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1. Introduction 
The world’s ever growing and rising demand for energy is one of the major challenges of the 

21st century. With regard to environmental issues, the requirement for efficient and clean 

power sources such as solar and wind power as well as the need for sustainable energy storage 

systems led to ongoing research to improve the existing battery techniques.[1] The battery 

concept relies on an inherently simple concept, consisting of two electrodes with different 

electrochemical potentials connected by an ionically conductive electrolyte that provides a 

certain cell potential depending on the chemistry on the electrodes. Thus, it is interesting that 

in spite of the simple battery concept, the development progress of secondary batteries is way 

slower than in other areas of electronic devices, leading to a bottleneck in the device efficiency 

relying on the batteries performance. Up to now hundreds of electrochemical couples were 

suggested and evaluated during the nineteenth and twentieth centuries, including lead-acid and 

nickel-cadmium being the most popular ones. During the twentieth century the power and 

energy density of secondary batteries could be maximized by acquiring a large chemical 

potential difference between the electrodes and by reducing the mass of the active materials 

per exchanged electron to as small as possible. Nickel-metal hydride and lithium-ion batteries 

have conquered the market for energy storage systems for high-end electronics such as mobile 

devices. Furthermore, lithium-ion batteries entered the electric-vehicle market and are 

promising candidates to power electrical cars in near future. Since the commercialization of 

lithium batteries by Sony in 1991 billions of cells have been manufactured for portable 

devices. However, this technology is not sustainable, because the involved redox-active 

inorganic matter. In particular, metal-based electro-active components are provided through 

destructive mining operations and are synthesized by high temperature reactions. The rarity of 

these elements in the earth crust makes their extraction more and more costly as well as energy 

intensive, which will be increased even more in the future.[2] In addition, the presence of both 

oxidizing and combustible materials in the electrodes implicates the risk of runaway reactions 

resulting in explosions and queries the safety of this battery technology. Furthermore, the ever 

growing marked of small and thin mobile devices such as portable electronic equipment, roll-

up displays, active radio frequency identification tags and integrated circuit smart cards, 

requires small, thin and lightweight battery system, that need to be even flexible in some 

applications.[3] These requirements reach the limitation of the lithium-ion battery technology, 
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as their electrodes are based on hard materials such as metal oxide nanoparticles or 

nanocoatings for cathode materials and nanocarbon materials for anodes.[4] In contrast, organic 

materials are flexible, lightweight and their redox properties can be straightforward tailored by 

chemical synthesis. This alternative concept consisting of switching from inorganic to organic 

matter-based electrode materials enables their manufacture in an eco-friendly procedure from 

building block chemicals of which some can be produced from renewable natural recourses 

coupled with a simplified recycling management. Organic compounds are actually common 

fuels that can be consumed by combustion at medium temperature producing heat, which 

enables energy recovery. Furthermore, the processing of organic materials can occur solution 

based, enabling the application of a variety of printing processes such as screen printing, 

which can be up-scaled up to roll-to-roll processes. 

The application of organic compounds as active electrode materials in secondary batteries is in 

general not a new idea and the electroactivity of certain organic substances such as stable 

organic radicals, carbonyl functionalities, disulfides or thioethers has been recognized for a 

long time, but in the development of present battery systems they attracted only little attention 

in particular because of the great success of inorganic electrode materials in both research and 

application. Several promising approaches towards these battery systems have been 

investigated up to now.[5-7] In the 1980s, accompanied with the discovery of the conductivity 

of doped conjugated polymers, the first attempts on the application of these materials, namely 

poly(aniline), or poly(pyrrole) as electrode materials on the basis of their reversible 

electrochemical redox reaction, was examined.[8] However, no successful battery technology 

could be designed from this approach. Low redox capacities, chemical instability of the 

charged state and a sloping cell voltage and self-discharge are the major drawbacks of these 

systems. Several other organic redox-active systems such as thioethers,[9-12] 

organodisulfides,[13, 14] organic stable radicals[15, 16] and organic carbonyl compounds have 

been intensively studied and revealed promising results. Nevertheless, the cycling stability of 

small organic molecules is low due to their solubility in common electrolytes. In this thesis a 

promising approach to overcome this problem, the incorporation of different redox-active 

units into a polymeric environment that prevents from dissolution and the application as active 

electrode material in secondary batteries, is presented.  
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2. Organic batteries – Fundamentals and working principles 
Parts of this chapter will be published in P1) B. Häupler, A. Wild, U. S. Schubert, submitted. 

A battery consists of two electrodes with active materials owning two different 

electrochemical potentials that are separated by an ion conducting electrolyte. The active 

material has the ability to undergo one or more reversible redox reactions. Thereby, the redox 

reaction has to be at least chemically reversible, but is preferred electrochemically and also 

thermodynamically reversible, which represents an important factor determining the 

electrochemical polarization and the rate capability of the electrode. In contrast to inorganic 

materials, whose redox-reaction relies on the valence charge of the metal, the redox-reaction 

organic compounds is based on the charge state of the involved redox-active functionality and 

may undergo structural changes. In general, organic materials can be categorized into three 

different groups depending on their redox reaction. N-type organics are reduced during the 

electrochemical reaction leading to negatively charged anions, whereas p-type organics are 

oxidized yielding positively charged cations. B-type organics can be both oxidized and 

reduced and are both n- and p-types. The negative/positive charge formed during the redox 

process needs to be balanced with a suitable counter ion derived from the electrolyte salt that 

will migrate back in to the electrolyte upon re-oxidation/re-reduction. The salt has to be 

suitable for both electrode materials. The electrolyte system must be inert towards both active 

electrode materials, should possess a low viscosity accompanied with a high ion mobility, a 

high boiling point and a large potential window. Organic material containing electrodes are 

mostly applied as cathode. In this configuration often lithium or sodium metal serves as anode 

and plays additionally the role of substrate and current collector. Some organic compounds 

reveal a redox reaction at a very low potential and can be utilized as anode. As cathode active 

material different compounds possessing a higher redox potential such as metal alloys, organic 

compounds or oxygen, can be applied. In general, the anode active material (n-type) is 

reduced during charging and oxidized during discharging and the cathode active material (p-

type) is oxidized during charging and reduced during discharging (Figure 1). The cell potential 

of the battery is the difference between the redox potential of anode and cathode active 

material. 
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Organic materials present several structural drawbacks compared to inorganic materials, such 

as lower thermal stability, low packing density, noticeable solubility in common electrolyte 

systems and low intrinsic conductivity, but most of these drawback can be eradicated by the 

versatile structural design opportunities that are offered by the rich field of organic chemistry. 

The application of unmodified small organic redox-active molecules as active electrode 

material leads, due to the solubility of the active material in the electrolytes, in most cases to a 

significant capacity fade after several charge/discharge cycles. Several strategies to inhibit the 

dissolution have been established, such as the transformation of the material into less soluble 

lithium or sodium salts,[17-20] the introduction of carboxylate[21] or sulfonate groups[22] to the 

active structure, the application of solid-state or gel polymer electrolytesm,[23, 24] or the 

immobilization of the active material onto conductive additives.[25] All of these methods have 

certain drawbacks such as low rate performance, decrease of the theoretical capacity, low 

amount of active material or poor cycling stability. The most promising approach to prevent 

the dissolution of the active material in the electrolyte is the incorporation of the redox-active 

material into a non-conjugated polymeric environment.[26-30] Although the polymer backbone 

leads to a minor lower theoretical capacity, it does not influence the redox potential and the 

overall electrochemical performance of the active material. The evaluation of an appropriate 

polymerization technique can be challenging due to the specific molecular design and the 

chemical properties of the redox-active species. 

Organic compounds show, besides conjugated polymers, low or no intrinsic conductivity. For 

the application of organic structures as active materials in secondary batteries a large amount 

(30 to 80%) of conductive additive (carbon material) is necessary. The active material needs to 

Figure 1: Schematic representation of an all-organic battery. 
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be in contact with the conductive carbon additive in order to undergo an electrochemical 

reaction during the charge/discharge process; otherwise the material remains inactive and does 

not contribute to the capacity of the battery. Therefore, the material activity strongly depends 

on the structure of the conductive additive and the mixing technique with the active material. 

In general porous homogenous electrode compositions are preferred on which the active 

material is either coated onto the carbon or fully attached to the carbon surface. Therefore, 

either liquid-solid mixing of a suspension of the carbon material in a solution of the active 

material, or solid-solid mixing of very small particles of active materials and conductive 

additive are the methods of choice.[31, 32] Furthermore, in situ polymerizations in the presence 

of the conductive additive revealed to be a promising approach for polymers synthesized by 

polycondensation reactions.[33] To maximize the electrochemical performance the conductive 

additive needs to exhibit a high active surface area accompanied with a high electrical 

conductivity. High performance conductive additives are for example carbon nanotubes[34] or 

graphene.[35] Depending on the active material and the conductive additive sometimes binders 

are required to stabilize the mechanical properties of the electrode. These polymeric materials 

have no influence in the charge storage process. Mainly fluorinated polymers such as 

poly(tetrafluoroethylene) (PTFE) and poly(vinylidene fluoride) (PVDF) are applied in small 

amounts. 

Three major classes of redox-active systems have been utilized as active electrode material in 

secondary batteries including organosulfur compounds, stable organic radicals and carbonyl 

compounds (Table 1). The first generation of investigated organosulfur compounds were small 

molecule disulfides and main-chain type disulfide containing polymers (1).[36] The 

electrochemical behavior of disulfides is based on the cleavage and reconstruction of the 

disulfide bonds. The redox-potential can be tailored between 2.0 and 3.0 V vs. Li+/Li by the 

introduction of appropriate substituents.[37] The slow redox kinetics of the disulfide bond 

cleavage/formation affords high operation temperature and/or electrocatalysts such as 

polyaniline that accelerate the redox kinetics. Additionally, these electrodes suffer from low 

capacity retention due to dissolution of fragments and low recombination efficiency. These 

drawbacks could be compensated in the 2nd generation of disulfide polymers that bear the 

disulfide bond as substituent (2)[14, 38-42] or as crosslinker,[43-45] whereby the main chain of the 

polymer is not divided during the charge/discharge process. Unfortunately, these materials 

suffered from capacity reduction upon cycling, but the reason was not explored up to now. A 
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further class of organosulfur compounds are thioethers (3), undergoing one-electron oxidation 

to form radical cations.[12, 46, 47] Their redox mechanism does not involve bond cleavage and 

reformation. Although the electrochemical reaction has fast kinetics as it undergoes only 

minor structural changes, the mechanism is not electrochemically reversible leading to a large 

gap between oxidation and reduction potential and to an undesired large gap between charge 

and discharge voltage in the battery device.  

 
Table 1: Overview of organic sulfur classes applied as active material in organic batteries. 
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Besides organosulfur compounds also polymers bearing organic stable radicals have been 

intensively investigated as active electrode material in organic batteries (Table 2).[15, 16] The 

most detailed studied radicals are nitroxide-based polymers. The nitroxide radical can be 

oxidized to the oxoammonium cation and reduced to the aminoxy anion. However, only the 

oxidation process displays a sufficient electrochemical stability to be utilized in energy storage 

systems. Among the nitroxide radicals 2,2,6,6-tetramethylpiperidinyloxyl (TEMPO) (4) 

attached to various polymer backbones was employed by Nakahara et al. in 2002[48] and has 

been examined intensively by Nishide et al., because of its extraordinary high rate capability 

due to the rapid electron-transfer rate constant[49] and the efficient electron hopping process at 

submicrometer scale within the polymer chain.[50] These beneficial properties enable, in an 

optimized electrode, a reduction of the conductive additive to only 4% at a full utilization of 
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active material, if single-walled carbon nanotubes are applied.[51] Although in general good 

cycling stability of TEMPO-based polymers is reported, these polymers are in fact soluble in 

common electrode solutions even if the molar mass is high, leading to capacity drops after 

storage.[52] The capacity and the working potential can be adjusted by the incorporation of 

other stable radicals mainly based on nitroxides such as nitroxylstyrenes (5),[53] 2,2,5,5-

tetramethyl-1-pyrrolidinyloxyl (PROXYL) (6),[54] galvinoxyl (7)[55] or nitronylnitro- 

xyides (8)[56] into a polymeric environment, but these polymers either exhibit poorer stability 

or lower capacity compared to TEMPO-based systems. 

 
Table 2: Overview of organic stable radicals and organic carbonyl compound classes applied as active materials 
in organic batteries. 
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The carbonyl group is common in organic structures and exhibits oxidative ability. Depending 

on the stabilizing substituents it undergoes reversible one-electron reductions, which can be 

extended to more electrons if further carbonyl groups are in direct conjugation to form 

multivalent anions. Carbonyl-based compounds for electrical energy storage require in general 

certain functional structures to stabilize the negatively charged carbon-oxygen groups. Among 

others, suitable carbonyl structures consist of aromatic imides or polyimides,[26, 33, 57, 58] 

organic ketons, like 2,3,5,6-tetraketopiperazine,[27] or coronic acid,[35, 59] organic aromatic 

anhydrides and polymers thereof such as 3,4,9,10-perylene-tetracarboxylicacid dianhydride,[28, 

60] as well as organic dicarboxylic acids like terephthalic acid,[17, 61-63] quinones and polymers 

containing quinones[20, 23, 33, 34, 64, 65] (Table 2). Small organic carbonyl compounds are 

significantly soluble in organic electrolytes leading to no or limited charge/discharge 

capability. The solubility of the organic carbonyl compounds could be decreased by enhancing 

the polarity via salt formation, in particular by lithiation of hydroxyl or carboxylic acid groups. 

However, the most promising approach is the incorporation of the carbonyl compound into an 

oligo/polymeric system. This approach is accompanied with challenges: In particular the 

choice of the appropriate polymerization techniques due to both the nucleophilic moiety of the 

carbonyl functionality and the radical scavenging properties of quinones is problematic. Two 

major types of polymers have been evaluated. The first type consists of polymers containing 

the redox-active unit in the main chain, which are mainly synthesized by polycondensation 

reactions.[66, 67] Polymers obtained by this strategy exhibit a broader molar mass distribution 

and very poor solubility in common organic solvents, leading to challenging manufacture 

procedures of the composite electrodes, because of the impossibility of liquid-solid mixing of 

the polymer with the conductive material, which is preferred to archive a high materials 

activity. The other structural approach is a polymer bearing the redox-active unit as 

substituent, which can be synthesized by two different methods: The incorporation of the 

active unit into a polymer system with reactive substituents (polymer-analogous reaction) or 

the polymerization of monomers bearing the redox-active carbonyl structure. The drawback of 

the polymer-analogous reaction is the incomplete functionalization, a leading to lower 

capacity. However, monomers bearing redox-active carbonyl functionalities are challenging to 

polymerize because of the chemical properties of the carbonyl moiety.  
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3. Quinone containing polymers as active material in organic batteries 
 

Parts of this chapter have been or will be published in P2) B. Häupler, A Ignaszak, T. 

Janoschka, T. Jähnert, M. D. Hager, U. S. Schubert, Macromol. Chem. Phys. 2014, 215, 1250-

1256. P3) B. Häupler, T. Hagemann, C. Friebe, A. Wild. U. S. Schubert, submitted. 

3.1.  Synthesis of poly(methacrylates) bearing benzoquinone units and their 

electrochemical behavior 

The synthesis of high molar mass polymers bearing quinonid structures faces a challenge for 

polymer scientists, because of the incompatibility of the quinone moiety to the initiating 

and/or propagating species in the reaction mechanism of anionic or cationic polymerization 

techniques. In addition, quinones commonly act as radical scavengers; hence, a radical 

polymerization of unprotected benzoquinone-containing monomers has not been accomplished 

so far. The two main strategies to overcome this drawback are the usage of protection 

groups[68] or the introduction of the quinone unit via a polymer analogous reaction. Both 

synthetic strategies do not ensure a complete functionalization of the polymer.[69, 70]  

The unsubstituted benzoquinone methacrylate monomer (15), synthesized in a two-step 

procedure comprising the reaction of 2,5-dimethoxybenzylalcohol (14) with methacryloyl 

chloride to obtained the corresponding ester followed by the oxidative cleavage applying 

ceric(IV) ammonium nitrate (CAN), could not be polymerized even with 50mol% AIBN as 

radical initiator, due to the radical scavenging properties of the quinone structure. The radical 

scavenging behavior could be suppressed by the introduction of methyl groups at 2,3,5-

position of the benzoquinone core. The fully methyl-substituted monomer (20) was 

synthesized in a five-step procedure starting with the protection of the hydroxyl-groups of 

trimethylhydroquinone (16). A formyl functionality was introduced to the 

dimethoxyhydroquinone (17) by Duff-reaction, followed by the reduction of the obtained 

aldehyde (18) with NaBH4, the esterification of the alcohol (19), and the oxidative cleavage of 

the methoxy groups with CAN to yield monomer 20, which could be polymerized in a free 

radical polymerization utilizing AIBN as initiator. The influence of the solvent on the 

polymerization of 20 was investigated in detail. In general, polar protic and chlorinated 

solvent lead to lower molar masses of polymer 21. Polymers with high molar mass and high 
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conversion rates were obtained in polar aprotic solvents such as N,N-dimethylformamide 

(DMF) or N,N-dimethylacetamide (DMAc). Also the amount of initiator represents a critical 

factor; at least 5 mol% of initiator is required to reach high monomer conversions, revealing 

that the quinone unit shows still limited radical quenching abilities. 

Depending on the electrolyte, benzoquinones are reported to undergo different electrochemical 

behavior. In organic media two one-electron redox-reactions are present, whereas in acidic 

aqueous electrolyte the one-electron redox reaction is accompanied by subsequent protonation 

and a one two-electron redox-reaction is exhibited in alkaline aqueous medium. The 

electrochemical behavior of monomer 20 and polymer 21 was investigated in various 

electrolytes by cyclic voltammetry. A film (thickness 50 to 250 nm) of polymer 21 in 

propylene carbonate exhibits two reduction waves at −0.34 and −1.21 V vs. Fc+/Fc with 

steadily decreasing intensity over cycling, possibly because of the nucleophilic attack of the 

anion at the carbonyl carbon of propylene carbonate (Figure 2a). To investigate this further an 

electrolyte was utilized that is inert towards a nucleophilic attack.  

