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ABSTRACT: Redox-active polymers have received recently significant
interest as active materials in secondary organic batteries. We designed a
redox-active monomer, namely 2-vinyl-4,8-dihydrobenzo[1,2-b:4,5-b’]- n
dithiophene-4,8-dione that exhibits two one-electron redox reactions and
has a low molar mass, resulting in a high theoretical capacity of 217
mAh/g. The free radical polymerization of the monomer was optimized
by variation of solvent and initiator. The electrochemical behavior of the
obtained polymer was investigated using cyclic voltammetry. The
utilization of lithium salts in the supporting electrolyte leads to a

= (2

merging of the redox waves accompanied by a shift to higher redox

potentials. Prototype batteries manufactured with 10 wt % polymer as active material exhibit full material activity at the first
charge/discharge cycle. During the first 100 cycles, the capacity drops to 50%. Higher contents of polymer (up to 40 wt %) leads
to a lower material activity. Furthermore, the battery system reveals a fast charge/discharge ability, allowing a maximum speed up

to 10C (6 min) with only a negligible loss of capacity.
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1. INTRODUCTION

Electrodes in commercially available secondary batteries are in
general made of inorganic materials, i.e., mainly metals. The
majority of these metals are heavy, expensive and some are
toxic. In contrast, batteries based on organic molecules contain
elements such as carbon, hydrogen, nitrogen, oxygen and/or
sulfur, allowing a residue-free disposal and the generation from
renewable resources.' Other beneficial properties are low
toxicity, flexibility, and lightweight,” as well as the possibility
to tune the cell potential through the design of the redox-active
molecules. A large variety of organic redox-active compounds
was applied as active electrode materials in batteries, such as
stable organic radicals** and organic sulfur compounds.® Of
particular interest are also quinonide structures, because of their
two-electron redox behavior, accompanied by a low molar
mass, resulting in a high theoretical capacity. Therefore, a
number of different quinonide structures were already applied
as active electrode materials in secondary batteries. The very
first attempts were accomplished by Alt et al., who studied the
reversible solid-state reduction of chloranil in organic and
aqueous  electrolytes.®” Several other quinonide-based small
molecules such as benzoquinone,® phenanthrenequinone,'®
and anthraquinone,11 and their derivates'*™"® were studied, but
their charge/discharge stability is often poor, caused by
dissolution of the small molecules in the electrolyte. Different
approaches to improve the stability of small quinonide
molecules have been undertaken: The introduction of func-
tional groups that diminish the solubility’ like sulfonic
acids, %"’ carboxylic acids,"® and their lithium and sodium
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salts, the utilization of quasi-solid-state electrolytes,"” or the
incorporation of the redox-active unit into a polymer in the
backbone or side chain. Thereby, first approaches used
polymers with quinone units in the backbone. Several examples
revealed a high capacity accompanied by a good cycling
stability.”°~>> These polymers were mainly synthesized by
polycondensation or polyaddition reactions and are, therefore,
often insoluble, nonswellable, and/or tend to crystallize. Redox-
active polymers with pendant quinonide structures are difficult
to synthesize, due to radical and ion-trapping properties. Two
polymers were synthesized by polymer-analogous reactions and
were successfully applied as active battery material. Both the
condensation of poly(4-chloromethylstyrene) with anthraqui-
none-2-carboxylic acid*® and the reaction of poly(methacryloyl
chloride) with pyrene-4,5,9,10-tetraone”” led to polymers with
excellent charge/discharge properties. The drawback of the
polymer-analogous reaction is the incomplete functionalization.
Although quinones are known as radical scavengers, Nishide
and co-workers were able to polymerize 2-vinylanthraquinone
using free radical polymerization techniques.*® This polymer
displays an excellent performance as active material in a
secondary organic air battery with aqueous electrolyte.

