge/discharge curves of poly(1) and poly(5) at different cur-
rents with a cell voltage of 2.5-4.2 V.

creasing current densities. An effective capacity of approxi-
mately 53.0 Ahkg™' was attained at a current density of
8.10 Ag™! based on a cut-off voltage of 2.5V for poly(1),
which corresponds to 50% of the discharge capacity at
0.081 Ag! and indicates that the poly(1)-based cell displays
excellent charge/discharge characteristics under the ex-
tremely large currents. The fabricated cell contains 1.23 mg
of poly(1) as an electroactive material, and so the cell ca-
pacity of 108 Ahkg ! is calculated as 0.133 mAh. In this ex-
periment, the current density of 8.1 Ag™' corresponds to
10 mA, which is capable of charging and discharging the cell
within 0.0133 h (47.9 s). The poly(5)-based cell, in which the
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discharge capacity at 3.0 Ag™* was above 50 Ahkg™!, exhib-
ited a similar performance to that of poly(1).

Figure 6 depicts the relationship between capacity and the
current densities of poly(1)-poly(8). The large capacity of
poly(4) was fairly well maintained even though the current

120 +
100 Dﬂty(4}
80 P NT—poly(7)

~ poty(ﬂ

.
poly(3) -
~«——poly(6)

[ poly(5)
20 poly(8) poly(2)

0 M Il s L " 1 " L s L

0 2 4 6 8 10
Current density/ A g

Figure 6. Dependence of capacity on current densities in poly(1)-poly(8).

densities were increased to 7.3 Ag~'. On the other hand, the
capacity of the other polymers decreased more with increas-
ing current densities. Thus, the largest capacity is available
in the discharge of poly(4) among the present polymers irre-
spective of the current densities. Poly(1), poly(3), and
poly(5) displayed pretty large capacities even though high
current densities up to 3-9 Ag ' were applied. On the other
hand, poly(2) and poly(6)-poly(8) showed worse behavior.
Figure 7 illustrates the cycle performance of the poly(1)-
poly(6)/Li cells, in which charging and discharging were re-
peated at a current density of 0.30-0.96 Ag~! (1 mA current
per 1.04-2.72 mg) under the application of cell voltages of
2.5-4.2 V. The capacity of the cell using poly(1) was main-
tained at over 85 % after 100 cycles. Poly(2) exhibited a dif-
ferent cycle performance; namely, the increase in capacity
was observed, which appears to arise from the increase in
the contact surface between the electrode and the electro-

=
=

: PV poy@) ooiay

Y
L poly(6)

poly(3)

=
=1

Capacity/ A h kg™!

-~
=

r
=
T

G 1 1 1 1 1
0 20 40 60 80 100
Cycle number

Figure 7. Dependence of capacity on cycle number in poly(1)-poly(6).
Charging and discharging were repeated at a current density of 0.30-
0.96 Ag™" with a cell voltage of 2.5-4.2 V.

Chem. Eur. J. 2007, 13, 7965-7973


www.chemeurj.org

Organic Radical Batteries

lyte probably because of the swelling of the polymer during
the charge/discharge process. The discharge capacity of
poly(3) did not deteriorate even after 100 cycles. The lifecy-
cles of cells based on poly(4)-poly(6) were similar to that of
poly(1). It seems that the lifecycles of cells based on
poly(1)-poly(6) are comparable to that of the reported
PTMA system.['V

Conclusion

Herein, we have synthesized a group of acetylenic mono-
mers 1-8 containing TEMPO and polymerized them with a
rhodium catalyst. Monomers 1, 3-6, and 8 provided poly-
mers with number-average molecular weights of 10000—
108900 in 62-99 % yield, while 2 and 7 gave insoluble poly-
mers in 100 % yield. The separation of the oxidation and re-
duction potential peaks of these polymers in CV were by far
smaller than those of other electroactive organic materials,
which is indicative of a high power rate in the charge/dis-
charge processes of the battery. The ESR spectrum of
poly(1) and poly(2) exhibited a sharp singlet, and poly(1)
and poly(2) possessed practically quantitative amounts of
free radicals based on the TEMPO moiety, namely, around
two spins per repeating unit. The capacity of cells based on
poly(1)-, poly(4)-, and poly(5) reached 108, 96.3, and
89.3 Ahkg™!, respectively, corresponding to 100% of their
theoretical capacity value. The cells fabricated with poly(1)-
poly(6) as cathodes demonstrated a promising cycle life,
namely, the capacity hardly deteriorated even after 100
cycles. Charge-storage materials based on poly(1)-poly(8)
can be applied to cathode-active materials in organic radical
batteries, which show quick charging/discharging and high
power density. Among the present polymers, poly(4) exhibit-
ed a high capacity up to 96.3 Ahkg™', which did not de-
crease below 90 Ahkg™', even at high current densities of up
to 7.3 Ag™!, and the excellent performance was kept even
after 100 cycles.