Scheme 1. a) Schematic representation of the synthesis of monomer 15. b) Schematic representation of the
synthesis of polymer 21. 
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In acetonitrile two irreversible redox reactions at −0.23 and −1.05 V vs. Fc+/Fc with strongly 

decreasing intensity could be observed. A re-oxidation with lower intensity is only visible for 

the first reduction wave (Figure 2b). Therefore, it can be assumed that the formed anion 

attacks the pendant ester functionality. Both monomer 20 and polymer 21 exhibit in solution 

two redox reactions occurring at −0.20 and −0.80 V vs. Fc+/Fc (Figure 2c,d). In both cases the 

first redox reaction reveals a quasi-reversible redox reaction. The second reduction is 

irreversible. However, polymer 21 was stable under acidic conditions and dropcasted films in 

0.1 M aqueous HClO4 as electrolyte were investigated. Surprisingly, the polymer exhibits one 

Figure 3. Cyclic voltammogramm of polymer 21, 0.1 M HClO4, scan rate 0.01 V/s. 

Figure 2. Cyclic voltammogramms of monomer 20 and polymer 21 at rt; a) dropcast of 21 in propylene
carbonate, 0.1 M TBAClO4, scan rate 0.1 V/s; b) dropcast of 21 in acetonitrile, 0.1 M TBAClO4, scan rate
0.1 V/s; c) 20 mM solution of 20 in dichloromethane, 0.1 M TBAClO4, scan rate 0.1 V/s; d) 20 mM solution of 
21 in dichloromethane, 0.1 M TBAClO4, 0.1 V/s. 
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two-electron wave occurring at around 0.15 V vs. SHE, which could be separated at lower 

scan rates (Figure 3). The intensity of the signals is stable over more than 100 cycles. 

Therefore, it can be assumed that the nucleophilic attack of the phenolate is inhibited by 

protonation.  
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3.2.  Poly(4,8-dihydrobenzo[1,2-b:4,5-b']dithiophene-4,8-dione), monomer synthesis, 

polymerization and their electrochemical behavior in  lithium organic batteries 

Anthraquinone and its derivates have been applied as active material for organic batteries, 

because of their two-electron redox behavior, accompanied with a low molar mass, resulting 

in a high theoretical capacity. However, their charge/discharge stability is in general poor 

because of dissolution of the anthraquinone molecules in the electrolyte.[34, 71, 72] Several 

approaches to improve the stability of quinoide molecules have been undertaken. The most 

promising approach is the incorporation of the redox-active unit into a polymer in the 

backbone or side chain.[33, 64, 65] The redox-potential of quinone based organic batteries can be 

tailored by the choice of the appropriate substituents.[73-76] In general, electron withdrawing 

groups lead to a high redox potential and electron donating groups to a lower redox potential. 

With regards to the stability of the radical anion and the dianion formed during the redox 

process aromatic groups are preferred. The introduction of thienyl-groups to the benzoquinone 

core is synthetically straightforward possible and leads to slightly lower redox potentials 

compared to anthraquinone. Combining this with the introduction of a low molar mass vinyl 

group leads to 2-vinyl-4,8-dihydrobenzo[1,2-b:4,5-b']dithiophene-4,8-dione (25), a redox-

active monomer, which can be polymerized applying the free radical polymerization 

technique. 

Monomer 25 was synthesized in four steps starting from the commercially available 

thiophene-3-carboxylic acid (22), which was transformed to N,N-diethylthiophene-3-

carboxamide. Subsequent reaction with n-butyllithium yielded 4,8-dihydrobenzo[1,2-b:4,5-

b']dithiophene-4,8-dione (23). Iodination of 23 could be achieved by an iodination catalyzed 

by silver sulfate and silver triflate. 2-Iodobenzo[1,2-b:4,5-b']dithiophene-4,8-dione (24) was 

subsequently transformed into 2-vinylbenzo[1,2-b:4,5-b']dithiophene-4,8-dione (25) by Stille-

reaction.  
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The vinyl group of monomer 25 is in conjugation with the aromatic quinone system and, 

therefore, 25 can be polymerized applying free radical polymerization techniques. Monomer 

25 is hardly soluble in common solvents used for the free radical polymerization (e.g. 

tetrahydrofuran and chloroform), but exhibits sufficient solubility in aprotic polar solvents 

such as N,N-dimethylformamide (DMF), N,N-dimethylacetamide (DMAc), dimethylsulfoxide 

(DMSO), and/or N-methylpyrrolidone (NMP), in particular at elevated temperatures. The free 

radical polymerization was carried out utilizing 5 mol% of AIBN as initiator. During the 

polymerization in DMF, DMAc, and DMSO the polymer precipitated, and low yields up to 

25% were obtained. In NMP the polymerization proceeded without precipitation leading to 

40% yield. Size-exclusion chromatograms investigations of all polymers revealed bimodal 

distributions, most likely caused by recombination reactions (Figure 4). Three-dimensional 

Scheme 2. Schematic representation of the synthesis of polymer 26. 

Figure 4. a) Size-exclusion chromatograms of 25 synthesized with 5 mol% AIBN as initiator at 70 °C in different 
solvents. Eluent: DMAc, 0.21% LiCl, polystyrene standard, RI detector. b) Size-exclusion chromatograms of 25
synthesized with 5 mol% of different initiators in NMP. Eluent: DMAc, 0.21% LiCl, polystyrene standard, RI
detector. 
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size-exclusion chromatography (3D-SEC) investigations showed that both distributions have 

the same UV-Vis spectrum and further ensure that the higher molar-mass distribution is 

probably caused by recombination reactions. To increase both molar mass and yield several 

different initiators at appropriate reaction temperatures were investigated. The best results 

were obtained utilizing 5 mol% tert-butylperoxybenzoate as initiator at a temperature of 

100 °C (57%). 

The electrochemical behavior of monomer 25 strongly depends on the conductive salt of the 

electrolyte (Figure 5). The monomer reveals two quasi-reversible reductions at (Epa + Epc)/2 = 

−0.97 V and (Epa + Epc)/2 = −1.54 V vs. Fc+/Fc with 0.1 M tetrabutylammonium perchlorate as 

supporting conductive salt, whereas utilization of lithium perchlorate shifts the redox 

potentials of the reductions to more positive values occurring at −0.74 and −0.90 V vs. Fc+/Fc. 

The re-oxidations collapses to a single wave at −0.66 V vs. Fc+/Fc. Investigations on polymer 

26 in DMF with 0.1 M lithium perchlorate as supporting electrolyte exhibit two quasi-

reversible reductions at (Epa + Epc)/2 = −1.03 V and (Epa + Epc)/2 = −1.33 V vs. Fc+/Fc, which 

is in good agreement with the redox behavior of monomer 25 displaying two reduction waves 

at (Epa + Epc)/2 = −0.98 V and (Epa + Epc)/2 = −1.39 V vs. Fc+/Fc in DMF. 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 25 (Figure 6). The first reduction reveals to be a 

defined and stable electrochemical process. During the reduction the strong absorption at 

280 nm is shifted to slightly higher wavelengths accompanied by the appearance of a very 

Figure 5. a) Cyclic voltammogramms of monomer 25 (1 mg/mL) in acetonitrile with 0.1 M tetrabutylammonium
perchlorate (red line) and lithium perchlorate (black line) as supporting electrolyte at a scan rate of 100 mV/s. b)
Cyclic voltammograms of monomer 25 (1 mg/mL) (black line) and polymer 26 (red line) in DMF with 0.1 M 
lithium perchlorate as supporting electrolyte at a scan rate of 100 mV/s. 

a) b) 
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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 application of a re-oxidizing 

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 nm, 352 nm and in the long-wavelength region decrease, accompanied by an increase of 

an absorption signal 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 

re-oxidation restores the initial spectrum only partly, indicating that side reaction(s) take place 

during the second reduction process, most probably occurring at the substituted two-position 

of the thiophene moiety. 

The low intrinsic conductivity led us to investigate the electrochemical behavior of polymer 

26 as composite electrode utilizing vapor-grown carbon nanofibers (VGCF) as conductive 

additive and poly(vinylidenefluoride) as binding additive. Scanning electron microscopy 

(SEM) images of the electrodes show a porous structure, the homogenous distribution of the 

polymer within the electrode. Cyclic voltammograms of the composite electrodes containing 

polymer 26 display one broad reduction wave at −1.17 V vs. Fc+/Fc and one re-oxidation wave 

at −0.45 V vs. Fc+/Fc. The large peak split indicates a limited charge transfer within and a 

strong polarization the electrodes. For multiple cycles, the electrolyte remained colorless, 

indicating that no significant elution of the polymer takes place, however, the signal intensity 

decreased, indicating some irreversible side reaction. 

The charge/discharge behavior at different speeds was studied in coin-type cells equipped with 

a polymer composite electrode as cathode and a lithium metal anode immersed in ethylene 

Figure 6. UV-Vis-NIR Spectroelectrochemistry of monomer 25 in acetonitrile with 0.1 M tetrabutylammonium
perchlorate. 
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carbonate:dimethyl carbonate 1:1 m/v with 1 M lithium perchlorate as supporting electrolyte. 

In general the batteries exhibit a reversible one-stage charge/discharge behavior. The 

performance of the batteries depends on the ratio of polymer to conductive additive in the 

composite electrode and the charging speed. All batteries exhibit a capacity drop over cycling, 

possibly due to side reactions. The charging speed, however, does not influence the capacity 

drop, but affects the columbic efficiency and the voltage of the charge/discharge plateau.  

Coin cells with low active-material content at slow 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 electrode and the monomer in solution obtained by cyclic 

voltammetry. The coin-type cells with 10 wt% active material reveal a high material activity 

of 87 to 100% (190 to 219 mAh/g). The material activity is independent on the charging 

speed. After 100 charge/discharge cycles the capacity drops to 100 to 116 mAh/g equal to a 

material activity of 46 to 54% (Figure 7a). The cells were charged at different rates (1C, 5C, 

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, the 

charge/discharge voltage plateaus drift apart. At the 10 C rate, the charging process exhibits a 

plateau at 2.76 V and a plateau at 2.10 V for discharging (Figure 7e). 

The coin-type cells with 20 wt% active material exhibit a material activity in the range of 58 

to 47% (144 to 102 mAh/g) at the 1st charging cycle. (Figure 7b). Upon charge/discharge 

Figure 7. a-d) Capacity development during extended charge/discharge cycling (100 cycles) of Li-organic
batteries with composite electrodes of 26/MWCNT/PVDF 10/80/10, 20/70/10, 30/60/10, and 40/50/10 m/m/m in
EC/DMC 1/1 m/v, 1 M LiClO4. e-g) Charge/discharge curves (capacity vs. potential) of Li-organic batteries with
composite electrodes of 26/MWCNT/PVDF 10/80/10, 20/70/10, 30/60/10 and 40/50/10 m/m/m in EC/DMC 1/1
m/v, 1 M LiClO4 of the 1st charge and the 2nd discharge cycle at different charging speeds. 



3. Quinone containing polymers as active material in organic batteries 
 

26 

cycling, the capacity decreases and reaches 30% polymer activity after 100 cycles. The 

charging speed does not influence the capacity. The voltage plateaus for charging and 

discharging at 1C are located at 2.62 V for charging and 2.32 V for discharging (Figure 7f). At 

10C the plateaus again drift and are situated at 2.96 V for charging and 1.91 V for discharging. 

Coin-type cells with 30 and 40 wt% follow the trend. The materials activity does not depend 

on the charging speed and is between 32 and 64% (Figure 7c-d). During 100 cycles, the 

capacity drops to values between 10 and 21%. The charge/discharge plateaus remain close 

together at a charging speed of 1C (30 wt%: 2.59 V of charging and 2.21 V for discharging; 

40 wt%: 2.63 V for charging and 2.17 V for discharging), but drift apart at a faster charging 

speed of 10C (30 wt%: 3.00 V of charging and 2.06 V for discharging; 40 wt%: 2.90 V for 

charging and 1.83 V for discharging) (Figure 7g-h). The strong capacity drop at higher active 

material ratios is probably caused by poor a formulation of the active material and the 

conductive additive during the manufacture of the electrode. As a consequence the redox-

active units are only partially accessible by the electrolyte and only partly coated onto the 

conductive additive. Therefore, they are not able to undergo the redox reaction during the 

charge/discharge process. This is leading to a low active material content.  
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4. Quinone derviates containing polymers as active material in organic 

batteries 
Parts of this chapter have been published in P4) B. Häupler, R. Burges, T. Janoschka, T. 

Jähnert, A. Wild, U. S. Schubert, J. Mater. Chem. A 2014, 2, 8999–9001. P5) B. Häupler, R. 

Burges, C. Friebe, T. Janoschka, D. Schmidt, A. Wild, U. S. Schubert, Macromol. Rapid. 

Comm. 2014, 35, 1367-1371. 

The theoretical capacity of redox-active polymers is determined by the molar mass of the 

repeating unit and the number of electrons involved in the redox reaction. Polymers with two 

or more electron redox-reactions feature in general higher capacity, but their redox reactions 

are dependent on each other and, therefore, occur at different potentials leading to one broad 

or multiple charge/discharge plateaus. This behavior is adverse in electric devices that ask for 

a stable cell voltage throughout the complete charge/discharge process. This is a common 

drawback of quinone-based systems as shown in Chapter 3.2. 

 

4.1.  Application of polymers bearing 11,11,12,12-tetracyanoanthraquinone-9,10-

dimethane (TCAQ) units as active material in organic batteries 

To provide an alternative to overcome these shortcomings we designed poly(2-vinyl-

11,11,12,12-tetracyano-9,10-anthraquinonedimethane) poly(TCAQ) as novel redox-active 

polymer bearing TCAQs units as pendant groups.[77] These redox-active units feature, due to 

their special molecular design, one reversible two-electron-redox-reaction.[78] Combining this 

electrochemical feature with the introduction of a low molar mass polymerizable vinyl group 

into the TCAQ system, a new monomer which can be generally synthesized in a one-step 

procedure from various types of quinone based monomers, with a theoretical capacity of 160 

mAh/g and one charge/discharge plateau was created. 

Monomer 27 was obtained in a straightforward three step synthesis (Scheme 3) in good yields. 

The amino group of commercially available 2-aminoanthraquinone (28) was transformed into 

2-bromoanthraquinone (29) applying a modified Sandmeyer reaction.[79] The vinyl group was 

introduced under Hiyama conditions in excellent yields utilizing Pd(dba)2 as palladium 
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sources and JohnPhos as ligand and the carbonyl functionalities of 2-vinylanthraquinone (30) 

were transformed to dicyanomethane groups under Knoevenagel conditions to yield monomer 

27. Poly(TCAQ) (31) with a molar mass of Mn = 26,400 g/mol (Mw/Mn =1.87) was prepared 

by free radical polymerization leading to polymers with suitable molar mass to be insoluble 

but slightly swellable in common organic electrolytes.  

Besides the solubility also the electrochemical properties are crucial for the application of 

polymers as active electrode material and secondary batteries. A cyclic voltammogram 

obtained for monomer 27 in propylene carbonate solution features only one reversible redox 

wave. As shown in Figure 8a the expected two one-electron-redox-reactions coincide as one 

two-electron-redox-reaction, because the structure of the radical anion is twisted and, 

Scheme 3. Schematic representation of the synthesis of poly(TCAQ) 31. 

Figure 8. a) Cyclic voltammogram of monomer 27 in propylene carbonate, 0.1 M lithium perchlorate at different
scan rates (10, 25, 50, 100 and 250 mV/s, respectively). b) Normalized cyclic voltammograms of the monomer 
27 in solution (dashed black line) and a polymer-composite electrode (solid red line) (10/80/10 wt%
27/VGCF/PVDF) in propylene carbonate, 0.1 M lithium perchlorate. 
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therefore, destabilized. The gain of the second electron leads to rearomatization and to a planar 

structure. Hence, the redox potential of the first reduction is lower and both reductions occur 

at the same potential.[78] In detail, monomer 27 exhibits one two-electron redox reaction wave 

at −0.64 V vs. Fc+/Fc (Figure 8a), which is in good agreement with published literature 

derivates (−0.58 V).[80] The low intrinsic conductivity of poly(TCAQ), lead us to the 

investigation of the electrochemical behavior of the polymer as composite electrode with 

carbon nanofibers (VGCF) as conducting and polyvinylidene fluoride (PVDF) as binding 

additive. The cyclic voltammogram obtained from these electrodes displayed a reduction at 

−0.83 V and re-oxidation at −0.47 V vs. Fc+/Fc (Figure 8b). This redox behavior is in good 

agreement with that of monomer 27 indicating that the polymer backbone has no influence on 

the redox behavior. The small shift compared to the values of 27 is caused by hindered 

kinetics due to the high viscosity of propylene carbonate and the thickness of the electrode. 

Importantly, the intensities of the oxidation and the reduction peaks are constant for over 100 

cycles indicating the stability of both redox species occurring in the polymer. 

A coin-type cell battery was manufactured under inert atmosphere with a lithium metal anode 

and a polymer composite electrode (20/40/30/10 wt% 27/Super P®/VGCF/PVDF) as cathode. 

A 0.1 M solution of lithium perchlorate in propylene carbonate served as electrolyte. The 

battery exhibits a highly reversible charge/discharge behavior featuring an average cell voltage 

of 3.05 V for charging and 2.25 V for discharging vs. Li+/Li (Figure 9a). This behavior is 

Figure 9. a) Charge/discharging curves (capacity vs. potential) of the Li-organic battery of the 1st and the 500th

cycle. The anode is lithium metal, the cathode is a composite with poly(TCAQ) 31 as active material. b) Extended
charge/discharge cycling of 31 in propylene carbonate, 0.1 M lithium perchlorate (500 cycles, 1C). Coulombic
efficiency (CE%) of 500 charge/discharge cycles (black squares). 
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consistent with the redox waves observed in the cyclic voltammogram of the electrode. The 

cell was charged and discharged at a charging speed of 1C. After the 1st cycle a material 

activity of 97% resp. 156 mAh/g was observed (Figure 9b). The prototype device features a 

good cyclability: After 500 charge/discharge cycles, the battery maintains 88% of the initial 

capacity (141 mAh/g) at a consistently high columbic efficiency of 99%. 

 

4.2.  Application of polymers bearing 9,10-di(1,3-dithiol-2-ylidene)-9,10-dihydro-

anthracene (exTTF) units as active material in organic batteries 

The polymeric TCAQ system reveals substantial advantages over other polymers applied as 

active material in organic batteries, whose redox reaction involves two electrons, leading to 

comparably flatter charge/discharge plateaus accompanied with a good theoretical capacity of 

160 mAh/g. However, the redox behavior of the active TCAQ unit relies on a two-electron 

reduction limiting the cell potential to an average discharge voltage of 2.25 V of lithium-

organic battery prototypes. To increase the energy density at high capacity and constant cell 

potential during the charge/discharge process the application of a material exhibiting one two-

electron oxidation would be more preferred.  