In this study, we report the synthesis of poly(2-vinyl-4,8-
dihydrobenzo[1,2-b:4,5-b’ |dithiophene-4,8-dione) (PVBDT).
The polymer was applied as active cathode material in
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Table 1. Overview of Selected Properties of the Polymers Obtained by Free Radical Polymerizations Using Different Solvent/

Initiator Systems

solvent conc. [mol/L] initiator Cini [mol %]
DCE 0.25 AIBN S
DMSO 0.5 AIBN S
DMF 0.5 AIBN S
DMAc 0.5 AIBN S
NMP 1 AIBN S
NMP 1 t-BuOOH S
NMP 1 ACHN S
NMP 1 Luperox 101 N
NMP 1 t-BuOOCOPh S
NMP 1 t-BuOOt-Bu S
NMP 1 t-BuOOCOPh 10
NMP 1 t-BuOOCOPh 1

temp. (°C) yield (%) M, [g/mol] M,, [g/mol]
70 8 249 x 10° 8.03 x 10°
70 25 472 x 10° 1.99 x 10*
70 15 411 x 10° 1.64 x 10*
70 25 272 % 10° 1.01 x 10*
70 40 2.62 x 10° 9.28 x 10*
130 48 2.63 x 10° 1.96 x 10*
100 45 3.77 x 10° 1.98 x 10*
100 33 3.85 x 10° 8.85 x 10°
100 56 3.18 x 10° 221 x 10*
130 40 229 x 10° 1.62 x 10*
100 49 326 x 10° 422 x 10*
100 57 2.98 x 10° 3.31 x 10*

lithium-organic batteries and the charge/discharge properties of
the polymer in a composite electrode at different charging
speeds and different ratios of active material to conductive
additive were investigated.

2. EXPERIMENTAL SECTION

2.1. Methods. Dichloromethane and toluene were dried with a
PureSolv-EN Solvent Purification System (Innovative Technology).
N,N’-Dimethylformamide (DMF) was distilled over calcium hydride
and stored over molecular sieves. 1,2-Dichloroethane (DCE) was
distilled over P,Og and stored over molecular sieves. N,N’-
Dimethylacetamide (DMAc), N-methyl-2-pyrrolidone (NMP), and
dimethyl sulfoxide (DMSO) were purchased from Sigma-Aldrich in
anhydrous quality. 2,2-Azobis(iso-butyronitrile) (AIBN) was recrystal-
lized from methanol prior to use. 4,8-Dihydrobenzo[1,2-b:4,S-
b’]dithiophene-4,8-dione (1) was synthesized according to a literature
procedure.’® All other starting materials were purchased from
commercial sources and were used as obtained. Reactions were
monitored by TLC on 0.2 mm Merck silica gel plates (60 F254).
Column chromatography was performed on silica gel 60 (Merck). 'H
and *C NMR spectra were recorded on a Bruker AC 300 (300 MHz)
spectrometer at 298 K. Chemical shifts are reported in parts per
million (ppm, § scale) relative to the residual signal of the deuterated
solvent. Elemental analyses were carried out using a Vario ELIII—
Elementar Euro and an EA—HekaTech. Cyclic voltammetry and
galvanostatic experiments were performed using a Biologic VMP 3
potentiostat at room temperature under argon atmosphere. Size-
exclusion chromatography was performed on an Agilent 1200 series
system (degasser, PSS; pump, G1310A; auto sampler, G1329A; oven,
Techlab; DAD detector, G1315D; RI detector, G1362A; eluent,
DMAc + 0.21% LiCl, 1 mL/min; temperature, 40 °C; column, PSS
GRAM guard/1000/30 A). Spectroelectrochemical experiments were
carried out in a quartz cuvette containing the respective electrolyte
solution, a platinum grid working electrode, a platinum wire auxiliary
electrode, and a AgNO,/Ag reference electrode. The potential was
controlled using a Metrohm Autolab PGSTAT30 potentiostat. The
oxidation process was monitored by UV—vis spectroscopy using a
PerkinElmer Lambda 750 UV-vis spectrophotometer and considered
complete when there was no further spectral change.