Experimental Section

Materials: Solvents used for polymerization were distilled before use ac-
cording to standard procedures. 4-Carboxy-TEMPO (TCI), 4-hydroxy-
TEMPO (TCI), L-Glutamic acid-a,y-dimethyl ester hydrochloride (L-H-
Glu(OMe)-OMe-HCI) (Watanabe Chemical Industries, Ltd), propargyl
alcohol (Aldrich), propargylamine (Aldrich), N-(3-dimethylaminoprop-
yl)-N'-ethylcarbodiimide hydrochloride (EDC-HCI; Eiweiss Chemical
Corporation), 4-dimethylaminopyridine (DMAP; Wako) were purchased
and used without further purification. 4-Carboxy-2,2,6,6-tetramethyl-1-pi-
peridinoxy N-propargylamide,'”! 4-carboxy-2,2.6,6-tetramethyl-1-piperidi-
noxy propargyl ester,'” 1-pentyne-4,4-dimethanol,”” 4-ethynylbenzoic
acid,® N-(4-ethynyl benzoyl)-L-aspartic acid methyl ester,” and [Rh*
(nbd){n>-C¢HsB~(C4Hs),}]®! were synthesized according to previous re-
ports.

Measurements: IR spectra were measured using a JASCO FT/IR-4100
spectrophotometer. Melting points (m.p.) were measured on a Yanaco
micro melting-point apparatus. Elemental analysis was conducted at the
Kyoto University Elemental Analysis Center. The number- and weight-
average molecular weights (M, and M,, respectively) of polymers were
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determined by gel-permeation chromatography (GPC) on a JASCO Gul-
liver system (PU-980, CO-965, RI-930, and UV-1570) equipped with
Shodex columns KF805 L x3, using THF as the eluent at a flow rate of
1.0 mLmin~', calibrated with polystyrene standards at 40°C. Thermal
gravimetric analysis (TGA) was carried out on a Perkin-Elmer TGA-7.
ESR spectra were measured on a JEOL JES-FR30 type X-band
(9.48 GHz) spectrometer. The precise number of free radicals was esti-
mated with a Quantum Design MPMS susceptometer and a home-built
low-frequency ESR-NMR apparatus operated at around 50 MHz, 4-hy-
droxy-TEMPO was the reference radical, and the samples were tested in
the solid state.*! Cyclic voltammograms were observed with an HCH In-
struments ALS600 A-n electrochemical analyzer. The measurements
were carried out with a modified indium tin oxide (ITO) substrate as the
working electrode coupled with a Pt plate counter electrode and an Ag/
AgCl reference electrode (Ag/AgCl/KCI (saturated)), using a solution of
a polymer (1 mm) and tetrabutylammonium perchlorate (TBAP, 0.1M) in
CH,CL,.

Monomer synthesis

4-Ethynylphthalic acid 1,2-di[4-(2,2,6,6-tetramethyl-1-piperidinyloxy)]-
amide (1): 4-Amino-TEMPO (500 mg, 2.90 mmol) was added to a solu-
tion of EDC-HCI (581 mg, 3.04 mmol) and DMAP (37 mg, 0.30 mmol) in
CH,Cl, (30mL) at room temperature. 4-Ethynylphthalic anhydride
(250 mg, 1.46 mmol) was added to the solution, and the resulting mixture
was stirred at room temperature overnight. The reaction mixture was
washed with water (3x20 mL), and the organic layer was dried over an-
hydrous MgSO,. After filtration, the solvent was removed by rotary
evaporation to afford the crude product, which was purified by column
chromatography on silica gel with a hexane/ethyl acetate (4:1, v/v) as the
eluent. An orange-red solid was obtained in 64% yield (921 mg).
M.p. 204.0-205.0°C; IR (KBr): #=3257 (H-C5), 3068 (N—H), 2976, 2938,
2104 (C=C), 1645 (C=0), 1561 (N—H), 1329, 1243, 1179, 847 cm™'; ele-
mental analysis caled (%) for C,H,O,N,: C 67.71, H 8.12, N 11.28;
found: C 67.50, H 8.39, N 11.50.