The oxidizability of thioethers as mentioned in Chapter 1 and the two-electron redox behavior 

of quinones is merged π-extended tetrathiafulvalenes systems, namely 9,10-di(1,3-dithiol-2-

ylidene)-9,10-dihydroanthracene (exTTF) that have been applied within many fields in 

organic electronics, such as molecular wires, artificial photosynthetic systems, or solar cells, 

because of their favorable structural and optical properties.[81] Contrary to the 

tetrathiafulvalenes, which show two well-separated one-electron oxidation processes, exTTF 

exhibits an oxidation involving two electrons forming a dicationic species in a single step.[82] 

During the oxidation, the release of the second electron is promoted due to the planar low-

energy conformation, associated with the rearomatization of the oxidized dicationic product. 

Furthermore, the monomer is synthetically straightforward accessible in a one-step procedure 

from corresponding quinone derivates similar to the synthesis of the TCAQ systems.[83] Thus, 

polymers with pendant exTTF units represent promising candidates as active electrode 

material in organic batteries. 
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Monomer 34 was synthesized in three straightforward steps. Commercially available 2-

aminoanthraquinone 28 was transformed to 2-iodoanthraquinone 32 by Sandmeyer reaction 

and converted to 2-vinylanthraquinone 33 by a Pd-catalyzed cross coupling procedure. 

Subsequently, the carbonyl groups of 33 were transformed into 1,3-dithiol-2-ylidene groups 

by Horner-Wadsworth-Emmons reaction. The resulting monomer 34 was polymerized using 

the free radical polymerization technique with AIBN as initiator. The low solubility of the 

monomer limited the range of applicable solvents, but the utilization of DMSO led to high 

conversions and to polymers with high molar mass (Mn = 6.02 × 103 g/mol), which are soluble 

in DMF, DMAc, and DMSO, as well as insoluble but swellable in common electrolytes. 

However, the size-exclusion chromatogram of polymer 35 exhibits two distributions probably 

caused by recombination reactions.  

For the application of polymer 35 as active material in secondary batteries, besides the 

insolubility of the polymer also the stability of both redox states has to be ensured. Hence, the 

electrochemical properties of both monomer in solution and the polymer as composite 

electrode were investigated in detail. Cyclic voltammetry of monomer 34 in acetonitrile 

solution reveals an electrochemical response at (Epa+Epc)/2 = −0.2 V vs. Fc+/Fc, which is 

ascribed to the oxidation of exTTF units to the dicationic species (Figure 10a). The peak splits 

are rather large, in particular at high scan rates, and are assigned to the massive geometrical 

changes during the redox reaction. Therefore, it remains unclear if the redox behavior is based 

on one two-electron or on two one-electron redox reactions. UV-vis-NIR spectro-

electrochemical studies of the monomer 34 (Figure 10b) revealed a defined and stable 

Scheme 4. Schematic representation of the synthesis of poly(exTTF) 35. 
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electrochemical process. During oxidation, a significant decrease of the compound’s 

absorption below 500 nm occurs, accompanied by the appearance of a very broad, undefined 

absorption feature in the long-wavelength region. An isosbestic point emerges at 480 nm, 

indicating the presence of only two species, i.e., a defined redox process without side 

products. Applying a re-reducing potential (−0.5 V vs. Fc+/Fc) restores the initial spectrum 

nearly completely, which confirms the electrochemical stability of the system. 

Due to the low intrinsic conductivity of polymer 35, the electrochemical properties were 

examined as composite layer (35/vapor grown carbonfibers (VGCF)/polyvinylidene fluoride 

(PVDF) 10/80/10 (m/m/m)) on a graphite sheet as current collector. The homogeneity of the 

layer was proven by elemental analysis and scanning electron microscopy. The electrode was 

immersed in a solution of 0.1 M LiClO4 in 1,2-dimethoxymethane/propylene carbonate 

4/1 (v/v) and cyclic voltammetry revealed a redox wave at (Epa + Epc )/2 = −0.15 V vs. Fc+/Fc 

(Figure 10c). The intensity of the redox signal slightly decreases during the first 15 cycles, and 

then remains stable. This is most likely because of the dissolution of some shorter polymer 

chains in the electrolyte. The redox behavior of the electrode is in good agreement with the 

one of monomer 34, demonstrating that binder and conductive additives have a negligible 

influence. The slightly larger peak-to-peak separation (270 mV) can be explained by slower 

kinetics due to slower diffusion processes in the electrode. A coin cell was prepared under 

inert atmosphere by sandwiching a composite electrode 35/VGCF/PVDF 10/80/10 (m/m/m) 

and a lithium foil using a separator film. A solution of 0.1 M LiClO4 in 1,2-

dimethoxymethane/propylene carbonate 4/1 (v/v) served as electrolyte. The charge/discharge 

characteristics of the fabricated cell at a constant current of 1C display a plateau at a cell 

Figure 10. a) Cyclic voltammogram of monomer 34 in acetonitrile, 0.1 M LiClO4 at different scan rates. b) 
Spectroelectrochemistry of monomer 34 in acetonitrile, 0.1 M LiClO4. c) Cyclic voltammogram of a polymer-
composite electrode (10/80/10 m/m/m 35/VGCF/PVDF) in 1,2-dimethoxyethane/propylene carbonate 4/1 v/v,
0.1 M LiClO4, 50 cycles. 
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potential of 3.5 V for charging and at 3.1 V for discharging, which is in accordance to the 

redox behavior of the composite electrode of 35 vs. Li+/Li. At the first charge/discharge cycle, 

the battery exhibits a capacity of 108 mAh/g corresponding to 82% of the theoretical capacity. 

During the first 20 charge/discharge cycles, the capacity dropped to 82 mAh/g corresponding 

to 61% of the theoretical capacity. This is probably because of the dissolution of shorter 

polymer chains into the electrolyte (Figure 11). The charge/discharge capacity remains stable 

for the next 230 charge/discharge cycles, at an average columbic efficiency of 99%. 
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Figure 11. a) Capacity development during extended charge/discharge cycling (250 cycles) of a Li-organic battery
with a composite electrode of 35/VGCF/PVDF 10/80/10 m/m/m in 1,2-dimethoxyethane/propylene carbonate 
4/1 v/v, 0.1 M LiClO4 as active material. b) Charge/discharge curves (capacity vs. potential) of a Li-organic battery
of the 1st and the 250th cycle and charge/discharge curves at different charging speeds. 
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5. Stable organic radical containing polymers as active material in organic 

batteries 
Part of this chapter have been in P6) T. Janoschka, A. Teichler, B. Häupler, T. Jähnert, M. D. 

Hager, U. S. Schubert, Adv. Energy Mat. 2013, 3. 1025-1028. P7) T. Jähnert, B. Häupler, T. 

Janoschka, M. D. Hager, U. S. Schubert, Macromol. Chem. Phys. 2013, 214, 2616-2623. 

5.1.  Reactive inkjet printing of poly(2,2,6,6-tetramethylpiperidinyloxy-4-yl 

methacrylate) (PTMA) composite electrodes for organic radical batteries 

Organic radical batteries are mainly based on polymeric material bearing redox-active stable 

radicals, namely, 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO). The increasing interest in 

this new class of fast charging, high rate/load capable batteries is reflected in numerous studies 

with their major focus ranging from polymer design,[48, 84] and electrolytes[85, 86] or the use of 

suitable conductive additives.[48, 86] On the other hand, up to now only little attention was paid 

to the processing of these materials. Simple, solution-based wet processing techniques like 

spin-coating[87] and doctor blading[88] are generally employed for the fabrication of ORB 

electrodes, but these methods are accompanied with the loss of large amounts of material. 

However, advanced processing techniques such as inkjet printing, being contactless, maskfree 

and highly flexible, can greatly improve the manufacturing of organic radical battery 

electrodes. For this technique the polymer needs to be highly soluble in high boiling point 

solvents (>100 °C) such as chlorobenzene that reveals a reliable droplet formation and good 

rheological properties of the ink. Additionally, the polymer has to be insoluble in the 

electrolyte solution, employed in the assembled battery device. In order to overcome this 

predicament, defined low molar mass polymers need to be prepared, printed, and subsequently 

crosslinked in order to provide a sufficient stability of the electrode. 

Scheme 5. Schematic representation of the synthesis of radical polymer poly(2,2,6,6-tetramethylpiperidinyloxy-
4-yl methacrylate) (PTMA) by RAFT polymerization, oxidation, and subsequent thermal crosslinking with a 
multifunctional epoxide 
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The TEMPO radical based polymer (PTMA) was prepared from monomer 2,2,6,6-

tetramethylpiperidin-4-yl methacrylate (37) by polymerization and subsequent oxidation of the 

amine containing polymer (38) (Scheme 5).[89] Independent from the used oxidation agent (m-

chloroperbenzoic acid or hydrogen peroxide) always an incomplete oxidized co-polymer (39) 

is obtained.[48] The residual amino moieties can be used for further functionalization or 

crosslinking. For inkjet printing the polymer needs to be readily soluble and the solutions 

require a good rheological behavior. For this reason, polymers with a low polydispersity index 

were prepared by the reversible addition-fragmentation chain transfer (RAFT) polymerization. 

For organic battery electrodes the ink has to contain a conductive additive, a crosslinking 

agent, a plasticizer, a crosslinking agent and an appropriate solvent system. As conductive 

additives epoxidized and non-epoxidized carbon nanopowder[90] was used, whose diameter is 

small enough to fit through the printing nozzle. To ensure a high degree of crosslinking 

tetraphenylolethane glycidyl ether was chosen, as it can react with up to four amines. The 

addition of a plasticizer (5 mol% ethylene carbonate) enables pore generation prevents and the 

formation of brittle films, which peel off in the electrolyte solution. As solvent system a 

mixture of N,N-dimethylformamide and N-methyl-2-pyrrolidone 9/1 v/v was chosen, forming 

electrodes on which the deposited material is homogeneously distributed all over the film 

(Figure 12). The crosslinking was initiated by thermal treatment of the electrodes, during 

solvent evaporation. 

Figure 12. Ink composition: active polymer PTMA 39 (concentration: 5 mg/mL), crosslinking agent 
tetraphenylolethane glycidyl ether 40 (concentration: 0.7 mg/mL), and solvent mixture DMF/NMP in a ratio of 
9/1 (v/v). 
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The electrochemical behavior of crosslinked and non-crosslinked composite electrodes was 

studied. Inks without crosslinking agent revealed a fast decrease in charge storage capacity 

due to dissolution. After only two cycles no active polymer was left. The stability of the 

electrode could be enhanced by crosslinking. Electrodes with non-epoxidized carbon 

nanopowder retained about 75% of the initial capacity after 150 charging/discharging cycles 

(Figure 13). The decline can be attributed to a slow degradation of the electrode due to active 

polymer being dissolved in the electrolyte. However, electrodes with epoxidized carbon 

nanopowder revealed better cycling stability. After a slight increase of the charge storage 

capacity within the first cycles due to wetting/activation of the electrode the initial capacity 

was retained even after 150 cycles. Subsequently, a beaker type battery consisting of a printed 

polymer composite cathode, a zinc-anode, and a ZnBF4-electrolyte in propylene carbonate was 

assembled. The cell exhibits an average discharge voltage of 1.25 V and a capacity of 

approximately 50 mAh/g (theoretical capacity: 66 mAh/g). 

 

5.2.  Synthesis of polyacetylenes bearing galvinoxyl units and their electrochemical 

behavior in organic batteries with aqueous electrolytes 

Most of the nitroxide radicals studied in organic batteries are p-type materials possessing one 

or more electron oxidation(s). For the manufacturing of an all-organic battery a suitable n-type 

material is necessary to serve as anode. Among the studied compounds there are several stable 

n-type organic radicals such as arylnitroxides[53] or galvinoxyls,[55] applied in batteries 

revealing one or more electron reduction(s). For example, styrene-based poly[(p-

Figure 13. a) Cycling stability of inkjet printed electrodes at 1.5 A/m2 over 150 cycles. b) Discharging curves of 
inkjet printed electrodes with non epoxidized carbon nanopowders at 1.5 A/m2 using a solution of 
tetrabutylammonium hexafluorophosphate in propylene carbonate as electrolyte. 
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vinylphenyl)galvinoxyl] (7) has been applied as anode material for organic batteries, but 

similar to PTMA the radical content of the polymer is incomplete, because the radical is 

generated in a polymer analogous reaction. Another possible polymer backbone for the 

galvinoxyl radical besides poly(styrene) is poly(phenylacetylene), which can be synthesized 

by molybdenum- or rhodium-organo catalysts. In particular, rhodium catalysts revealed a great 

tolerance for functional groups.[91] 

(p-Ethynylphenyl)hydrogalvinoxyl (43) was synthesized from methyl-4-bromobenzoate (41), 

which was transformed to methyl-4-ethynylbenzoate (42) by Sonogashira reaction and 

subsequent deprotection. (4-Bromo-2,6-di-tert-butylphenoxy)trimethylsilane was treated first 

with n-BuLi followed by the addition of the ethinyl group (42). During the alkaline 

purification step the trimethylsilyl group was deprotected to yield (p-

ethynylphenyl)hydrogalvinoxyl (43). Monomer 43 was polymerized using Rh(nbd)BPh4 as 

catalyst and triethylamine as base to yield polymer 44 (Mn= 3,500 g/mol, PDI 2.97), which 

was subsequently oxidized to the radical bearing polymer 45 using lead dioxide. ESR 

spectroscopy proved the existence of the radical with a g-value of 2.0038 and a radical content 

of roughly 70%. 

Investigations on the electrochemical behavior of polymer 45 revealed a reversible redox 

reaction at –0.40 V (vs. Fc+/Fc) and smaller satellite signals, which can be attributed to redox 

reactions of the polyacetylene backbone (Figure 14a). A 0.1 M aqueous solution of NaCl with 

Scheme 6. Schematic representation of the synthesis of polymer 44. 
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0.01 M tetrabutylammonium hydroxide proved to be the most appropriate as electrolyte for 

charge/discharge experiments of half-cells. Charge/discharge experiments were performed at 

2C and showed a discharge capacity of 35 mAh/g (Figure 14b). This value corresponds to 

60% theoretical capacity, which is in good accordance to the radical-content of about 70%. 

The cycling stability in the aqueous electrolyte system was studied in 40 cycles; the capacity 

dropped to 48% active material. 

 

Figure 14. a) Cyclic voltammogramm of 44 (0.1 V/s; 0.1 M Bu4NPF6 in DMF). b) Charge/discharge curves 
(capacity vs. potential) of the 1st cycles of a half-cell of 45. 
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6. Summary 
Investigations within the scope of this thesis show that polymers bearing redox-active groups 

can be successfully utilized as active electrode material in organic batteries. The resulting 

battery materials can compete with inorganic battery materials, in particular in terms of 

theoretical capacity, power and energy density. Moreover, beneficial features of organic 

compounds like lightweight, flexibility, and printability make them promising candidates as 

active electrode materials for the next generation of secondary batteries. The richness of the 

organic chemistry provides a large variety of redox-active structures that can be utilized as 

active material in organic batteries. In particular quinones and their derivates are very 

promising candidates because of their tunable redox potential involving two electrons 

accompanied with low molar mass and high electrochemical stability. However, the synthesis 

of polymers bearing quinone units revealed to be challenging, because of the polarity of the 

carbonyl moiety and the radical scavenging properties of the quinone structure, which exclude 

common polymerization techniques.  

The introduction of methyl-groups to the benzoquinone core reduces the radical scavenging 

properties and enables radical polymerization of the methacrylate monomer. Nevertheless, the 

second electrochemical reduction of these polymers is irreversible possibly due to the 

nucleophilic attack of the formed anion to the ester functionality, which makes them not 

suitable as active material in batteries.  

Another possibility to apply the free radical polymerization technique is the introduction of a 

vinyl group to an aromatic substituent of the benzoquinone core. The direct conjugation 

inhibits the radical quenching abilities and further stabilizes the radical formed during the 

polymerization reaction. Thienyl substituents were introduced to the quinone core to lower the 

redox potential and a vinyl group was attached at position two in a four-step procedure. 

Polymers obtained from this monomer exhibit in lithium salt containing electrolytes a two-

staged redox behavior displayed as one broad redox wave. Prototype lithium organic batteries 

with this material exhibit a capacity of 217 mAh/g at an average discharge cell potential of 

2.2 V and a high rate performance with up to 10C without significant capacity decrease 

(complete charge or discharge within 6 min). However, the redox reaction is not side reaction-

free and the capacity fades upon charge/discharge cycling.  
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The one-step modification of the anthraquinone to the tetracyanoanthraquinonedimethane 

system under Knoevenagel conditions leads to a compound with a real one two-electron redox 

reaction, which could be polymerized using the free radical polymerization technique via the 

introduced vinyl group. The obtained polymers represent promising active electrode materials. 

Prototype lithium-organic batteries exhibit a capacity of 157 mAh/g (97% material activity) 

accompanied with a discharge cell potential of 2.3 V. After 500 charge/discharge cycles at a 

speed of 1C at capacity of 141 mAh/g (88% material activity) could be maintained. 

The energy density of the TCAQ system is limited by the redox potential of the two-electron 

reduction. To increase the energy density at high capacity and constant cell potential during 

the charge/discharge process the application of a material exhibiting one two-electron 

oxidation would be even more interesting. The oxidizability of thioethers and the two-electron 

redox behavior of quinones is merged in the π-extended tetrathiafulvalenes systems, 

synthesized in a straightforward one-step synthetic procedure starting from the corresponding 

anthraquinones. Polymers of this redox-active system were obtained by free radical 

polymerization of exTTF with a vinyl group in two-position. Prototype lithium-organic 

batteries equipped with this polymer as active material exhibit a capacity of 108 mAh/g (82% 

active material) at a discharge potential of 3.1 V. Upon charge/discharge cycling a capacity 

drop is observed during the first 25 cycles due to dissolution of smaller polymer chains in the 

electrolyte. In the following the capacity remains stable over 230 cycles at 82 mAh/g (61% 

active material) at a speed of 1C.  

Figure 15. Overview over the successfully applied redox-active polymers in lithium organic batteries in this
thesis. 
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Besides the development of new redox-active materials for organic batteries, another crucial 

but less investigated factor is the processing of composite electrodes. Mainly wet-processing 

techniques such as spin-coating and doctor-blading are applied, which go hand in hand with a 

large waste of material. To overcome this problem inkjet-printing was utilized for the 

fabrication of composite electrodes. Low molar mass electro-active polyradical PTMA, 

prepared by RAFT-polymerization and subsequent partial oxidation, was used for inkjet 

printing. Electrodes of good stability, as proven by repeated charge/discharge experiments, 

were obtained from printed electrodes by initiator-free, thermal crosslinking of the free amine-

bearing PTMA and the epoxy-based crosslinker. By employing epoxidized carbon 

nanopowder as chemically reactive conductive additive printed electrodes were manufactured 

that are stable for over one hundred cycles. 