2.2. Synthesis of 2-lodobenzo[1,2-b:4,5-b’1dithiophene-4,8-
dione (2). 4,8-Dihydrobenzo[1,2-b:4,5-b’]dithiophene-4,8-dione (1)
(3.72 g, 16.88 mmol), silver sulfate (5.79 g, 18.57 mmol, 1.1 equiv),
silver trifluoromethanesulfonate (0.65 g, 2.53 mmol, 0.15 equiv), and
iodine (4.71 g, 18.57 mmol, 1.1 equiv) were dissolved in 169 mL of
dichloromethane under argon atmosphere and stirred at room
temperature for 18 h. The precipitate was separated by filtration,
and the reaction mixture was washed successively with saturated
sodium sulfite solution (150 mL), water (150 mL), brine (100 mL),
dried over sodium sulfate, filtered, and concentrated under reduced
pressure. The residue was purified by column chromatography (SiO,
60, CHCL;) to yield 4.85 g (83%) of 2-iodobenzo[1,2-b:4,5-

3474

b’]dithiophene-4,8-dione (2) as a red powder. EL-MS (m/z): 346,
318, 219, 191, 163, 119, 95, 81, 45. '"H NMR (CD,Cl,, 300 MHz,
ppm): 6 7.82 (s, 1H), 7.78 (d, 1H), 7.63 (d, 1H). *C NMR (CD,Cl,
75 MHz, ppm): 173.02, 142.36, 135.96, 134.09, 12634, 85,51. Anal.
Calcd for C,,H510,S,: C, 34.70; H, 0.87; O, 9.24. Found: C, 34.80; H,
0.97; O, 9.31.

2.3. Synthesis of 2-Vinylbenzo[1,2-b:4,5-b’]1dithiophene-4,8-
dione (3). 2-Iodobenzo[1,2-b:4,5-b’]dithiophene-4,8-dione (937 mg,
2.71 mmol), 2,6-di-tert-butylhydroxytoluene (11.93 mg, 0.054 mmol,
0.02 equiv), and tetrakis(triphenylphosphine)palladium(0) (165 mg,
0.135 mmol, 0.05 equiv) were dissolved in 18 mL of DMF under
argon atmosphere. Tributylstannylethylene (1.19 mL, 4.06 mmol, 1.5
equiv) was added dropwise via a syringe, and the reaction mixture was
stirred under reflux at 100 °C for 16 h. Toluene was evaporated under
reduced pressure, and the residue was purified by column
chromatography (SiO, 60, CHCly:n-hexane 4:1) to yield S81 mg
(87%) of 2-vinylbenzo[1,2-b:4,5-b’]dithiophene-4,8-dione (3) as an
orange solid. EI-MS (m/z): 246, 218, 190, 145, 109, 82, 71, 45. 'H
NMR (CDCl,, 300 MHz, ppm): 7.71 (d, 1H), 7.66 (d, 1H), 7.52 (s,
1H), 6.86 (dd, 1H), 5.88 (d, 1H), 5.49 (d, 1H). 3*C NMR (CD,Cl,,
75 MHz, ppm): 174.17, 150.76, 133.70, 128.85, 12634, 123.83,
11844. Anal. Caled for C,HO,S,: C, 58.52; H, 2.46; O, 12.99.
Found: C, 58.44; H, 2.50; O, 12.86.

2.4. Synthesis of Poly(2-vinylbenzo[1,2-b:4,5-b’]-
dithiophene-4,8-dione) (4). Monomer 3 was polymerized according
the following general procedure:

50 mg of monomer 3 (0.09 mmol) and 0.00101 mmol (0.05 equiv)
of initiator were dissolved in a specific amount of solvent (see Table
1). The reaction mixture was purged with dry argon for 20 min and
was stirred for 16 h at a specific temperature. After the mixture cooled
to room temperature, polymer 4 was purified by repeated precipitation
in acetone collected by centrifugation followed by drying under
vacuum. Anal. Caled for C,H40,S,: C, 58.52; H, 2.46; O, 12.99.
Found: C, 58.62; H, 2.56; O, 12.62.

2.5. Electrochemical Analysis. A three electrode setup was used
(WE, glassy carbon disk (diameter 2 mm); RE, AgNO;/Ag in CH;CN
0.1 M n-Bu,NPF; CE, Pt wire) for cyclic voltammetry. The redox
couple of ferrocenium/ferrocene (Fc*/Fc) was utilized as internal
standard. All electrolytes were degassed with dry argon and all
measurements were performed under argon atmosphere.