4-Ethynylphthalic acid 1,2-di[4-(2,2,0,6-tetramethyl-1-piperidinyloxy)]
ester (2): Synthesized from 4-ethynylphthalic anhydride and 4-hydroxy-
TEMPO (2 equiv) in a manner similar to 1. The product was obtained as
an orange-red solid in 80% yield. M.p. 140.0-141.0°C; IR (KBr): 7=
3224 (H-C5), 2976, 2935, 2106 (C=C), 1736 (C=0), 1714 (C=0), 1603,
1465, 1365, 1295 (C-0O), 1193, 1133, 1069, 963, 789, 769, 564 cm™'; elemen-
tal analysis calcd (%) for C,gHisOgN,: C 67.45, H 7.68, N 5.62; found: C
67.30, H 7.59, N 5.50.

Compound 3': (Scheme 2) Synthesized from 4-ethynylphthalic anhydride
and L-H-Glu(OMe)-OMe-HCI (2 equiv) by removing the methyl group
of products according to previous reports.”” The product was obtained as
a white solid in 34 % yield. '"H NMR (400 MHz, CDCl;, 25°C, TMS): 6 =
2.16 (q, 2H, J=726Hz, —2CHCH,COOH), 2.47 (q, 2H, J=7.26 Hz,
—2CHCH,COOH), 322 (s, 1H, =CH), 481 (q, 2H, J=6.99 Hz,
—2NHCHCOOH), 7.54-7.80 (m, 3H, Ar), 811 (d, 2H, —2NH);
BCNMR (100 MHz, CDCl;, 25°C, TMS): 6 =30.2 (CHCH,COOH), 52.4
(NHCHCOOH), 81.4 (=CH), 82.3 (=C-), 125.7,127.1, 132.0, 132.2, 132.5,
133.4 (Ar), 166.3 (CONH), 172.3 (CHCOOH), 173.7 (CHCH,COOH).

Monomer 3: Synthesized from 3’ and 4-hydroxy-TEMPO in a manner
similar to 2. The product was obtained as an orange-red solid in 80 %
yield. M.p. 137.0-139.0°C; IR (KBr): 7=3243 (H-C5), 2974, 2927, 2102
(C=0), 1712 (C=0), 1604, 1562, 1465, 1365, 1307, 1268 (C-O), 1173, 1
103, 971, 906, 856, 763, 663, 556 cm™'; elemental analysis caled (%) for
Cs,HgyO4Ng: C 62,53, H 7. 77, N 8.10; found: C 62.30, H 7.59, N 8.30.

Monomer 4: Synthesized from N-(4-ethynyl benzoyl)-L-aspartic acid,
which was prepared form N-(4-ethynyl benzoyl)-L-aspartic acid methyl
ester and 4-hydroxy-TEMPO in a manner similar to 3. The product was
obtained as an orange-red solid in 80% yield. M.p. 127.0-129.0°C; IR
(KBr): 7=3251 (H-C=), 2969, 2889, 2105 (C=C), 1731 (C=0), 1604, 1562,
1504, 1465, 1403, 1373, 1365, 1292 (C-O), 1200, 1164, 1084, 987, 856, 759,
674, 578 cm™'; elemental analysis caled (%) for CyH,;;0,N5: C 65.36, H
7.61, N 7.38; found: C 65.50, H 7.59, N 7.50.