To conclude, it could be shown that polymers bearing redox-active substituents such as 

quinones, their derivates and stable organic radicals represent promising active materials for 

secondary batteries. The presented results contribute to the understanding of structure– 

electrochemical property relationships and will be the basis for the synthesis of further tailor-

made polymers for various energy storage applications. 
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7. Zusammenfassung 
Die Untersuchungen, die im Rahmen dieser Dissertation durchgeführt wurden zeigen, dass 

Polymere mit redox-aktiven Gruppen als aktives Elektrodenmaterial in organischen Batterien 

eingesetzt werden können. Des Weiteren konnte gezeigt werden, dass diese Substanzklasse 

mit den Eigenschaften von anorganischen Elektrodenmaterialien konkurrieren kann, was 

insbesondere für die theoretische Kapazität und Energiedichte nachgewiesen wurde. Ihre 

weiteren vorteilhaften Eigenschaften, wie beispielsweise geringes Gewicht, Flexibilität, und 

Druckbarkeit machen sie zu vielversprechenden Kandidaten als Elektrodenmaterialien in einer 

zukünftigen Generation von wiederaufladbaren Batterien. Die Vielfalt der organischen 

Chemie ermöglicht den Zugang zu zahlreichen redox-aktiven Systemen, die als aktive 

Einheiten in Polymeren in organischen Batterien verwendet werden können. Insbesondere 

Chinone und ihre Derivate sind auf Grund ihrer zwei Elektronen Redoxreaktion mit 

einstellbaren Redoxpotential, ihrer geringen molaren Masse und ihrer hohen Stabilität sehr 

interessante Aktivmaterialien. Jedoch ist die Synthese von chinonenhaltigen Polymeren auf 

Grund der Polarität der Karbonylfunktion und der radikalfangenden Eigenschaften des 

Chinons schwierig, da die gängigsten Polymerisationsmethoden nicht angewendet werden 

können. 

Die Einführung von Methylgruppen an den Benzochinongrundkörper setzt die 

radikalfangenden Eigenschaften soweit herab, dass eine radikalische Polymerisation des 

entsprechenden Methacrylatmonomers möglich ist. Jedoch zeigt sich die zweite Reduktion als 

irreversibel, da vermutlich das gebildete Anion nukleophil die Esterfunktion angreift, weshalb 

dieses Polymer untauglich für eine Verwendung als Aktivmaterial für Batterien ist. 

Die Anwendung der freien radikalischen Polymerisation von chinonhaltigen Monomeren ist 

möglich, wenn eine Vinylgruppe an einem aromatischen Substituenten am Benzochinonring 

eingeführt wird. Die direkte Konjugation unterdrückt die radikalfangenden Eigenschaften und 

stabilisiert zusätzlich das während der Polymerisation gebildete Radikal. Um das 

Redoxpotential weiter zu erniedrigen wurden in einer vierstufigen Synthese zwei 

Thiophensubstituenten an den Chinonkern eingeführt und in der 2-Position eine Vinylgruppe 

angebracht. Die entsprechenden Monomere zeigen ein zweistufiges Redoxverhalten, welches 

bei der Verwendung von Lithiumsalzen im Elektrolyt zu einem breiten einstufigen Potential 

zusammenfällt. Lithium-organische Batterien mit diesem Polymer zeigen eine Kapazität von 
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217 mAh/g bei einer Entladezellspannung von 2.2 V und können mit einer 

Ladegeschwindigkeit mit bis zu 10C (komplettes Laden bzw. Entladen innerhalb von 6 min) 

geladen werden. Jedoch verringert sich die Kapazität bei wiederholtem Laden/Entladen auf 

Grund einer auftretenden Nebenreaktion. 

Die Modifikation des Anthrachinons zum Tetracyanoanthchinondimethans durch eine 

Knoevenagel Reaktion führt zu einer Verbindung mit einer echten Zwei-Elektronen 

Redoxreaktion. Diese Verbindung konnte ebenfalls, nach Einführen einer Vinylgruppe in 2-

Position, polymerisiert werden. Das erhaltene Polymer zeigte sich als sehr vielversprechendes 

aktives Elektrodenmaterial. Lithium-organische Batterien mit diesem Polymer weisen im 

ersten Lade/Entladezyklus eine Kapazität von 157 mAh/g (97% Materialaktivität) mit einer 

Entladezellspannung von 2.3 V auf. Nach 500 Lade/Entladezyklen bei einer Geschwindigkeit 

von 1C besitzt die Batterie eine Kapazität von 141 mAh/g (88% Materialaktivität). 

Das Zellpotential des Tetracyanoanthchinondimethan Systems ist durch das Redoxpotential 

des Zwei-Elektronen Redoxprozesses limitiert. Um die Energiedichte bei gleichbleibender 

Kapazität und gleichbleibender Zellspannung während des Lade/Entladeprozessess zu erhalten 

wäre die Anwendung eines Materials mit einer Zwei-Elektronen Oxidation noch interessanter. 

Die Oxidierbarkeit von Thioethern und das Zwei-Elektronen Redoxverhalten von Chinonen ist 

in π-extended Tetrathiafulvalenen (9,10-Di(1,3-dithiol-2-ylidene)-9,10-dihydroanthracen 

(exTTF)) vereint, die in einer einstufigen Synthese, ausgehend von dem jeweiligen 

Figure 16. Übersicht über die erfolgreich angewandten redox-aktiven Polymeren in Lithium-organischen
Batterien in dieser Dissertation. 
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Anthrachinonen, synthetisiert werden können. Polymere mit diesen redox-aktiven Gruppen 

wurden mittels der freien radikalischen Polymerisation von 2-Vinyl(exTTF) erhalten. Lithium-

organische Batterien bestückt mit diesem Polymer als Aktivmaterial zeigten eine Kapazität 

von 108 mAh/g (82% Materialaktivität) bei einer Entladezellspannung von 3.1 V. Während 

der ersten 25 Lade/Entladezyklen wurde ein Kapazitätsverlust auf Grund der Löslichkeit 

kürzerer Polymerketten im Elektrolyten beobachtet. Danach bleibt die Kapazität in den 

nachfolgenden 230 Zyklen bei einer Lade/Entladegeschwindigkeit von 1C stabil bei 82 mAh/g 

(61% Materialaktivität). 

Neben der Entwicklung von neuen redox-aktiven Aktivmaterialien für organische Batterien ist 

ein weiterer wichtiger, aber bislang eher wenig untersuchter Aspekt die Herstellung der 

Kompositelektroden. Hauptsächlich sind Nassprozessverfahren wie Aufschleudermethoden 

oder Rakeln etabliert, bei denen eine große Menge an Material verloren geht. Dieses Problem 

kann durch den Einsatz von Tintenstrahldurck zur Elektrodenherstellung umgangen werden. 

Für das Tintenstrahldruckverfahren wurden kurzkettige elektroaktive Polyradikale (PTMA), 

die durch RAFT-Polymerisation und folgender teilweiser Oxidation hergestellt wurden, 

verwendet. Elektroden mit hoher Stabilität bei wiederholtem Laden/Entladen wurden durch 

thermisches Quervernetzen der freien Amingruppen des Polymers mit einem Epoxid-basierten 

Quervernetzer erhalten. Durch die Verwendung von epoxidierten Kohlenstoffnanopulver, 

einem chemisch reaktiven Leitadditiv, konnten Elektroden gedruckt werden, die eine äußerst 

hohe Stabilität über mehr als 100 Lade/Entladezyklen aufweisen. 

Zusammenfassend konnte in dieser Arbeit gezeigt werden, dass Polymere mit redox-aktiven 

Gruppen wie Chinone und deren Derivate oder stabile organische Radikale vielversprechende 

Kandidaten als Aktivmaterial für organische Batterien darstellen. Die gezeigten Ergebnisse 

tragen zum Verständnis des Zusammenhangs der Struktur und der elektrochemischen 

Eigenschaften bei und können für die Synthese weiterer maßgeschneiderter Polymere für 

vielfältige Energiespeicheranwendungen wegweisend sein. 
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The application of organic carbonyl compounds as high performance electrode materials in 

secondary batteries enables access to metal-free, low-cost, environmental friendly, flexible and 

functional rechargeable energy storage systems. Organic compounds have so far not received 

much attention as potential active materials in batteries, mainly because of the success of 

inorganic materials in both research and commercial applications. However, new requirements in 

secondary batteries, in particular for portable devices, such as lightweight, flexibility 

accompanied with low production costs and environmental friendliness reach the limit of 

inorganic electrode materials. Organic carbonyl compounds represent the most promising 

materials to satisfy these needs. Herein recent efforts of the research in the field of organic 
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carbonyl materials for secondary batteries are summarized, the working principle and the 

structural design of different groups of carbonyl material is presented. Finally, the influence of 

conductive additives and binders on the cell performance is closely evaluated for each class of 

materials. 

 

1.) Introduction 

The world’s ever growing and increasing demand for energy is one of the major challenges 

of the 21st century. With regard to rising environmental issues, the requirements for efficient and 

clean power sources such as solar and wind power and, especially, the need for sustainable 

energy storage systems led to ongoing research to improve the existing battery techniques.[1] The 

battery concept relies on an inherently simple principle, consisting of two electrodes with 

different electrochemical potentials connected by an ionically conductive electrolyte, providing a 

certain cell potential depending on the chemistry on the electrodes. Thus, it is surprising that the 

progress in secondary batteries development is way slower than in other areas of electronic 

devices, in particular if the development process is compared to the process of memory capacity, 

which doubles every 18 months according to Moore’s law.[1] This leads to a bottleneck in the 

device efficiency relying on batteries performance. Besides the capacity, the cell voltage and the 

charge/discharge performance of state-of-the-art battery systems and also safety, cost, weight, 

sustainability and environmental friendliness are important properties of charge storage 

systems.[2] In particular the ever growing market for small and thin mobile devices such as 

portable electronic equipment, roll-up displays, active radio frequency identification tags and 

integrated circuit smart cards require small, thin and lightweight battery system that need to be 

even flexible in some applications.[3] This utter demand will certainly increase further in the 
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future. The fabrication of these energy storage systems reaches the limits of the lithium-ion 

battery technology, as they are based on hard electrode materials such as metal oxide 

nanoparticles or nanocoatings for cathode materials and lithium foils or nanocarbon materials for 

the anodes.[4] Organic electrode materials, in particular polymers, display an inherent advantage 

over lithium-ion batteries. Organic materials are flexible, lightweight and their redox properties 

can be straightforward tailored by adjusting the structure by organic synthesis. Nevertheless, in 

the development of battery systems over the last decades they attracted only little attention in 

particular because of the great success of inorganic electrode materials in both research as well 

as commericalization. Several promising approaches towards such battery systems have been 

investigated up to now.[5-7] In the 1980s, accompanied with the discovery of the conductivity of 

doped conjugated polymers, the first attempts on the application of these materials, such as 

poly(aniline), or poly(pyrrole) as electrode materials for batteries on the basis of the reversible 

electrochemical redox reaction, were examined.[8] However, no successful battery could be 

designed from this approach. Low redox capacities, chemical instability of the charged state and 

low self-discharge are the major drawbacks of these systems. Several other organic redox-active 

systems such as thioethers,[9-12] organodisulfides[13, 14] and stable organic radicals[15, 16] have been 

intensively studied. A further interesting class of redox-active compounds that were studied only 

sporadically in the 1970s and 1980s are organic carbonyl compounds. Since the research in new 

battery systems diverged, this compound class emerged to be beneficial and has, therefore, been 

intensively studied during the last ten years as high capacity electrode materials in secondary 

batteries. The carbonyl group represents a common organic structural moiety and displays an 

oxidative ability. Depending on the stabilizing substituents it undergoes reversible one-electron 

reductions, which can be extended to more electrons if further carbonyl groups are in direct 
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conjugation to form multivalent anions. Carbonyl-based compounds for electrical energy storage 

application require in general certain functional moieties to stabilize the negatively charged 

carbon-oxygen groups. Depending of the stabilization mechanism of the anion the state-of-the-

art materials can be categorized into three different groups. Compounds in group I employ 

vicinal carbonyls to employ stable enolates upon reduction, for example 1,2-diones. This enolate 

can further be stabilized by neighboring aromatic systems like in phenanthraquinones. Group II 

consists of compounds that are aromatic carboxylic acid derivates. The carbonyl groups are 

directly connected to an aromatic core, dispersing the negative charge by delocalization. The last 

group of compounds (Group III) comprises normally quinone substructures that can share some 

characteristics from groups I and II compounds, but their main stabilizing force is the formation 

of an additional aromatic system upon reduction. In the following, different compound classes of 

carbonyl structures and their performance as active electrode material in secondary batteries are 

discussed in detail. 
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2. Principles of organic carbonyl electrode materials 

2.1. Working principle 

The charge/discharge process of a battery requires an active electrode material that is able to 

undergo a reversible redox reaction. Thereby, the redox reaction has to be at least chemically 

reversible, even so electrochemical and also thermodynamical reversibility is preferred to ensure 

low polarization of the electrode and a high rate capability. In contrast to inorganic materials, 

whose redox-reaction relies on the valence charge of the metal, the redox-reaction of carbonyl 

compounds is based on the charge state of the carbon and oxygen atoms of the carbonyl group. 

In general, organic materials can be categorized into three different groups depending on the 

different redox reaction. N-type organics are reduced during the electrochemical reaction leading 

to negatively charged anions, whereas p-type organics are oxidized yielding positively charged 

cations. B-type organics can be both oxidized and reduced and are, therefore, both n- and p- 

types. Nearly all carbonyl compounds are n-type organics undergoing one or more electron 

reductions during the charge/discharge process forming a charged anion. The negative charge 

formed during the redox process requires to be balanced with a suitable counter cation derived 

from the electrolyte salt that will migrate back into the electrolyte upon reoxidation. The salt 

needs to be suitable for both the cathode and the anode material and is in particular depending on 

the counter electrode of the battery. Therefore, often lithium, sodium or tetrabutylammonium 

salts are utilized. The electrolyte system has to be inert towards both active electrode materials, 

should possess a low viscosity accompanied with a high ion conductivity, a high boiling point 

and a large potential window.[17, 18] Organic carbonyl containing electrodes are so far mostly 

applied as cathode. In this configuration in general lithium or sodium metal is utilized and serves 

as anode; additionally, it plays the role as substrate and current collector. Some organic carbonyl 
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compounds reveal a redox reaction at a very low potential and can, thus, be utilized as anode. In 

this case, different compounds possessing a higher redox potential such as metal alloys, organic 

compounds or oxygen can be applied as active cathode material. 

 

2.2.  Factors influencing the electrochemical performance 

The cell voltage of a battery is dependent on the redox potential of both cathode and active anode 

materials. The redox potential of the active organic carbonyl compound can be tailored by the 

introduction of electron donating or electron withdrawing groups leading to a higher or lower 

redox potential, respectively. However, the introduction of substituents that are not directly 

involved in the redox reaction decrease the theoretical capacity of the carbonyl compound. The 

capacity depends on the molar mass of the compound and the number or electrons involved in 

the redox reaction.[7] The charge/discharge cycling stability of the battery is dependent on several 

factors. The most crucial factor is the solubility of the active material in the electrolyte, leading 

to a decrease of the capacity. Furthermore, side reactions or instabilities of the formed anions 

such as dimerization also affect the cycling stability. Some organic materials undergo large 

volumetric changes during the charge/discharge process leading to structural modification within 

the electrode and capacity loss upon cycling. The material activity of the electrode is strongly 

dependent on the choice of the appropriate conductive additive. Conductive additives are 

necessary in electrodes with active organic material, because organic compounds, besides 

conductive polymers, reveal no or only a negligible intrinsic conductivity. The addition of 

carbon though a proper method, targeting the coating of the carbon additive with the active 

material, improves the electron transport within the electrode significantly and ensures a high 



 

7 

 

 

ratio of active material. As a consequence, carbon material with a high surface area and an 

excellent conductivity, such as carbon nanotubes or graphene, are preferred. 

 

3. Overview over carbonyl containing electrode materials 

Fundamental aspects and the working principle of organic carbonyls as active electrode materials 

will be discussed. The following chapter provides a detailed overview of different organic 

carbonyls applied as active electrode materials in organic batteries. A special focus lies on the 

material activity and on the charge/discharge cycling stability. For a better comparison the 

carbonyl compounds were categorized in different classes depending on their functional groups. 

 

3.1. Aromatic imides 

3.1.1. Small aromatic imide molecules 

The aromatic imide group can be electrochemically reduced in up to two one-electron redox 

reactions. The first reversible reduction leads to a radical anion stabilized on the electron 

deficient rings. The second reduction is irreversible and leads to destruction of the redox 

system.[19] Therefore, only the first redox reaction can be used for secondary energy storage 

applications (Scheme 1). The low molar mass of aromatic imides a enables a high specific 

theoretical capacity over 300 mAh/g, if two imide groups are substituted at one aromatic ring. 

Aromatic imides have been successfully applied as active material in organic secondary 

Scheme 1: Schematic representation of the redox reaction of phthalimides. 



 

8 

 

 

batteries. The first example is dilithium pyromellitic diimide 1 (Table 1), that was synthesized by 

direct lithiation of the pyromellitic diimide followed by thermal treatment to the remove 

complexed solvent molecules.[20] The charge/discharge properties of the compound revealed a 

material activity of 93%, (220 mAh/g) and a two-stage redox behavior with plateaus at 1.81 and 

1.62 V corresponding to the two one-electron redox-reaction. After 25 charge/discharge cycles at 

a charging speed of 0.05C, 84% (200 mAh/g) of the material was still active. Besides the 

application of pyromellitic diimide as active cathode material in lithium-organic batteries, also 

sodium-organic batteries were manufactured. Disodium pyromellitic diimide 2 was utilized as 

active cathode material and elemental sodium as anode.[21] The battery exhibited at the first cycle 

a two-stage charge/discharge behavior with plateaus at 1.70 and 1.30 V, accompanied with a 

specific capacity of 128 mAh/g (62% active material). Upon cycling over 100 cycles the capacity 

drops to 90 mAh/g (44% material activity).  