2.6. Preparation of Electrodes. Electrodes were prepared by
adding a solution of PVBDT (4) and poly(vinylidenefluoride) (PVDF;
Sigma-Aldrich) in NMP (10 mg/mL) to vapor-grown carbonfibers
(VGCEF; Sigma-Aldrich) as conducting additives (ratio: 1/8/1 m/m/
m). These materials were mixed in a mortar for 10 min and more
NMP was added to yield a paste. The thus-obtained paste was coated
on graphite foil (Alfa Aesar) applying a doctor blading method.
Subsequently, NMP was removed by heating the electrodes at 40 °C
under high vacuum for 24 h.

2.7. Preparation of Coin Cells. A solution of PVBDT (4) and
poly(vinylidenefluoride) (PVDF, Sigma-Aldrich) in NMP (10 mg/
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mL) was added to multiwalled carbon nanotubes (MWCNT, L 6—13
nm X 2.5—20 pum; Sigma-Aldrich) as a conducting additive (ratio: 1/
8/1 m/m/m). More NMP was added, and the materials were mixed in
a mortar for 10 min. The paste was coated on aluminum foil
(thickness, 0.015 mm; MTI Corporation) applying the doctor blading
method. Subsequently, the NMP was removed at 40 °C under high
vacuum for 24 h. After drying, the amount of active material on the
electrode was determined on the basis of the weight of the electrodes.
The coin cells (type 2032) were manufactured under argon
atmosphere. Suitable, round composite electrodes (15 mm diameter)
were cut with a MTI Corporation Precision Disc Cutter T-0.6. The
crude electrode was sandwiched between two sheets of paper. This
electrode was employed as a cathode and placed into the bottom cell
case and separated from the lithium anode by a porous polypropylene
membrane (celgard, MTI Corporation). On top of the lithium anode
(lithium foil, Sigma-Aldrich), a stainless steal space (diameter, 15.5
mm; thickness, 0.3 mm, MTI Corporation) and a stainless steal wave
spring (diameter, 14.5 mm; thickness, 1.2 mm) were placed. The cell
was filled with electrolyte (ethylene carbonate, dimethyl carbonate 1/1
m/v, 1 M lithium perchlorate) and the top cell case was placed onto
the electrode. Finally, the cell was sealed with an electric crimper
machine (MTI Corporation MSK-100D). Electrochemical measure-
ments were performed after an equilibration time of 24 h. All
experiments were carried out at room temperature. The charge/
discharge capacities were determined based on the weight of PVBDT
in the electrode.

3. RESULTS AND DISCUSSION

Polymer 4 was synthesized in a straightforward manner in five
steps starting from the commercially available thiophene-3-
carboxylic acid (Scheme 1), which was transformed to N,N’-

Scheme 1. Schematic Representation of the Synthesis of
Polymer 4

3) RESULTS AND DISCUSSION
1.) (COCl),
CHZCIZ 16 h, rt.,
) NHEt,
= CHZCIZ 30 min, AQZSOA,
;(QS _O0°Ctort. AgOTf |
° OH 3.) n-BuLi, THF, S CH.Cl,
0 °C to rt., 30 min ., 12 h
then H,O, rt., 5 h. 83%
68% over 2 steps
. o
n-BuaSn(vinyl) initiator
Pd(PPhy); S A solvent
toluene \ S temp., 24 h
100 °C, 16 h o 8 to 60%
87%