4-Ethynylbenzoic acid 4-(2,2,0,6-tetramethyl-1-piperidinyloxy) ester (5):
Prepared in a manner similar to 1. The product was obtained as an
orange-red solid in 82% yield. M.p. 121.0-123.0°C; IR (KBr): 7#=3243
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(H-C5), 2974, 2931, 2102 (C=C), 1712 (C=0), 1604, 1455, 1365, 1307,
1268, 1238, 1194, 1168 (C-0), 1106, 971, 856, 767, 686, 648 cm™'; elemen-
tal analysis caled (%) for C;sH,NO;: C 71.97, H 7.38, N 4.66; found: C
72.01, H 7.32, N 4.61.

1-Pentyne-4,4-dimethyl di(2,2,5,5-tetramethyl-1-piperidinyloxyl-carboxyl-
ate) (6): Synthesized from 1-pentyne-4,4-dimethanol and 4-carboxy-
TEMPO (2 equiv) in a manner similar to 1. The product was obtained as
an orange-red solid in 32% yield. M.p. 112.0-113.0°C; IR (KBr): 7=
3433, 3314, 2972, 2931, 2120, 1725 (C=0), 1473, 1376, 1364 (N—0), 1292,
1243, 1167, 1040, 973, 871, 747, 647, 632 cm™'; elemental analysis calcd
(%) for C,;H,uN,Og: C 65.83, H 9.00, N 5.69; found: C 65.62, H 8.67, N
5.57.

Polymerization procedures: The polymerization of monomers 1-8 was
carried out with [Rh*(nbd){n®-CsHsB~(C4Hs),}] as the catalyst in dry sol-
vents at 30°C for 24 h. After polymerization, the resultant solutions were
poured into a large amount of methanol to precipitate the formed poly-
mers, which were filtered and dried under reduced pressure.

IR (KBr) data of the polymers: Poly(1): #=3460, 2974, 2945, 1733, 1458,
1363, 1310, 1168, 968, 649 cm™'; poly(2): 7=3456, 2976, 2937, 1718, 1364,
1288, 1240, 1131, 1067, 970, 732, 645 cm™"; poly(3): #=3478, 2978, 2937,
1724, 1605, 1515, 1434, 1380, 1364, 1257, 1162, 1110, 1049, 910, 852,
744 cm™'; poly(4): ¥=3444, 2977, 2935, 1735, 1646, 1600, 1515, 1461,
1373, 1364, 1303, 1253, 1191, 1149, 1064, 995, 856, 671 cm™"; poly(5): 7=
3444, 2973, 2897, 1716, 1605, 1562, 1465, 1364, 1311, 1272, 1176, 1106,
1014, 802, 763, 482 cm™"; poly(6): 7=3464, 2974, 2938, 1734, 1459, 1377,
1364, 1306, 1242, 1193, 1164, 1104, 1018, 971, 722, 648 cm™"; poly(7): 7=
3469, 2978, 2937, 1734, 1458, 1364, 1308, 1240, 1162, 964 cm™"; poly(8):
7=3450, 3054, 3016, 2954, 2897, 1596, 1494, 1440, 1364, 1248, 1118, 856,
833, 689, 553 cm ™.

Fabrication and electrochemical measurements of the batteries using the
polymers: A coin-type cell was fabricated by stacking electrodes
(1.13 ecm®) with porous polyolefin separator films. A cathode was formed
by pressing the composites of a polymer (10wt%), carbon fiber
(80 wt %), and fluorinated polyolefin binder (10 wt %) as described in a
previous report.””) The cathode was set to a coin-type cell with a lithium-
metal anode. A composite solution of ethylene carbonate/diethyl carbon-
ate (30:70 v/v) containing LiPFy (1M) was used as the electrolyte. The
charge/discharge properties were measured at 25°C using a computer-
controlled automatic battery charge and discharge instrument (Keisoku-
kiki, Co. Ltd., Battery Labo System BLS5500).

Theoretical capacity of polymer-based cell: The theoretical capacity
(Ahkg™) of an electroactive polymer was calculated from the molecular

weight required per exchangeable unit charge in a polymer [Eq. (1)]:*

Ny-e

Clahke™) = 5555 (1, /1000) M

where N, xe is the Faraday constant (96487 Cmol '), while M, is the
equivalent weight (or mass) of polymer in g and is defined as the molecu-
lar 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 molecular weight of the set of repeating units exchang-
ing (storing) one electron in polymers.
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