Also naphthalene diimides and the effect of the N-substitution on the electrochemical 

performance in lithium-organic batteries has been studied.[22] Naphthalenediimide 3 (specific 

theoretical capacity: 201 mAh/g) exhibits a broad charge/discharge plateau between 2.41 and 

2.64 V accompanied with a capacity of 140 mAh/g (70% material activity). After 

charge/discharge cycling (100 cycles, 0.5C) the capacity drops to 80 mAh/g (40%), because of 

dissolution of the active compound in the electrolyte. The introduction of methyl groups (4) at 

both nitrogen atoms prohibits tautomerism, supports the dissolution in the electrolyte and leads 

to a faster decrease of the materials activity upon cycling. Lithiation of both nitrogen atoms (5) 

leads to a lower material activity 72% (131 mAh/g), a broader charge/discharge plateau (2.65 to 

2.0 V) and to a better a cycling stability (117 mAh/g, 64% material activity, after 100 cycles, 

0.5C), because of a lower solubility in the electrolyte. An aqueous sodium ion hybrid battery 



 

9 

 

 

consisting of disodium naphthalenediimide salt (anode) and KCo0.5Cu0.5Fe(CN)6 (cathode) was 

also reported.[23] Both electrode materials are inexpensive and exhibit appropriate operating 

voltages and robust reversibility under neutral aqueous electrolyte conditions, delivering a full-

cell voltage of 1.1 V with 88% of remaining capacity after 100 cycles. 

The application of aromatic diimides as active material in metal organic batteries is accompanied 

with some challenges. In particular the solubility of small molecules in the electrolyte represents 

a major problem. This problem can be circumvented by the formation of metal salts of the 

corresponding imides, which possess a lower solubility in common electrolytes applied in 

secondary batteries, or by the utilization of aqueous electrolytes, which are introduced to certain 

limitations, such as a restricted cell voltage. Nevertheless, full cycling stability of aromatic imide 

containing organic batteries has not been accomplished so far. One approach to solve this 

problem is the incorporation of the aromatic imide moieties into a polymeric material. 
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Table 1. Comprehensive overview of imides applied as active materials in organic batteries. 
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1[20] 66/33/- 
Carbon 

SP - 

237, 
227, 
93% 

 

25, 
200, 
84%, 
0.05C 

1.81, 
1.62 

1.71, 
1.52 

DMC, 
1 M 

LiTFSI Li 

 

 

2[21] 60/30/10 
Carbon 

SP PVDF 

206, 
128, 
62% 

 

100, 
90, 

44%, 
0.025C 

1.7, 
1.3 

1.6, 
1.2 

PC, 
0.8 M 
NaPF6 Na 

 

 

3[22] 60/30/10 CB PVDF 

201, 
170, 
85% 

 

100, 
80, 

40%, 
0.5C 2.52 2.31 

DOL/ 
DME 

1/1, 1 M 
LiTFSI Li 

 

 

4[22] 60/30/10 CB PVDF 

182, 
167, 
92% 

 

40, 20, 
11%, 
0.5C 2.53 2.35 

DOL/ 
DME 

1/1, 1 M 
LiTFSI Li 

 

 

5[22] 60/30/10 CB PVDF 

192, 
131, 
68% 

 

100, 
117, 
61%, 
0.5C 2.32 2.14 

DOL/ 
DME 

1/1, 1 M 
LiTFSI Li 

CB: carbon black, PVDF: poly(vinylidenedifluoride), DMC: dimethyl carbonate, PC: propylene 
carbonate, DOL: 1,3-dioxolane, DME: 1,2-dimethoxyethane, TFSI: 
bis(trifluoromethane)sulfonamide. 

 

3.1.2. Polyimides 

Polyimides are known as an important engineering plastic with high thermal stability and 

good mechanical strength. They are synthesized by polycondensation reactions of dianhydrides 

with diamines. Aromatic polyimides are redox-active polymers, whose capacity is based on the 

reductions of (na)phthalimides to the corresponding anion radicals. Thin layers of polyimides 

undergo two reversible redox processes involving two one-electron reduction steps to yield the 

anion radical and the dianion, respectively. The first reduction is fully reversible, whereas the 
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second reduction leads to the decomposition of the redox-active structure. Therefore, only the 

first redox stage can be utilized in charge storage processes. Several different imide backbone 

polymers have been studied as active material in organic batteries.  

The first studies were carried out simultaneously by Song et al. and Nishide and co-workers. 

Nishide investigated two polyimides synthesized by polycondensation of 1,4-phenylenediamine 

with pyromellitic anhydride 6 and 4,4'-oxydiphthalic anhydride 7 (Table 2).[24] The polymers 

were investigated as composite electrode in a half cell setup. A 0.1 M solution of tetra-n-

butylammonium perchlorate in acetonitrile served as electrolyte. The half-cells displayed at the 

1st cycle a capacity of 95 mAh/g (60% active material, 0.03C) for the diimide based polymer and 

a specific capacity of 78 mAh/g (60% active material, 0.04C) for the oxo-bridged compounds. 

After 10 charge/discharge cycles the capacity dropped further to ~42% active material for both 

polymers, due to dissolution of the charged polymeric species in the electrolyte. 

The first lithium-organic batteries were reported by Song et al.. Five polyimides synthesized 

by polycondensation reactions of pyromellitic anhydride (6, 8) and 1,4,5,8-

naphthalenetetracarboxylic dianhydride (9-11) with 1,4-phenylenediamine and 1,2-ethandiamine 

were investigated.[25] The charge/discharge behavior of these polymers was studied as composite 

electrodes with 60wt% active material. All prototype batteries displayed a high material activity 

at the first charge/discharge cycle at a cell potential in the range of 2.0 to 2.5 V. After 100 cycles 

at a charging speed of 0.2C between 83% and 95% of the material was still active. Naphthalene 

diimides revealed in general, due to their better reducibility, a higher cell voltage. The charging 

speed could be significantly improved by the application of functionalized graphene sheets as 

conductive additives. Song et al. synthesized polyimide-graphene-nanocomposites by in situ 

polycondensation of 1,4,5,8-naphthalenetetracarboxylic dianhydride with ethandiamine 9 in the 
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presence of functionalized graphene sheets.[26] These composites exhibited a higher rate 

performance than comparable systems with acetylene black as conductive additive. At a charging 

speed of 10C the composite electrode revealed a stable cyclability with a specific capacity of 

135 mAh/g (73% material activity) accompanied with a large voltage gap between the charge 

(3.0 V) and the discharge plateau (2.1 V). Interestingly, the utilization of porous three-

dimensional graphene networks as conductive additive led to lower material activity.[27] This 

composite was synthesized by in situ polycondensation of pyromellitic dianhydride with 

ethandiamine 8. Thereby, the polymer was grafted into the pores. The lithium-organic battery 

exhibited a capacity of 123 mAh/g (55% material activity) at a discharge cell potential of 2.07 V. 

After 150 cycles at a speed of 0.5C the specific capacity dropped to 101 mAh/g (45% activity). 

Carbon material with even higher active surface area such as carbon nanotubes led to an even 

better electrochemical performance. Faster charging rates up to 2C could be obtained by the 

application of polyimide/carbon nanotubes nanocomposites, synthesized by in situ 

polycondensation of perlyene-3,4,9,10-tetracarboxylic dianhydride with ethandiamine 12.[28] 

These batteries revealed an initial capacity of 115 mAh/g (96% material activity), thereof a 

capacity of 85 mAh/g (71%) remained after 300 cycles. Further improvement of the 

charge/discharge speed could be accomplished with a composite electrode, manufactured by in 

situ polycondensation of pyromellitic dianhydride with ethandiamine 8 in the presence of single-

walled carbon nanotubes.[29] These high performance batteries can be charged with up to 20C 

(capacity: 158 mAh/g, 53% material activity, cell voltage: charging 2.45 V, discharging: 2.05 V). 

A higher material activity is achieved at lower charging speeds (e. g. 0.5C). At the first 

charge/discharge cycle the battery exhibited an initial capacity of 206 mAh/g (93% activity) at 
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the cell potential of 2.25 V for charging and 2.10 V for discharging. After 200 cycles the battery 

still displayed a capacity of 175 mAh/g (79% activity). 

Furthermore, polyimide 10 was applied as active material in sodium-organic battery with a good 

material activity (140 mAh/g, 76%) and cycling stability (500 cycles, 10% loss, 1C) at a cell 

potential of 2.00 V with a very fast charge-ability (up to 30C).[30] Instead of a cathode in a 

sodium battery, 10 can also act as anode when Na4Fe(CN)6/C and Na3V2(PO4)3/C are used as 

cathode material to form sodium-ion organic batteries. These batteries exhibited a high material 

activity at the first cycle (Na4Fe(CN)6: 145 mAh/g, 79% activity, 1C, charging plateau: 1.5 V, 

discharge plateau 0.98 V; Na3V2(PO4)3: 132 mAh/g, 72%, 1C, charging plateau: 1.48 V, 

discharge plateau 1.02 V), but their capacity faded upon cycling (Na4Fe(CN)6, 100th cycle: 

100 mAh/g, 50% activity, 1C; Na3V2(PO4)3: 100th cycle: 98 mAh/g, 53% activity, 1C). The 

polymer obtained from the polycondensation reaction of 1,4,5,8-naphthalenetetracarboxylic 

dianhydride with hydrazine 11 was applied as active anode material for aqueous rechargeable 

lithium-ion batteries (ARLB) and for aqueous rechargeable sodium-ion batteries (ARSB).[31] 11 

was used as composite anode and LiCoO2 or NaVPO4F as cathodes. An aqueous 5 M LiNO3 or 5 

M NaNO3 solution was applied as electrolyte. The ARLB exhibited an initial capacity of 

70 mAh/g (34% material activity) and a cell potential of 1.17 V at a charging speed of 2C. The 

capacity slowly dropped during cycling to 56 mAh/g (28% material activity) at the 200th cycle. 

However, the ARSB displayed poorer energy storage properties due to the limiting performance 

of NaVPO4F (54 mAh/g). At a charging speed of ~0.3C the ARSB revealed an initial capacity of 

40 mAh/g with a steadily decreasing capacity to 30 mAh/g over 20 cycles. 

Also perylene-polyimide-based polymers have been investigated as active electrode materials in 

sodium-organic batteries. An increase of the aromatic system led to a further stabilization of the 



 

14 

 

 

radical anion, to a lower solubility of the active material due to π-π stacking, but also to a lower 

theoretical capacity. The polymers were synthesized by polycondensation reactions of perlyene-

3,4,9,10-tetracarboxylic dianhydride with different diamines, namely, ethandiamine 12 and 

hydrazine 13.[32] Sodium-organic batteries exhibited both a good material activity (100 to 71%, 

128 to 120 mAh/g) as well as a good charge/discharge performance over 50 cycles at a charging 

speed of 0.4C. The polymer obtained from the polycondensation of perlyene-3,4,9,10-

tetracarboxylic dianhydride with ethandiamine 12 was further optimized in sodium-organic 

batteries.[33] At the first cycle the battery exhibited a capacity of 120 mAh/g corresponding to a 

complete material activity at an average cell potential of 2.05 V. The battery revealed an 

exceptional cycling stability: Even after 5,800 cycles at a charging speed of 0.8C the battery 

showed a capacity of 112 mAh/g (93% activity). Additionally, the battery displayed fast 

chargeability: It can be charged at a charging speed up to 80C remaining at stable capacity of 39 

mAh/g (25% of active material). 

The structural design of the polymer influences the electrochemical behavior. Linear 

polyimides were synthesized by polycondensation of bisfunctionalized amines with aromatic 

dianhydrides. Dense polyimide networks were obtained by polycondensation of 1,3,5-tris(4-

aminophenyl)-benzene with pyromellitic dianhydride 14, 1,4,5,8-naphthalene 

tetracarboxylicdianhydride 15 and 3,4,9,10-perylene tetracarboxylicaciddianhydride 16, 

respectively.[34] The polyimide network obtained from the polycondensation with 1,2,4,5-

benzenetetracarboxylic anhydride revealed no significant charge storage properties. By contrast, 

the network synthesized with 1,4,5,8-naphthalenetetracarboxylicdianhydride exhibited a capacity 

of 103 mAh/g (71% material activity) at the cell voltage of 2.5 V. Upon cycling over 30 cycles at 

a charging speed of 0.17C the capacity decreased to 69 mAh/g (47% material activity). The 
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polyimide network obtained from the polycondensation with 3,4,9,10-perylene 

tetracarboxylicacid dianhydride revealed the best charge/discharge stability. At the first cycle the 

lithium-organic battery showed a capacity of 78.1 mAh/g (72% material activity) at a charging 

speed of 0.23C. After 65 cycles the capacity dropped to 58 mAh/g (53% material activity).  

Polyimides represent a promising class of redox-active polymers as electrode materials in 

energy storage application. In situ polycondensation in the presence of the conductive additive 

provided the best composite materials with a high theoretical capacity and long life time due to 

the insolubility of the polymers. The capacity is mainly dependent on the size of the aromatic 

system, which influences both the stability and the theoretical capacity. The rate performance of 

the batteries is strongly dependent on the choice of the appropriate conductive additive. In 

general, carbons with a high surface area revealed the best performances. Polyimides represent 

versatile electrode materials that operate within a great range of different counter electrode types 

and electrolyte systems.   
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Table 2. Comprehensive overview of polyimides applied as active materials in organic batteries. 
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6[24] 5/85/10 VGCF PVDF 

158,  
95,  
60% 
 

10,  
65, 
41%, 
0.03C 

0.93, 
1.35 

0.65, 
1.18 

CH3CN, 
0.1 M 
TBAClO4 

Ag/ 
AgCl 

 

 

7[24] 5/85/10 VGCF PVDF 

130, 
 78,  
60% 
 

10,  
55, 
42%, 
0.04C 1.36 1.36 

CH3CN, 
0.1 M 
TBAClO4 

Ag/ 
AgCl 

  

8[25] 60/30/10 
Printex 
XE2 PTFE 

222,  
206,  
93% 
 

50,  
171, 
77%, 
0.2C 2.08 1.95 

DOL/ 
DME 2/1, 
1 M 
LiTFSI Li 

8[27] 80/20/- 
3D graphene 
network 

222,  
123,  
55% 
 

150, 
101, 
45%, 
0.5C 2.28 2.07 

DOL/ 
DME 2/1, 
1 M 
LiTFSI Li 

8[29] 80/20/- SWNT  - 

222,  
206, 
93% 
 

200, 
175, 
79%, 
0.5C 2.30 2.10 

DOL/ 
DME 2/1, 
1 M 
LiTFSI Li 

 9[25] 60/30/10 
Printex 
XE2 PTFE 

158,  
163, 
103% 
 

50, 
156, 
99%, 
0.2C 2.35 2.20 

DOL/ 
DME 2/1, 
1 M 
LiTFSI Li 

 

 

 

10[25] 60/30/10 
Printex 
XE2 PTFE 

184,  
181,  
98% 
 

50,  
173, 
94%, 
0.2C 2.33 2.15 

DOL/ 
DME 2/1, 
1 M 
LiTFSI Li 

10[31] 30/50/20 CB PVDF 

184,  
132,  
72% 
 

100, 
98, 
53%, 
10C 1.48 1.02 

EC/ DEC 
1/1, 1 M 
NaClO4 c 

10[26] 
49/11/30/ 
10 a PTFE 

184,  
135,  
73% 
 

100, 
135, 
73%,  
1C 3.00 2.10 

DOL/ 
DME 2/1, 
1 M 
LiTFSI Li 

10[30] 30/50/20 CB PVDF 

184, 
140,  
76% 
 

500, 
126, 
68%,  
1C 

2.45, 
2.00 

2.25, 
1.80 

EC/ DEC 
1/1, 1 M 
NaClO4 Na 

10[31] 30/50/20 CB PVDF 

184,  
145,  
79% 
 

100, 
100, 
54%,  
1C 1.50 0.98 

EC/ DEC 
1/1, 1 M 
NaClO4 d 

 

11[25] 60/30/10 
Printex 
XE2 PTFE 

203,  
202,  
100% 
 

50,  
183, 
90%, 
0.2C 2.47 2.31 

DOL/ 
DME 2/1, 
1 M 
LiTFSI Li 
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11[31] 60/30/10 
Printex 
XE2 PTFE 

203,  
70,  
34% 
 

200,  
56, 
28%, 2C 1.25 1.17 

H2O, 5 M 
LiNO3 e 

11[31] 60/30/10 
Printex 
XE2 PTFE 

203,  
40,  
20% 
 

20,  
30, 
15%, 
0.3C 

0.75 
to 

1.60 

1.30 
to 

0.50 
H2O, 5 M 
NaNO3 f 

 

12[32] 60/30/10 AB PVDF 

120,  
85,  
71% 
 

50,  
85, 
71%, 
0.41C 2.75 2.25 

EC/ DMC 
1/1, 1 M 
LiPF6 Li 

12[28] 75/10/10/5 b PTFE 

120,  
115,  
96% 
 

300,  
85, 
71%, 
0.41C 2.60 2.40 

EC/ DMC/ 
DEC 1/1, 
1 M LiPF6 Li 

12[33] 60/30/10 AB PVDF 

120,  
120,  
100% 
 

5800, 
112, 
93%, 
0.8C 2.20 1.90 

EC/ DMC 
1/1, 1 M 
NaPF6 Na 

 

 

13[32] 60/30/10 AB PVDF 

128, 
130,  
102% 
 

50,  
110, 
86%, 
0.4C 

3.05, 
2.30 

2.75, 
2.20 

EC/ DMC 
1/1, 1 M 
LiPF6 Li 

13[28] 60/30/10 AB PVDF 

123,  
80,  
65% 
 

50,  
140, 
114%, 
0.4C 2.60 2.35 

EC/ DMC 
1/1, 1 M 
LiPF6 Li 

 

 

14[34] 80/15/5 AB PTFE 

169,  
61,  
36% 
 

40, 
5,  
3%, 
0.15C - - 

EC/ DMC/ 
EMC 
1/1/1, 1 M 
LiPF6 Li 

 15[34] 80/15/5 AB PTFE 

146, 
103,  
71% 
 

30,  
69, 
47%, 
0.17C 2.50 2.50 

EC/ DMC/ 
EMC 
1/1/1, 1 M 
LiPF6 Li 

 

 

16[34] 80/15/5 AB PTFE 

109,  
78,  
72% 
 

65,  
58, 
53%, 
0.23C 2.50 2.50 

EC/ DMC/ 
EMC 
1/1/1, 1 M 
LiPF6 Li 

a 
functionalized graphene sheets / conductive carbon, b CNT/conductive carbon, c Na3V2(PO4)3, d Na4Fe(CN)6, 

e
 LiCoO2, 

f
 NaVPO4 

CB: carbon black, AB: acetylene black, VGCF: vapor grown carbon fibers, PVDF: 
poly(vinylidenedifluoride), PTFE: poly(tetrafluoroethylene), EC: ethylene carbonate, DMC: 
dimethyl carbonate, DEC: diethyl carbonate, EMC  ethylmethyl carbonate, DOL: 1,3-dioxolane, 
DME: 1,2-dimethoxyethane, TFSI: bis(trifluoromethane)sulfonamide. 
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3.2. Organic anhydrids  