diethylthiophene-3-carboxamide. The subsequent reaction with
n-butyllithium yielded 4,8-dihydrobenzo[1,2-b:4,5-b’]-
dithiophene-4,8-dione (1). Iodination of 1 was achieved by
an iodination catalyzed by silver sulfate and 2-iodobenzo[1,2-
b:4,5-b’]dithiophene-4,8-dione (2) was obtained in high yields
(83%). It was subsequently transformed into 2-vinylbenzo[1,2-
b:4,5-b’]dithiophene-4,8-dione (3) by a Stille-reaction. The
vinyl group of monomer 3 is in conjugation with the aromatic
quinone system and, therefore, 3 can be polymerized applying
free radical polymerization techniques. For this purpose,
suitable polymerization conditions (initiator, solvent, etc.) for
3 were evaluated. Monomer 3 is hardly soluble in common
solvents used for the free radical polymerization (e.g.,
tetrahydrofuran and chloroform), but exhibits sufficient
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solubility in aprotic polar solvents such as 1,2-dichloroethane
(DCE), N,N’-dimethylformamide (DMF), N,N’-dimethylace-
tamide (DMAc), dimethyl sulfoxide (DMSO), and/or N-
methyl-2-pyrrolidone (NMP), in particular at elevated temper-
atures. The free radical polymerization was carried out utilizing
5 mol % of AIBN as initiator. This uncontrolled polymerization
technique results generally in polymers with a large molar mass
distribution. Polymers synthesized with DCE, DMF, DMAc,
and DMSO as solvents precipitated, and low yields in the range
of 8 to 25% were obtained. In NMP, the polymerization
proceeded without precipitation and 4 could be obtained in
40% vyield. Size-exclusion chromatograms investigations of all
polymers reveal bimodal distributions, most likely caused by
recombination reactions (Figure 1a), because both distributions
have the same UV—vis spectrum (Figures S1—S9, Supporting
Information). To increase both molar mass and yield several
different initiators at appropriate reaction temperatures were
investigated (Figure 1b). The best results were obtained
utilizing S mol % tert-butylperoxybenzoate as initiator at a
temperature of 100 °C. Finally, the amount of tert-
butylperoxybenzoate was varied between 1 and 10 mol %,
but polymers were obtained in comparable yields with similar
molar masses and molar-mass distributions (Figure S10,
Supporting Information). The results of the polymerizations
are summarized in Table 1.

Thermal analysis revealed a high thermal stability up to
around 260 °C, which is important with regard to the safety of
Li-ion batteries (Figure S11, Supporting Information).

Experimental studies on the redox properties of monomer 3
were carried out using cyclic voltammetry in acetonitrile with
0.1 M tetrabutylammonium perchlorate. The monomer reveals
two quasi-reversible reductions at (EPa bc)/2 = =097 V and
(Epa + E,)/2 = —1.54 V vs Fc'/Fc, correspondlng to the
reductlons from the quinone to the semiquinone and from the
semiquione to the dianione, respectively (Figure 2). The
utilization of lithium perchlorate as supporting electrolyte shifts
the redox potentials to more positive values (—0.74 and —0.90
V vs Fc'/Fc) and their reoxidations collapse to a single wave
(—0.66 V vs Fc'/Fc), most probably caused by the
coordination of the oxygen atoms to the lithium atom.***" In
DMF with 0.1 M lithium perchlorate, the ion pairing effect of
the lithium ion is weaker and, therefore, the second reduction
of 3 appears at —1.39 V vs Fc'/Fc (Figure 3).° The
electrochemical behavior of polymer 4 was examined in DMF
with 0.1 M lithium perchlorate as supporting electrolyte. It
exhibits two quasi-reversible reductions at —1.03 and —1.33 V
vs Fc'/Fc similar to the redox behavior of monomer 3. This
finding proves that the polymer backbone has only a negligible
influence on the redox behavior in solution.

The stabilities of both redox pairs were further investigated
by UV—vis-NIR spectroelectrochemical studies of monomer 3
in acetonitrile. The utilization of lithium perchlorate as
supporting salt leads to a merging of the reductions, thus a
differentiation between the single reduction processes with
UV—vis-NIR spectroscopy was not possible. During the
reduction process, the intensity of the absorptions at 280 and
350 nm decrease, but are not restored completely upon
reoxidation (Figure S16, Supporting Information). To obtain
deeper insight of the redox process, UV—vis-NIR spectroelec-
trochemistry was performed with 0.1 M tetrabutylammonium
perchlorate as the supporting electrolyte (Figure 4). The first
reduction reveals to be a defined and stable electrochemical
process. During the reduction, the strong absorption at 280 nm
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Figure 1. (a) Size-exclusion chromatograms of 4 synthesized with S mol % AIBN as initiator at 70 °C in different solvents. Eluent: DMAc, 0.21%
LiCl, polystyrene standard, RI detector. (b) Size-exclusion chromatograms of 4 synthesized with S mol % of different initiators in NMP. Eluent:

DMAcg, 0.21% LiCl, polystyrene standard, RI detector.
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Figure 2. Cyclic voltammograms of monomer 3 (4 mmol/mL) in
acetonitrile with 0.1 M tetrabutylammonium perchlorate (dashed red
line) and lithium perchlorate (solid black line) as supporting
electrolyte at a scan rate of 100 mV/s.
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Figure 3. Cyclic voltammograms of monomer 3 (4 mmol/mL) (solid
black line) and polymer 4 (4 mmol/mL) (dashed red line) in DMF
with 0.1 M lithium perchlorate as supporting electrolyte at a scan rate
of 100 mV/s.

is shifted to slightly higher wavelengths accompanied by the
appearance of a very broad absorption feature in the long-
wavelength region. Isosbestic points emerge at 285, 370, and
480 nm, indicating the presence of only two species. The
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Figure 4. UV—vis-NIR spectroelectrochemistry of monomer 3
(acetonitrile, 0.1 M tetrabutylammonium perchlorate. RE: AgNO,/
Ag = 0.08 V vs Fc'/Fc).

application of a reoxidizing potential restores the original
spectrum nearly completely, confirming the electrochemical
stability of the first redox pair. During the second reduction, the
strong absorption bands at 295, 352 nm, and in the long-
wavelength region decrease, accompanied by an increase of an
absorption signal at around 445 nm. The spectral change of the
second reduction reveals no isosbestic points. Thus, more than
two species are involved in the second reduction process. A
reoxidation restores the initial spectrum only partly, indicating
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Figure S. (a, b) Capacity development during extended charge/discharge cycling (100 cycles) of Li-organic batteries with composite electrodes of 4/
MWCNT/PVdF 10/80/10 and 40/50/10 m/m/m in EC/DMC 1/1 m/v, 1 M LiClO,. (c, d) Charge/discharge curves (capacity Vs potential) of Li-
organic batteries with composite electrodes of 4/MWCNT/PVdF 10/80/10 and 40/50/10 m/m/m in EC/DMC 1/1 m/v, 1 M LiClO,, of the 2nd

charge/discharge cycle at different charging speeds.

that side reaction(s) take place during the second reduction
process, most probably occurring at the unsubstituted two-
position of the thiophene moiety.

The solid-state electrochemical behavior of polymer 4 was
investigated in a composite electrode. Vapor-grown carbon
nanofibers (VGCF) were used as conductive and poly-
(vinylidenefluoride) as binding additive. The compounds
were mixed with NMP to yield a paste and were spread onto
a graphite foil. After drying the electrode under reduced
pressure it was subsequently used for electrochemical measure-
ments. Scanning electron microscopy (SEM) images of the
electrodes display a porous structure and the presence of the
polymer within the electrode was proven using SEM-EDX
measurements (Figures S17—S19, Supporting Information).

Cyclic voltammograms of the composite electrodes contain-
ing polymer 4 (see the Supporting Information) in ethylene
carbonate/dimethyl carbonate 1/1 m/v with 1 M lithium
perchlorate as the supporting electrolyte, measured in a beaker-
type cell, displays one broad reduction wave at —1.17 V vs Fc*/
Fc and one reoxidation wave at —0.73 V vs Fc'/Fc (5 mV/s).
The large peak split, which is reduced at lower scanrates,
indicates a limited charge transfer within the electrodes (Figure
$20, Supporting Information). For multiple cycles, the
electrolyte remained colorless, indicating that no significant
elution of the polymer takes place.