Similar to ketons, aromatic anhydrides are able to undergo up to two electron reductions, in 

particular if they are conjugated to aromatic systems, which stabilize the reduced system by 

enolation (Scheme 2). This enables the reversible insertion of lithium ions at the oxygen atoms of 

the anhydride functionality, implying that this class of compounds can be used as active material 

in energy storage systems. The first anhydride containing material applied in organic batteries 

was 3,4,9,10-perylene-tetracarboxylicacide dianhydride (17), that revealed an initial capacity of 

135 mAh/g but a poor cycling stability (60% loss over 80 cycles) due to dissolution in the 

electrolyte.[35] The rechargeability could be improved by the application of 3,4,9,10-perylene-

tetracarboxylicacide dianhydride sulfide polymers 18, synthesized by thermal treatment of the 

anhydride with elemental sulfur. Lithium-organic batteries equipped with this polymer exhibited 

an initial capacity of 135 mAh/g (55% activity), that slightly increased over 250 

charge/discharge cycles at a speed of 0.35C to a capacity of 140 mAh/g. The batteries were 

discharged to a cell voltage of 1.4 V, therefore, only two of the four available electrons 

participated in the charge-storage. 3,4,9,10-Perylene-tetracarboxylic acid dianhydride (PTCDA, 

17) showed without modification promising a performance as a cathode for sodium-ion 

batteries:[36] A high reversible capacity of 145 mAh/g, a rate capability of 91 mAh/g at 5C, and a 

stable cycle life could be observed.. When discharged to 0.01 V, 15 sodium ions can be 

Scheme 2: Schematic representation of the redox-reaction of aromatic anhydrids using the example of 1,8-naphthalic
anhydride. 
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incorporated into a PTCDA, exhibiting an extremely high capacity of 1,017 mAh/g. The 

reversible intercalation of lithium ions into an aromatic anhydride containing system was further 

studied by Sun and co-workers.[37] Lithium-organic batteries equipped with 1,4,5,8-

naphthalenetetracarboxylic dianhydride 19 revealed the intercalation of up to 18 lithium-ions per 

molecule, leading to a theoretical capacity of ~1800 mAh/g. The intercalation takes places at five 

different potentials, correlating to the insertion of 1, 2, 4, 8 and 18 lithium ions per molecule, 

respectively. The corresponding discharge potentials are 2.34 V, 1.69 V, 1.04 V, 0.47 V and 

0.001 V. The lithium-organic battery equipped with 1,4,5,8-naphthalenetetracarboxylic as active 

material exhibited an stable capacity of ~900 mAh/g, which is maintained over 30 cycles, 

revealing that not all intercalations are reversible. 

  

Figure 1: Potential profile of the discharge experiment of 19. The corresponding discharge potentials are 2.34 V, 1.69 V, 1.04 V,
0.47 V, and 0.001 V, respectively (indicated by grey dots). All data were obtained after subtracting the corresponding 
contribution by acetylene black. Reprinted with permission from Wiley-VCH. 
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Table 3. Comprehensive overview of anhydrids applied as active materials in organic batteries. 
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17[35] 80/15/5 AB PTFE 

273, 
135, 
49% 
 

80,  
54,  
20%, 
0.36C 

 
2.5  2.3 

EC/ 
DMC 
1/1, 
1 M 
LiPF6 Li 

17[36] 70/20/10 SuperP PVDF 

137, 
145, 
106% 
 

200,  
100, 
73%, 
1.45C 

 
2.4  2.1 

EC/ 
DEC 
1/1, 
1 M 
NaPF6 Na 

 

 

18[35] 80/15/5 AB PTFE 

253, 
135, 
53% 
 

250,  
140, 
55%, 
0.35C 

 
2.5  2.3 

EC/ 
DMC 
1/1, 
1 M 
LiPF6 Li 

 

19[37] 60/35/5 AB PTFE 

1,798, 
900, 
50% 
 

30,  
900, 
50%, 
0.36C  - 

2.34, 
1.69, 
1.04, 
0.47  

EC/ 
DMC 
1/1, 
1 M 
LiPF6 Li 

AB: acetylene black, PVDF: poly(vinylidenedifluoride), PTFE: poly(tetrafluoroethylene), EC: 
ethylene carbonate, DMC: dimethyl carbonate, DEC: diethyl carbonate. 

 

 

3.3. Organic conjugated carboxylic acids 

3.3.1. Organic conjugated carboxylic acids as active material for lithium-organic 
batteries 

Organic conjugated carboxylic acids undergo a reversible two-electron redox reaction, whereby 

the resulting dianion is stabilized by a conjugated, preferably aromatic system (Scheme 3). The 

first study of conjugated dicarboxylates as active electrode material for organic batteries was 

carried out by Tarascon and co-workers.[38] Thereby, the performance of dilithium-trans-trans-

muconate (Li-muconate) (20) was investigated (Table 4). Lithium-organic batteries with 
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dilithium muconate as active cathode material exhibited a specific capacity of 205 mAh/g (59% 

material activity) at an average cell potential of 1.45 V. After 80 charge/discharge cycles at a 

charging speed of lC a capacity of 125 mAh/g (36% activity) was maintained. The effect of the 

length and the cis/trans isomerism of lithium aliphatic conjugated dicarboxylates as active 

electrode material in secondary batteries was investigated by Armand and co-workers.[39] The 

charge-storage properties of three all-trans dilithium dicarboxylates, namely, (2E,4E)-hexa-2,4-

dienedioic acid (20), (2E,4E,6E)-octa-2,4,6-trienedioic (21) and (2E,4E,6E,8E)-deca-2,4,6,8-

tetraenedioic acid (22) and three cis dilithium dicarboxylates, namely, (2Z,4Z)-hexa-2,4-

dienedioic acid, (2E,4Z,6E)-octa-2,4,6-trienedioic acid and (2E,4Z,6Z,8E)-deca-2,4,6,8-

tetraenedioic acid, were investigated. All cis-carboxylates displayed no reversible lithium 

intercalation behavior and, therefore, are inappropriate as charge storage material. In contrast, Li-

organic batteries with dilithium (2E,4E,6E)-octa-2,4,6-trienedioic dicarboxylate (21) exhibited 

an initial capacity of ~140 mAh/g (47% material activity, 0.13C) and dilithium (2E,4E,6E,8E)-

deca-2,4,6,8-tetraenedioic dicarboxylate (22) displayed an initial capacity of 117 mAh/g (45% 

active material, 0.15C). The cyclability of the compounds was not further examined in this study. 

In particular terephthalic acid represents a very interesting candidate for organic electrode 

materials, because it is a commonly used cheap compound and can additionally be produced 

either from the oxidative metabolism of p-xylene or by recycling of polyethylene terephthalate 

(PET) plastic.[38] Lithium-organic batteries based on dilithium terephthalate (23) electrodes 

displayed an extraordinary performance. At a cell potential of 0.8 V a capacity of 300 mAh/g 

Scheme 3: Schematic representation of the redox-reaction of aromatic dicarboxylates. 
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(100% active material) was observed at the first charge/discharge cycle. Upon cycling over 50 

charge/discharge cycles the battery still exhibited a capacity of 234 mAh/g (78% material 

activity). One common way to increase the stability of composite electrodes is typically the 

extension of the conjugated systems to enable π-stacking. For that reason lithium 4,4’-tolane-

dicarboxylate (24) was applied as active cathode material in Li-organic batteries.[40] The 

presence of -orbitals below and above the molecule led to an increase of the electronic coupling 

and the stacking of discrete moieties. The compound was synthesized in a two-step procedure: 

Sonogashira reaction of methyl-4-iodobenzoate with trimethylsilylacetylene, followed by 

hydrolyzation of the obtained ester and the formation of the dilithium salt. A lithium-organic 

battery manufactured with this material revealed at a cell potential of 0.65V a capacity of more 

than 400 mAh/g. 192 mAh/g thereof can be attributed to the organic material (complete material 

activity). The rest is irreversible and is derived from SEI formation. The capacity remained stable 

over 50 cycles, exhibiting 171 mAh/g (89% material activity) at a charging speed of 0.025C. The 

material showed also a fast charge performance. At a charging speed of 2.5C the battery can be 

recharged to 76% of its full capacity. Another very interesting sustainable dicarboxylate suitable 

as active electrode material in lithium-organic batteries is dilithium (2,5-dilithium-oxy)-

terephthalate (25).[41] It can be synthesized in an eco-friendly three-step synthesis starting from 

the hydroquinone,[42] that can be produced in a sustainable two step synthesis from D-glucose.  

Scheme 4: Schematic representation of the redox-reaction of dilithium (2,5-dilithium-oxy)-terephthalate (25). 



 

23 

 

 

Compound 25 revealed two one-electron oxidations (from lithiated hydroquinone to the 

corresponding benzoquinone) at 2.4 to 2.8 V vs. Li+/Li and two one-electron reductions (from 

dilithium carboxylate to the tetralithiated species) at 0.5 to 1 V vs. Li+/Li (Scheme 4). This tetra 

lithium salt connects the conjugated enolates and carboxylates at two para position of one 

benzene ring and, therefore, shifts the redox potential of the oxidation (delithiation) to more 

positive and the reduction (lithiation) process to more negative values. The performance of 

different morphologies (bulk, nanoparticles and nanosheets) of the active material as energy 

storage material were investigated. Since the charge/discharge cycles were always accompanied 

with a lithiation/delithiation process, the nanosheets revealed, due to their high surface area, the 

best material activity. Lithiation and delithiation were investigated separately applying lithium 

metal as anode. The delithiation showed an initial capacity of 223 mAh/g (93% material activity, 

0.1C) at an average cell potential 2.6 V, of which 212 mAh/g (88% activity) were maintained 

over 50 cycles. The rate capability was also investigated. At a high rate of 5C the nanosheets 

displayed a capacity of 145 mAh/g. The lithiation revealed an average cell potential of 0.9 V and 

an initial capacity of 254 mAh/g (105% material activity). Upon cycling (50 cycles) at a charging 

speed of 0.1C, a capacity of 232 mAh/g (95% material activity) could be maintained. The large 

redox-potential gap between oxidation (delithiation) and reduction (lithiation) enables the 

formation of an all-organic battery utilizing dilithium (2,5-dilithium-oxy)-terephthalate as both 

anode and cathode material. This all-organic battery showed an average cell potential of 1.7 V 

accompanied with an initial capacity of 208 mAh/g (86% material activity, 0.2C). The capacity 

faded slightly over 20 cycles to 200 mAh/g (83% material activity).  

Besides dilithium (2,5-dilithium-oxy)-terephthalate (25) also the regioisomer dilithium (2,3-

dilithium-oxy)-terephthalate (26) exhibited promising charge-storage properties, even so only the 
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delithiation process was examined in a Li-organic battery up to now.[43] Dilithium (2,3-dilithium-

oxy)-terephthalate can also be synthesized via a sustainable synthesis route starting from 

naturally available catechol. The battery exhibited a slightly higher cell potential (2.95 V and 

2.8 V for charging and 2.8 V and 2.6 V for discharging) compared to the regioisomer, 

accompanied with an initial capacity of 117 mAh/g (50% active material) remaining stable over 

30 cycles. At higher charging speed (1C) the capacity drops to 50 mAh/g (23% material 

activity).  

The influence of small heteroaromatics in dicarboxylates on the battery performance was 

investigated. Therefore, the electrochemical performance of disodium 2,5-pyridinedicarboxylate 

(27) and disodium 2,5-pyrazinedicarboxylate (28) in lithium-organic batteries were examined.[44] 

A battery consisting of disodium 2,5-pyrazinedicarboxylate as active material exhibited an initial 

capacity of 184 mAh/g (73% material activity) that remained stable over 200 cycles at a speed of 

0.1C. Surprisingly, the battery revealed three charge/discharge plateaus at 1.95 V, 1.34 V and 

1.17 V, respectively. The authors claimed, that the additional charge/discharge plateau is caused 

by the generation of an intermediate state between lithium and sodium carboxylates. The 

electrochemical performance of disodium 2,5-pyridinedicarboxylate is similar to the 

performance of disodium 2,5-pyrazinedicarboxylate. The battery exhibited an initial capacity of 

198 mAh/g (78% active material) that remained stable over 20 cycles at a charge/discharge speed 

of 0.1C. 

The performance of dicarboxylates in lithium-organic batteries is, besides several other factors 

such as solubility of the redox-active compound, strongly dependent on the fabrication of the 

composite material. Edström and co-workers investigated the influence of solid-solid mixing and 

liquid-solid mixing during the carbon coating process on the battery performance of dilithium 
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benzenediacrylate (29).[45] The capacity obtained from composite electrodes manufactured by 

solid-solid mixing of the active material and conductive additive in a ball mill an initial capacity 

of ~80 mAh/g (34% active material) at a cell potential of 1.2 V. Batteries equipped with 

electrodes fabricated by liquid-solid mixing (active material dissolved in an appropriate solvent), 

showed an initial capacity of 190 mAh/g (82% active material, charging speed 0.05C) at the 

same cell potential. Upon cycling these batteries the capacity dropped to ~170 mAh/g (73% 

activity, 20 cycles). Scanning electron microscopic images of electrodes prepared by solid-solid 

mixing revealed a non-homogeneous distribution of the active material (crystalline particles in a 

2 to 10 μm range). Additionally, a large amount of carbon additive were agglomerating. 

Composite electrodes fabricated by liquid-solid mixing consisted of some larger sized particles 

of active material mostly exceeding 20 μm, but the majority of the active material completely 

coats the conductive additive. The influence the mixing technique on the preparation of the 

composite electrodes consisting of dilithium benzenediacrylate (29) was further investigated by 

Renault et al.[45, 46] The examined composite electrodes of the active material were produced by 

freeze-drying. The best results were obtained by freeze-drying of the active material from a 

6 wt% aqueous solution, followed by solid-solid mixing with conductive additive. The batteries 

manufactured from these composites exhibited an initial capacity of 190 mAh/g (82% active 

material) accompanied with a capacity fade during 20 cycles (135 mAh/g, 58% active material, 

0.05C). These results were compared with composites obtained by liquid-solid mixing followed 

by freeze-drying, resulting in electrode materials with a high surface area, limited aggregation 

and homogenous carbon repartition. However, these electrodes revealed a poor electrochemical 

performance. (Initial capacity of ~200 mAh/g (86% active material, 0.05C), capacity drop during 

the first 20 charge/discharge cycles to 25 mAh/g (11% active material)). The authors suggested 
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that the high homogeneity of the composite causes the capacity loss. These results are in 

discordance to the findings of Edström and co-workers,[45] who promoted liquid-solid mixing as 

the preparation method of choice. The performance of composite electrode prepared by solid-

solid mixing is also dependent on the distance between the single active material molecules. 

Ogihara and co-workers investigated the influence of the distance of the layers of the active 

molecules. Thereby, the authors examined the cycling performance of dilithium-2,5-naphthalene 

dicarboxylate (30), that was annealed at different temperature before.[47, 48] Another approach to 

enhance the conductivity of the active material is the coating of the active material with carbon. 

This attempt was carried out by Zhang et al., who deposited N-doped carbon on dilithium 

naphthalene dicarboxylate.[47] Both approaches led to results far from being satisfactory. 

The structural stability of the dicarboxylates can be enhanced by an increase of the aromatic 

system but is accompanied with a lower theoretical capacity. The performance of dilithium-2,5-

naphthalene dicarboxylate nanoparticels (30) obtained by freeze-drying as active material in Li-

ion batteries was investigated by Fédèle et al..[48] At a charging speed of 1C the material exhibits 

an initial capacity of 200 mAh/g (85% activity) at a cell potential of 0.85 V accompanied with a 

capacity fade to 150 mAh/g (64% material activity) over 50 cycles. At lower 

charging/discharging speed of 0.025C the capacity dropped significantly to 20 mAh/g (9% 

activity) over 50 cycles indicating dissolution of the active material into the electrolyte. 

A 3.9 V organic lithium ion battery could be fabricated applying dilithium 2,6-naphthalene 

dicarboxylate (31) as anode and LiNi0,5Mn1,5O4 as cathode in an laminated-type cell.[49] Initially 

the performance of 31 was investigated as cathode material with elemental lithium as anode. 

This battery revealed an initial capacity of 210 mAh/g with a stable capacity over 10 cycles at 

0.2C. The organic lithium ion battery with LiNi0,5Mn1,5O4 as cathode exhibited an initial capacity 
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of 218 mAh/g, which remained stable over 100 cycles at a speed of 0.2C. Furthermore an 8 V 

battery was manufactured in a stacked cell using a polymer gel electrolyte an aluminum foil as 

current collector for both anode and cathode. 

Zhao et al. enhanced the cycling performance of organic carboxylates by the use perylene cores. 

Tetralithium perylenetetracarboxylate (32) was applied as active material and exhibited an initial 

capacity of ~200 mAh/g (84% material activity, 0.1C) remaining stable over 120 cycles.[50] The 

composite electrodes revealed a moderate high rate performance. At a speed of 1.7C a capacity 

of ~100 mAh/g could be maintained. In another report Fédèle et al. studied the same compound 

as active material obtaining similar results.[51] 

3.6.2 Organic conjugated carboxylic acids as active material for sodium-organic batteries 

Organic dicarboxylates were also applied as active cathode material in sodium-organic 

batteries. The first pioneering studies were performed by the application of terephthalic acid and 

their derivates as active materials.[52-54] A battery with disodium terephthalate (33) as active 

material exhibited 275 mAh/g (108% active material) at the first cycle at a charge/discharge 

speed of 0.036C. After 50 cycles the capacity dropped to 203 mAh/g (80% material activity).[54] 

Park et al. investigated the rate performance of disodium terephthalate and charged an optimized 

composite electrode at a rate of 10C with a capacity of 100 Ah/g (39% active material).[54] Mono 

sodium terephthalic acid (34) illustrated similar results.[53] A capacity of 273 mAh/g (93% 

material activity) was obtained with an average charge/discharge plateau at 0.45 V. At a 

charge/discharge speed of 0.038C a small capacity fade could be observed over 50 cycles 

(244 mAh/g, 86%). For comparison also terephthalic acid (35) was utilized as active material.[53] 

No variation was observed in the voltage plateau position compared to disodium terephthalate 

and monosodium terephthalic acid. The capacity at the first cycle was 204 mAh/g, (63% active 
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material), slightly fading upon cycling (172 mAh/g, 53% active material, 0.031C). The 

application of 1,2,4,5-tetrasodium terephthalate (36) led to an increase of the cell potential to 

0.8 V for charging and 0.5 V for discharging at a speed of 0.063C.[53] The battery showed a 

capacity of 152 mAh/g (49% active material), revealing that only two of the four carboxylate 

groups participate in the sodium intercalation process. After 20 charge/discharge cycles the 

discharge capacity dropped to 131 mAh/g. The introduction of another aromatic ring led to a 

broadening of the charge/discharge plateau. Tetrasodium 1,4,5,8-naphthalenetetracarboxylate 

(36) as active material revealed two voltage plateaus at 0.25 V and 0.6 V for charging and 0.42 V 

and 0.05 V for discharging at a capacity of 171 mAh/g (63% material activity, 1st cycle, 

0.073C).[53] After 30 charge/discharge cycles the capacity dropped to 150 mAh/g (55% active 

material). 

Moreover, disodium terephthtalate (33) and mono sodium terepthhalic acid (34) were applied 

as active anode material in a sodium ion organic battery, where Na0.75Mn0.7Ni0.23O2 served as 

cathode material.[53] Na0.75Mn0.7Ni0.23O2 delivered an initial discharge capacity of 101 mAh/g at 

3.9 V vs. elemental sodium. After 50 cycles, some capacity fade (91 mA/g) and small voltage 

drop were observed. A battery fabricated with Na0.75Mn0.7Ni0.23O2 as cathode and disodium 

terephthtalate as anode displayed an initial capacity of 257 mAh/g (100% active material) at a 

two-stage cell voltage at 3.8 and 3.4 V. The capacity fades to 238 mAh/g (93% active material) 

after 50 cycles at a speed of 0.08C. Furthermore, the battery revealed a better performance than 

the ones of either the positive half-cell Na0.75Mn0.7Ni0.23O2/sodium or the negative half-cell 

disodium terephthtalate/sodium. The Na0.75Mn0.7Ni0.23O2/monosodium terephthhalic acid (34) 

battery exhibits even better performance accompanied with a one-stage cell voltage plateau at 

3.7 V for charging and 3.5 V for discharging. At a charging speed of 0.14C the battery showed 
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an initial capacity of 280 mAh/g (98% active material). After 50 charge/discharge cycles the 

battery maintained still 268 mAh/g (94% active material). 

Hong and co-workers investigated the influence of different substituents (bromo, amino and 

nitro) on the phenyl ring of disodium terephthalate in sodium-organic batteries.[54] The 

electronegative bromo substituent withdraws the electron density causing a slightly higher redox 

potential. Disodium bromoterephthalate (38) applied in a sodium-organic battery exhibited a 

one-stage charge/discharge plateau at 0.65 V for charging and 0.45 V for discharging 

accompanied with an initial capacity of ~300 mAh/g. Cycling stability of this compound was 

examined only over 5 cycles (5th cycle: 290 mAh/g, 0.16C). The amino substituent resulted in 

both an inductive and a dominant resonance effect, leading to a lower redox potential. The 

battery with disodium aminoterephthalate (39) revealed a cell voltage at 0.45 V for charging and 

0.25 V for discharging at an initial capacity of ~200 mAh/g (84% active material) accompanied 

with a minimal capacity decrease over 5 cycles (195 mAh/g, 0.13C). The nitro group is able to 

insert two sodium ions at a potential of 1.3 V, resulting in a higher capacity. However, this 

process is irreversible and, therefore, disodium nitro terephthalate (40) is not suitable for energy 

storage applications. 

The disodium salt of benzenediacrylate (41) was also investigated as active material in 

sodium-organic batteries.[55] Although the application of dilithium benzenediacrylate displayed 

excellent cycling properties in lithium-organic batteries, the energy storage performance of the 

disodium salt is rather poor. The battery exhibited an average cell potential of 0.6 V with an 

initial capacity of 125 mAh/g (61% active material), that faded during 40 cycles (0.25C) to 

~75 mAh/g (37% activity). At lower charging speeds (0.025C) the capacity was reduced even 

stronger (40 mAh/g, 25% activity, 40 cycles), indicating dissolution of the active species into the 
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electrolyte. Besides the application of the tetralithium salt of 2,5-dihydroxyterephthalic acid (25, 

Scheme 4) as both cathode and anode active material in an all organic battery, also the utilization 

of the analogous sodium salt (42) was investigated by Chen and co-workers.[56] The material 

undergoes two one-electron oxidations (hydroquinone/benzoquinone redox-couple) and two one-

electron reductions (carboxylate/hexasodium salt) and can, therefore, be applied as both anode 

and cathode material. Both redox pairs were first investigated in cells applying elemental sodium 

as corresponding anode material. A battery investigating the quinoide redox-pair exhibited an 

initial capacity of 183 mAh/g at an average cell potential of 2.4 V. The capacity slightly 

decreased upon cycling (165 mAh/g, 88% active material, 0.1C). Furthermore, the electrode 

exhibits a high rate capability up to 5C maintaining a capacity of 75 mAh/g. The carboxylate 

redox pair exhibited an average cell potential at 0.4 V accompanied with an initial capacity of 

186 mAh/g (99% active material) that was stable over 100 cycles at a charging speed of 0.5C. 

The battery can be charged/discharged with 5C maintaining a capacity of 117 mAh/g (62 active 

material). The all organic sodium ion battery manufactured with the tetra sodium salt of 2,5-

dihydroxyterephthalic acid as both anode and cathode material displayed an initial capacity of 

~200 mAh/g (complete material activity) at an average cell potential of ~2 V. After 100 

charge/discharge cycles at a speed of 0.1C, 143 mAh/g (76% material activity) was still found to 

be accessible. Higher charging speeds led to an observable polarization. Nevertheless the all-

organic battery could be charged/discharged with 5C, maintaining ~80 mAh/g.  

Sodium carboxylates with larger aromatic cores should lead to a higher cycling stability but 

also to a lower capacity. An example is tetrasodium perylenetetracarboxylate (43), which was 

applied as active material in sodium batteries. The composite electrode exhibited an initial 

capacity of ~100 mAh/g, corresponding to 48% material activity, that remained stable over 100 
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charge/discharge cycles.[50] Only two of the four available carboxylates are able to intercalate 

sodium, leading to a low initial capacity. 

Conjugated carboxylates represent a very promising class of active material. In particular 

terephthalic acid and their derivates that are common low-cost chemicals enable straightforward 

accessible electrode materials. Their redox-potential is very low leading to a poor energy vs. 

lithium and especially sodium, but thereby enable the application as anode active material. 

However, the high rate performance of these batteries requires an intense optimization of the 

electrodes and the usage of advanced carbon materials as conductive additive. 
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Table 4. Comprehensive overview of dicarboxylates applied as active materials in organic batteries. 
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20[38] 70/30/- CB  - 

348, 
205, 
59% 
 

80, 
125, 
36%, 
0.05C 1.53 1.40 

EC/ 
DMC 
1/1, 1 M 
LiPF6 Li 

  

21[38, 

39] 70/30/- CB  - 

298, 
140, 
47% 
  - 1.52 1.45 

EC/DMC 
1/1, 1 M 
LiPF6 Li 

 

22[39] 70/30/- CB  - 

260, 
117, 
45% 
  - 1.52 1.45 

EC/ 
DMC 
1/1, 1 M 
LiPF6 Li 

 

23[38] 70/30/- CB  - 

301, 
300, 
100% 
 

50, 
234, 
78%, 
0.05C 1.05 0.85 

EC/ 
DMC 
1/1, 1 M 
LiPF6 Li 

  

24[40] 50/50 CB  - 

192, 
192, 
100 
% 

50, 
171, 
89%, 
0.025C 0.7 0.6 

EC/ 
DMC 
1/1, 1 M 
LiPF6 Li 

 

 

25[41] 65/30/5 CB PVDF 

241, 
223, 
93% 
 

50, 
212, 
88%, 
0.1C 2.7 2.5 

EC/ 
DMC 
1/1, 1 M 
LiPF6 Li 

25[41] 65/30/5 CB PVDF 

241, 
254, 
105% 
 

50, 
232, 
96%, 
0.1C 1.0 0.8 

EC/ 
DMC 
1/1, 1 M 
LiPF6 Li 

25[41] 65/30/5 CB PVDF 

244, 
208, 
86% 
 

20, 
200, 
83%, 
0.2C 1.8 1.6 

EC/ 
DMC 
1/1, 1 M 
LiPF6 all-organic 

 

 

26[43] 65/30/5 CB PVDF 

241, 
208, 
86% 
 

20, 
200, 
83%, 
0.2C 1.8 1.6 

EC/ 
DMC 
1/1, 1 M 
LiPF6 Li 

 27[44] 60/30/10 AB PVDF 

254, 
198, 
78% 
 

20, 
201, 
79%, 
0.1C 

1.5, 
1.0 

1.4, 
0.9 

EC/ 
DMC 
1/1, 1 M 
LiPF6 Li 

 

 

28[44] 60/30/10 AB PVDF 

253, 
184, 
73% 
 

200, 
180, 
71%, 
0.1C 

1.4, 
0.8 1.2 

EC/ 
DMC 
1/1, 1 M 
LiPF6 Li 
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29[45, 

46] 66/33/- 
Carbon 
SP  - 

232, 
190, 
82% 
 

20, 
170, 
73%, 
0.05C 1.22 1.18 

DMC, 
1 M 
LiTFSI Li 

 

 

30[47] 66/33/- CB  - 

235, 
150, 
64% 
 

50, 
91, 
39%, 
0.05C 1.0 0.8 

EC/ 
DMC 
1/1, 1 M 
LiPF6 Li 

30[48] 60/40/- 
Super 
P  - 

235, 
200,  
85% 
 

50, 
150, 
64%, 
0.25C  0.8 0.7 

EC/ 
DMC 
1/1, 1 M 
LiPF6 Li 

 31[49] 
67/11/11/
10 

CB/ 
VCGF PVDF 

235,  
218,  
92%  
 

100, 
209, 
89%,  
0.2C 3.9 3.8 

EC/ 
DMC/ 
EMC 
3/4/3, 
1 M 
LiPF6 

LiNi0.5 

Mn1.5O4 

 31[49] 
67/11/11/
10 

CB/ 
VCGF PVDF 

235, 
210,  
90% 
 

10,  
215, 
91%, 
0.2C 0.9 0.8 

EC/ 
DMC/ 
EMC 
3/4/3, 
1 M 
LiPF6 Li 

 

 

32[50] 70/20/10 
AB/ 
CB 1/1 PTFE 

237, 
200, 
84% 
 

120, 
200, 
84%, 
0.1C 1.2 1 

EC/ 
DMC/ 
DEC 
1/1/1, 
1 M 
LiPF6 Li 

  

33[53] 60/30/10 
Super 
P 

sodium 
align-
ate 
binder 

255, 
275, 
108% 
 

50, 
203, 
80%, 
0.036C 0.5 0.3 

EC/ 
EMC 3/7, 
1 M 
NaPF6 Na 

33 50/35/15 
Super 
P CMC 

255, 
100, 
39% 
  - 0.5 0.3 

EC/ DEC 
1/1, 
0.8 M 
NaClO4 Na 

33[53] 60/30/10 
Super 
P 

sodium 
align-
ate 
binder 

255, 
257,  
101% 
 

50, 
238, 
93%, 
0.08C 

3.8, 
3.4 

3.8, 
3.4 

EC/ 
EMC 3/7, 
1 M 
NaPF6 

Na0.75Mn0.7 
Ni0.23O2 

 

 

34[53] 60/30/10 
Super 
P 

sodium 
align-
ate 
binder 

285, 
273, 
96% 
 

50, 
244, 
86%, 
0.035C 0.5 0.3 

EC/ 
EMC 3/7, 
1 M 
NaPF6 Na 

34[53] 60/30/10 
Super 
P 

sodium 
align-
ate 
binder 

285, 
280, 
98% 
 

50, 
268, 
94%, 
0.14C 3.7 3.5 

EC/ 
EMC 3/7, 
1 M 
NaPF6 

Na0.75Mn0.7 
Ni0.23O2 

 

 

35[53] 60/30/10 
Super 
P 

sodium 
align-
ate 
binder 

322, 
204, 
63% 
 

50, 
172, 
53%, 
0.038C 0.5 0.3 

EC/ 
EMC 3/7, 
1 M 
NaPF6 Na 

 

36[53] 60/30/10 
Super 
P 

sodium 
align-
ate 
binder 

313, 
152, 
49% 
 

20, 
131, 
42%, 
0.063C 0.5 0.8 

EC/ 
EMC 3/7, 
1 M 
NaPF6 Na 
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37[53] 60/30/10 
Super 
P 

sodium 
align-
ate 
binder 

273, 
171, 
63% 
 

30, 
150, 
55%, 
0.073C 

0.25, 
0.6 

0.42, 
0.05 

EC/ 
EMC 3/7, 
1 M 
NaPF6 Na 

 

 

38[54] 50/35/15 
Super 
P CMC 

185, 
300, 
162 
% 

5,  
290, 
157%, 
0.16C 0.65 0.45 

EC/ DEC 
1/1, 
0.8 M 
NaClO4 Na 

 

 

39[54] 50/35/15 
Super 
P CMC 

238, 
200, 84 
% 

5,  
195, 
82%, 
0.13C 0.45 0.25 

EC/ DEC 
1/1, 
0.8 M 
NaClO4 Na 

 

 

40[54] 50/35/15 
Super 
P CMC 

210,  
0,  
0% 
  - 0.7 0.3 

EC/ DEC 
1/1, 
0.8 M 
NaClO4 Na 

 

41[55] 60/33/7 
Carbon 
SP CMC 

205, 
125, 
61% 
 

40, 
75, 
37%, 
0.25C 0.75 0.55 

EC/ DEC 
1/1, 1 M 
NaTFSI Na 

  

42[56] 65/30/5 
Super 
P PDVF 

187, 
183, 
98% 
 

100, 
165, 
88%, 
0.1C 

2.8, 
2.5 

2.5, 
2.2 

EC/ 
DMC 
1/1, 1 M 
NaClO4 Na 

42[56] 65/30/5 
Super 
P PVDF 

187, 
200, 
107% 
 

100, 
143, 
76%, 
0.1C 0.5 0.3 

EC/ 
DMC 
1/1, 1 M 
NaClO4 Na 

42[56] 65/30/5 
Super 
P PVDF 

187, 
187, 
100% 
 

100, 
143, 
76%, 
0.1C 2.0 2.0 

EC/ 
DMC 
1/1, 1 M 
NaClO4 all-organic 

 

 

43[50] 70/20/10 
AB/ 
CB 1/1 PTFE 

207, 
100, 
48% 
 

100, 
100, 
48%, 
0.12C 0.6 0.4 

EC/ 
EMC 1/1, 
1 M 
NaPF6 Na 

CB: carbon black, AB: acetylene black, PVDF: poly(vinylidenedifluoride), PTFE: 
poly(tetrafluoroethylene), CMC: carboxymethylcellulose, EC: ethylene carbonate, DMC: 
dimethyl carbonate, DEC: diethyl carbonate, EMC: ethylmethyl carbonate, TFSI: 
bis(trifluoromethane)sulfonimide 
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3.6.3 Organic stable radicals based on carbonyls  

Recently, organic radical batteries using nitroxide radical polymers as cathode active 

materials have realized output voltages up to 3.6 V with a high cycling performance, 

demonstrating the great potential of stable organic radicals for application as active 

electrode materials. These compounds have been extensive reviewed elsewhere.[2, 5, 7, 15] 

The charge-storage mechanism is based on a reversible one-electron redox reaction per 

repeating unit. A different approach was investigated by Morita and co-workers, who 

investigated the application of stable open shell radicals, namely the 6-oxophenalenoxyl 

neutral radical and the trioxotriangulene radical as active materials in lithium-organic 

batteries. 6-Oxophenalenoxyl (44) has a two-stage redox ability (Scheme 5). The first 

charge process of the organic lithium battery showed two charge plateaus at 3.0 and 3.6 V 

and two discharge plateaus at 3.5 and 2.7 V, accompanied with an initial capacity of 

Scheme 5: a) Schematic representation of the redox-reaction of the 6-oxophenalenoxyl radical. b) Schematic
representation of the redox-reaction of trioxoriangulenes. 
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152 mAh/g (103% material activity). This electrode revealed, due to dissolution of 44, a 

limited cycling stability. After 100 charge/discharge cycles at a speed of 1C only a capacity 

of 33 mAh/g (22% active material) could be maintained. To further increase the number of 

redox states trioxotriangulene derivates were investigated. A tri-tert-butylated and a 

tribromianted derivated were designed to further increase the stability of the radical. Tri-

tert-butyltrioxotriganulene radical (45) exhibited a four-stage redox behavior and formed 

one dimensional columnar structures stabilized by strong π-π stacking.[57] Lithium-organic 

batteries equipped with this radical displayed a complex charge/discharge behavior with 

cell potential at 3.4 V, 2.6 V and 1.3 V for charging and 3.1 V and 1.3 V for discharging. 

Furthermore, the battery showed an initial capacity of 152 mAh/g (77% active material), 

which dropped upon charge/discharge cycling (100 cycles) with 0.3C to 73 mAh/g (33% 

active material). The tribromotrioxotriangulene radical (46) forms intercolumnar networks 

through bromine, oxygen and hydrogen atoms, and, therefore, revealed a higher stability 

against dissolution in the electrolyte. Lithium-organic batteries with 

tribromotrioxotriangulene as cathode active material exhibited an initial capacity of 

208 mAh/g (complete material activity), that slightly faded during 100 charge/discharge 

cycles at a charging speed of 1C (177 mAh/g, 85% material activity). The drawback of this 

material is, besides the multi-step synthesis, that the battery does not reveal distinct 

charge/discharge plateaus. 
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Table 5. Comprehensive overview of organic radicals based on carbonyls applied as active materials in organic batteries. 
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44[57] 10/80/10 VGCF PTFE 

148, 
152, 
103% 

100, 
33, 
22%, 
1C 

 
3.0, 
3.6 

3.5, 
2.7 

EC/ 
DEC 
3/7, 1 M 
LiPF6 Li 

 

 

45[57] 10/80/10 VGCF PTFE 

219, 
169, 
77% 

100, 
73, 
33%, 
0.3C 

 
3.4, 
2.6, 
1.3 

3.1, 
1.3 

EC/ 
DEC 
3/7, 1 M 
LiPF6 Li 

 

 

46[57] 10/80/10 VGCF PTFE 

192, 
208, 
108% 

100, 
177, 
92%, 
0.3C 

 
3.4, 
2.6, 
1.3 

3.1, 
1.3 

EC/ 
DEC 
3/7, 1 M 
LiPF6 Li 

VGCF: vapor grown carbon fibers, PTFE: poly(tetrafluoroethylene), EC: ethylene carbonate, 
DEC: diethyl carbonate. 