The charge/discharge behavior of both monomer and
polymer was studied in lithium-organic coin-type cells equipped
with a monomer/polymer composite electrode with different
ratios of active material. In general, the batteries show a
reversible one-stage charge/discharge behavior. All batteries
exhibit a capacity drop over cycling, possibly due to side

reactions, such as an electrophilic attack, dimerization, or
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irreversible binding of electrolyte cations. This capacity drop is
more pronounced at batteries equipped with the monomer due
to dissolution of the monomer into the electrolyte during
charge/discharging (Figure S21, Supporting Information). In
contrast, dissolution of the active polymer can be precluded as
the electrolytes are nearly colorless after charge/discharge
cycling. The performance of the batteries depends on both the
amount of active material and the charging speed. The charging
speed, however, does not influence the capacity drop, but
affects slightly the coulombic efficiency and the cell potential.
Coin cells with low active-material content at charge/discharge
speeds of 1C exhibit a plateau at 2.59 V for charging and 2.23 V
for discharging, which is in good agreement with the redox
potential of the polymer in the solid state. The battery system
shows high rate capability. The coin-type cells with 10 wt %
active material reveal a high material activity of 87 to 100%
(190 to 219 mAh/g). The slight overcapacities may derive from
weighing error of the electrodes, double layer formation or
small capacitive influence of the conductive additive. After 100
charge/discharge cycles, the capacity drops to 100 to 116 mAh/
g, equal to a material activity of 46 to 54% (Figure Sa). The
cells were charged at different rates (1C, SC, 10C). A rate of nC
corresponds to a full discharge in 1/n h. Even at 10C
(corresponding to a complete discharge within 6 min), the
capacity was 87% of the capacity at 1C. However, polarization
of the electrodes is observed leading to plateaus at 2.76 V for
charging and at 2.10 V for discharging (Figure Sc).

Similar results were obtained using electrodes containing 20
and 30 wt % of active material (Figure S22, Supporting
Information). However, the material activity is at around 50%,
which is further reduced upon cycling to approximately 30%
after 100 cycles. Coin-type cells with 40 wt % active material
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follow this trend. The material activity is mostly independent
from the charging speed and between 40 and S0 (Figure Sb).
After 100 cycles, the capacity drops to 36 mAh/g (15% material
activity). The gap between the charge/discharge plateaus is
quite narrow at a charging speed of 1C (2.63 V for charging and
2.17 V for discharging) for a redox reaction involving two
electrons redox, but is significantly larger at 10C (30 wt %: 3.00
V of charging and 2.06 V for discharging (Figure S21d,
Supporting Information); 40 wt %: 2.90 V for charging and
1.83 V for discharging) (Figure Sd).

4. CONCLUSION

The redox-active monomer 2-vinylbenzo[1,2-b:4,5-b']-dithio-
phene-4,8-dione (3) was synthesized in high yields and
polymerized using the free radical polymerization technique.
The polymerization was optimized to yield PVBDT in
sufficiently high molar masses, which allow its application as
an active material in Li-organic batteries. The electrochemical
behavior of both monomer and polymer was investigated by
cyclic voltammetry. Thereby, the usage of lithium salts as
supporting electrolyte leads to a shift of the redox process to
more positive potentials and a merging of the two reoxidation
signals to one, leading to a one staged charge/discharge
behavior. PVBDT was employed in a composite electrode as an
active cathode material in Li-organic batteries. The influence of
the charging speed and the amount of active material in the
composite electrode on the performance of the battery were
investigated. Electrodes with a low amount of active material
(10 wt %) perform best and exhibit a capacity of 217 mAh/g
(100% material activity) at an average cell voltage of 2.45 V for
the first charge/discharge cycle. Upon cycling, the capacity
drops, possibly because the redox reaction is not completely
side reaction free and after 100 cycles the battery exhibits 114
mAh/g (52% active material). Furthermore, the battery can be
charged with negligible capacity loss at a fast charging speed of
10C. Batteries with higher active material content were also
investigated but showed lower capacities due to poor material
activity.

B ASSOCIATED CONTENT
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3D SEC data of all polymers, TGA analysis, cyclic voltammo-
grams of monomer in solution and polymer both in solution
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