 

3.6.4 Organic ketons 

The chemical reduction of ketons to the corresponding alcohols and their reoxidation is widely 

known. This two-electron redox reaction can in principle be used for charge storage applications, 

but several structural circumstances must be given to stabilize the resulting radical anion, or 

dianion, respectively (Scheme 6). 
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 One example are 2,3,5,6-tetraketopiperazines. Their dianion is stabilized by the formed 

enolates over the whole heterocarbon cycle and further stabilization can be achieved by the 

introduction of appropriate substituents. Geng et al. studied the influence of N-substitution of the 

tetraketopiperazine unit and their performance as active material in organic batteries.[58] Three 

different derivates, namely N,N’-diphenyl-2,3,5,6-tetraketopiperazine (47), N,N’-di-n-propyl-

2,3,5,6-tetraketopiperazine (48) and N,N’-diallyl-2,3,5,6-tetraketopiperazine (49) were studied. 

N,N’-Diphenyl-2,3,5,6-tetraketopiperazine represent a very interesting candidate. The additional 

phenyl groups further stabilized the dianion, but decreased also the theoretical capacity. Lithium-

organic batteries equipped with these small molecules revealed an acceptable initial capacity for 

all three compounds (47: 120 mAh/g, 66% activity; 48: 160 mAh/g, 68% activity and 49: 

150 mAh/g, 63% activity, resp.) at an average cell voltage of 2.5 V. However, upon 20 

charge/discharge cycles the capacity faded significantly, due to dissolution of the small 

molecules into the electrolyte. To overcome this problem N,N’-diallyl-2,3,5,6-

tetraketopiperazine was polymerized, applying the acyclic diene metathesis (ADMET) 

polymerization method, (utilizing Hoveyda–Grubbs 2nd generation catalyst), yielding a mixture 

of oligomers 50. These oligomers exhibited a better electrochemical performance in lithium-

organic batteries, exhibiting an initial capacity of 160 mAh/g (63% material activity) 

accompanied with an acceptable cycling stability (10th cycle: 100 mAh/g, 39% active material) at 

a charge/discharge speed of 0.25C. 

Scheme 6: Schematic representation of the redox-reaction of 2,3,5,6-tetraketopiperazines. 
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Indigo is widely known as a blue dye and can be obtained from several plants. It can be 

chemically reduced to form leuco-indigo in a two-electron reduction, which has potential as 

active material in an organic battery (Scheme 7). Yao et al. investigated the energy storage 

performance of indigo carmine (5,5’-indigodisulfonic acid sodium salt) (51) as positive active 

electrode material in a lithium-organic battery.[59] A lithium indigo carmine battery exhibited an 

initial capacity of 92 mAh/g (80% activity) at an average cell potential of 2.2 V and a good 

cycling stability with 2% loss (90 mAh/g) over 100 charge/discharge cycles at a speed of 0.16C. 

Indigo carmine was also successfully applied as active material in a sodium-organic battery.[60] 

This battery exhibited an average cell potential of 1.8 V accompanied with an initial capacity of 

110 mAh/g (96% material activity) at a charging speed of 0.16C and a good cycling stability 

(100th cycle: 90 mAh/g, 78% material activity). 

Small ethoxycarbonyl molecules have been successfully applied as active material in organic 

batteries since 2009.[61] An interesting candidate is lithium 2,6-bis(ethoxycarbonyl)-3,7-dioxo-

3,7-dihydro-s-indacene-1,5-bis(olate) (52), synthesized from pyromellitic anhydride in two 

straightforward steps revealing a theoretical specific capacity of 145 mAh/g. Composite 

electrodes of 52 and elemental lithium as counter electrode revealed two charge/discharge 

plateaus at 1.96 and 1.67 V with a material activity of 90% at the 1st cycle at a charging speed of 

0.05C. (The capacity remained relatively stable (8% loss after 50 cycles)). In addition this 

Scheme 7: Schematic representation of the redox-reaction of indigo carmine. 



 

40 

 

 

material was recently studied theoretically by the dispersion-corrected density functional theory 

method by Sun and co-workers.[62] 

The production of organic electrode materials from renewable resources such as plants represents 

an important aspect with regards to upcoming shortage of resources and in a view of sustainable 

economy. In particular molecules with carbonyl groups in conjugation with aromatic systems 

may be efficient organic electrode materials. Ellagic acid 53, naturally occurring in several plants 

and fruits such as pomegranate husk, exhibits a six-electron redox reaction accompanied with a 

high theoretical capacity of 530 mAh/g (Scheme 8, Table 3).[63] However, the electrochemical 

behavior of the redox-reaction is not electrochemically reversible, resulting in a large gap 

between charge and discharge plateau. The lithium-organic battery displayed an initial capacity 

of 450 mAh/g accompanied with a cell voltage of 1.2 V for discharging and 2.5 V for charging 

with a good rechargability, maintaining a capacity of 320 mAh/g after 30 cycles (0.1C). The 

capacity dropped significantly at faster charging speeds (200 mAh/g, 0.4C). 

Coronic acid disodium salt 54 consists of a cyclopentene backbone with three carbonyl groups. 

Two of these carbonyl groups are connected by a conjugated chemical bond and undergo 

reversible reductions, leading to a theoretical capacity of 288 mAh/g (Scheme 9). The influence 

of different crystals types of coronic acid disodium salts on the performance as active electrode 

material was investigated.[64] Nanowires with a mean diameter of 150 nm, prepared by anti-

Scheme 8: Schematic representation of the redox-reaction of ellagic acid. 
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solvent crystallization, revealed the best properties. This lithium-organic battery showed an 

initial capacity of 150 mAh/g (52% active material) accompanied with sloppy charge/discharge 

plateaus at ~2.0 V for charging and ~1.4 V for discharging. The battery yielded stable cycling 

properties at a charging speed of 0.2C with a slight increase in capacity upon cycling 

(170 mAh/g, 59% active material), possibly due to structural changes in the nanowires, whereby 

the accessibility of redox sites for lithium ions increases. Furthermore, the battery exhibited a 

high rate performance, (capacity of ~110 mAh/g (38% material activity) at a speed of 6C). 

Moreover, coronic acid disodium salt was successfully applied as active material in sodium-

organic batteries, and the influence on the particle size (micro-sized, sub-micro-sized and 

graphene oxide wrapped sub micro-sized particles) on the electrochemical performance was 

studied.[65] Sodium ion batteries equipped with graphene oxide wrapped sub micrometer sized 

particles showed the best electrochemical performance (initial capacity of ~300 mAh/g (100% 

material activity) accompanied with a two-staged charge/discharge behavior at 1.65 and 1.2 V). 

The charge/discharge stability was examined over 100 cycles showing a drop to ~120 mAh/g. 

  

Scheme 9: Schematic representation of the redox-reaction of coronic acid disodium salt 54. 
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Table 6. Comprehensive overview of ketons applied as active materials in organic batteries. 
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47[58] 60/30/- KB  - 

182, 
120, 
66% 
 

20, 
25, 
14%, 
0.05C  2.4  2.3 

EC/DMC 
1/1, 1 M 
LiPF6 Li 

 

 

48[58] 60/30/- KB  - 

237, 
160, 
68% 
 

20, 2, 
1%, 
0.05C  2.5  2.4 

EC/ 
DMC 
1/1, 1 M 
LiPF6 Li 

 

 

49[58] 60/30/- KB  - 

240, 
150, 
63% 
 

20, 
20, 
8%, 
0.05C  2.5  2.4 

EC/ 
DMC 
1/1, 1 M 
LiPF6 Li 

 

 

50[58] 60/30/- KB  - 

255, 
160, 
63% 
 

10, 
100, 
39%, 
0.25C  2.5  2.4 

EC/ 
DMC 
1/1, 1 M 
LiPF6 Li 

 

 

 

51[59] 40/50/10 AB PTFE 

115, 
92, 
80% 
 

100, 
90, 
78%, 
0.16C  2.2  2.2 

EC/ 
DMC 
1/1, 1 M 
LiPF6 Li 

51[60] 40/50/10 AB PTFE 

115, 
110, 
96% 
 

100, 
90, 
78%, 
0.16C  1.8  1.8 

BC, 1 M 
NaTFSI Na 

 

 

52[61] 60/40/- CB  - 

145, 
120, 
83% 
 

50, 
110, 
76%, 
0.05C 

 
1.96, 
1.67 

1.82, 
1.52 

EC/DMC 
1/1, 1 M 
LiPF6 Li 

 

 

53[63] 50/40/10 AB PVDF 

731, 
450, 
62% 
 

30, 
320, 
44%, 
0.1C  2.5  1.2 

EC/ 
DMC 
1/1, 1 M 
LiPF6 Li 

 

 

54[64] 70/20/10 CB PVDF 

288, 
150, 
52% 
 

120, 
17, 
59%, 
0.2C  2.0  1.4 

EC/DEC 
1/1, 1 M 
LiPF6 Li 

54[65] 45/45/10 CB PVDF 

288, 
300, 
104% 
 

100, 
120, 
42%, 
0.07C 

 
1.65, 
1.2 

 
1.65, 
1.2 

EC/ 
DMC 
1/1, 1 M 
NaClO4 Na 

CB: carbon black, KB: Ketjen black, AB: acetylene black, PVDF: poly(vinylidenedifluoride), 
PTFE: poly(tetrafluoroethylene), EC: ethylene carbonate, DMC: dimethyl carbonate, DEC: 
diethyl carbonate, BC: butylene carbonate, TFSI: bis(trifluoromethane)sulfonamide. 
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3.6.5 Quinones 

The very first attempt to use a quinoide structure as active material in a primary battery was 

performed by Williams et al., who utilized dichloroisocynauric acid as active material in a Li-

organic battery.[66] The first secondary battery based on quinones was reported by Alt et al. who 

studied the application of chloranil in both aqueous acid and organic electrolyte. The battery 

could be charged/discharged over 50 cycles (~95% material activity, 0.5C) with a negligible 

capacity loss, utilizing 5 M sulfuric acid as electrolyte and a graphite rod as counter electrode.[67] 

A lithium-organic battery manufactured from the same material revealed poor cycling stability 

due to the solubility of the active material in the electrolyte. In the late 1980s 

nonylbenzohexaquinone (55) was proposed as active material because of its poor solubility in 

organic solvents and its high theoretical capacity of 489 mAh/g (if all 12 electrons are involved 

in the charge storage process).[68, 69] In the lithium-organic battery device a cell voltage of 3.0 V 

and a capacity of 125 mAh/g (26%) of could be reached, which faded to 24% active material 

(115 mAh/g) after 500 charge/discharge cycles at a charging speed of 0.5C.  

Besides nonylbenzohexaquinone also 9,10-phenanthrenequinone (56) was studied as active 

material for lithium batteries in the late 1980s.[70] Composite electrodes revealed a capacity of 

~200 mAh/g (78% active materials, 0.77C). The cycling stability was investigated over five 

cycles without capacity loss, however the cell voltages of the first and the fifth cycle differs 

strongly, indicating a chemical transformation of the active material during the charge/discharge 

process.  

5,7,12,14-Pentacenetetrone (57), a larger polycyclic derivate, was also studied as active 

material.[71-73] It is a planar molecule with a highly developed extended π-system that induces 
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strong π-π intermolecular interactions and undergoes redox-reactions involving four electrons. 

The lithium-organic battery exhibited an initial capacity of 304 mAh/g (96% active material). 

Upon charge/discharge cycling the capacity dropped significantly to 170 mAh/g after 10 cycles 

at a speed of 0.06C.  

Chen and co-workers investigated the energy storage performance of several quinoide 

structures, such as phenanthraquinone, benzo[1,2-b:4,3-b]dithiophene-4,5-quinone, 1,10-

phenanthroline-5,6-dione (58), anthraquinone (59) and pyrene-4,5,9,10-tetraone (60) in detail. 

All small molecules, besides pyrene-4,5,9,10-tetraone, revealed a poor capacity retention.[74] The 

reason of the capacity decay relies on the solubility of the less lithiated species. The cycling 

stability could be significantly improved by the application of an ionic-liquid based electrolyte 

and the addition of 10wt% aluminum oxide nanoparticles into the composite electrode. 

Aluminum oxide is able to absorb ionic species and to prevent dissolution. The Li-organic 

battery delivers an initial capacity of ~340 mAh/g with two charge/discharge plateaus at 3.0 and 

2.4 V accompanied with a good cycling stability over 50 cycles (254 mAh/g) at a charging speed 

of 0.1C. However, the high viscosity of the ionic liquid led to a significant capacity loss at higher 

charging speed. Iordache et al. recently investigated the electrochemical performance of 

monothioanthraquinone (61) as active cathode material in Li-organic batteries.[75] Composite 

electrodes consisting of monothioanthraquinone revealed an electrochemically irreversible 

behavior in the cyclic voltammetry investigations. This behavior mirrors also in two stage 

charge/discharge behavior. The charging/discharging process exhibited two plateaus at 3.4 and 

2.8 V for charging and at 2.7 and 2.2 V for discharging. This behavior makes the compound not 

suitable for battery application. Furthermore, the capacity faded significantly during 
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charge/discharge cycling. (From an initial specific capacity of 222 mAh/g (93% active material) 

fades after 40 cycles to 75 mAh/g (31% active material) at a speed of 0.05C).  

The introduction of nitrogen atoms into the aromatic system of the 

anthraquinone/phenanthraquinone system led to a strong increase of the redox-potential and 

shifted the cell voltage of a lithium-organic battery system fabricated with this substance class to 

over 3.0 V.[76] In detail a lithium-organic battery equipped with 1,4,5,8-tetraaza-9,10-

anthraquinone (62) exhibited a two-stage discharge behavior with plateaus at 3.1 and 2.9 V, 

which represent an increase of 500 mV compared to the anthraquinone-based system (2.3 V). 

Also lithium-organic batteries equipped with heteroaromatic derivates of phenanthraquinone, 

namely 1,8-diaza-9,10-phenanthraquione and 4,5-diaza-9,10-phenanthraquione showed higher 

cell voltages of 3.2 / 2.8 V and 2.9 / 2.6 V compared to 9,10-phenanthraquinone (2.7 /2.4 V). 

Nevertheless, the cycling stability of all compounds is poor with over 50% capacity loss after 

four charge/discharge cycles. 

The electrochemical performance of hydroxy substituted anthraquinones, in detail 1,5, 

dihydroxyanthraquinone (63), 1,2,7-trihydroxyanthraquinone (64), 1,2,5,8-

tetrahydroxyanthraquinone (65), was investigated in lithium organic batteries.[77] As expected for 

unfunctionalized small molecule, all compounds exhibited a cycling stability accompanied with a 

significant loss as shown in detail in Table 7. Interestingly, the polarization of the electrode is 

more pronounced the more hydroxyl groups are attached to the active material. 

Benzoquinone and derivates displayed a higher theoretical capacity, but also showed a high 

solubility in common electrolytes. Alkoxy (methoxy (66) and propoxy (67)) substituted 

benzoquinone derivates were investigated in lithium-organic batteries in combination with 
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unpolar electrolytes such as triglyme to prevent the dissolution of the strongly polar anions, but 

their capacity strongly faded away within five charge/discharge cycles.[78] The effect of longer 

alkoxy chains, namely 2,5-di-n-decyloxy-1,4-benzoquinone 68 was investigated in by Yao et 

al..[79] The cycling stability in γ-butyrolactone as electrolyte is acceptable. The lithium-organic 

battery exhibited an average cell voltage of 2.55 V with an initial capacity of 125 mAh/g (98% 

material activity). After 20 charge/discharge cycles a drop to 88 mAh/g (69% activity) at a 

charging speed of 0.16C could be observed. 2,5-Dimethoxybenzoquinone 66 was further studied 

by Yasuda and co-workers.[80] Instead of triglyme the authors utilized γ-butyrolactone, leading to 

a lithium-organic battery with an initial capacity of ~310 mAh/g with a two stage 

charge/discharge plateau at 2.7 and 2.5 V. Upon charge/discharge cycling the capacity remained 

quite stable (after 10 cycles: ~250 mAh/g) at a slow charging speed of 0.06C. 

The electrochemical performance of perfluoroalkylated benzoquinones, namely 2,5-

bis(trifluoromethyl)-1,4-benzoquinone 69, 2,5-bis(perfluorobutyl)benzoquinone 70 and 2,5-

bis(perfluorohexyl)-3,6-dichlorobenzoquinone 71 as active material in organic lithium batteries 

was recently reported.[81] Lithium organic batteries manufactured with 69 and 70 revealed a cell 

potential at around 3.0 V with a strongly decreasing capacity over cycling (69: initial capacity 

162 mAh/g (72% material activity); 20 cycles: 92 mAh/g, 42% activity; 70: 115 mAh/g (115% 

material activity); 20 cycles: 85 mAh/g (74% material activity). However, lithium organic 

batteries equipped with 71 revealed no distinct charge/discharge plateau and, therefore, 68 is not 

suitable as active electrode material. 

The solubility of small molecules bearing quinoide structures in the electrolyte is the largest 

challenge on the way to stable electrodes. Besides the incorporation of the redox-active 



 

47 

 

 

structures into a polymeric system, which is discussed in a separate section, several other 

approaches to overcome this problem were reported. 

One attempt was the incorporation of the small molecule, in this case anthraquinone (59), into 

mesoporous carbon (pore diameter 50 to 60 nm) by sublimation.[82] However, this approach is 

limited to compounds which can be sublimated. The electrochemical performance of the 

mesoporous carbon composite containing anthraquinone was compared with composite 

electrodes prepared by solid-solid mixing. The mesoporous carbon composite displayed better 

electrochemical performance. The initial capacity was 222 mAh/g (88% active material) 

compared to 186 mAh/g (74% activity). After 50 cycles of charge/discharging at 1.16C the 

capacity of the mesoporous carbon system still maintained 96 mAh/g (38% active material) 

compared to 68 mAh/g (27% active material), that was obtained from mixing. The application of 

porous carbon material with relatively large pore diameter (50 to 60 nm) only delayed the 

dissolution of the active small molecule. Mesoporous CMK-3 carbon displayed a well-ordered 

porous structure, a uniform small pore size (6 to 7 nm), a large specific surface area and a high 

conductivity. It should be a suitable matrix for the loading of soluble active materials. In one 

particular case 2,2’-bis(3-hydroxy-1,4-napthoquinone) (72) was studied.[83] The composite 

material was fabricated by liquid-solid mixing followed by removal of the solvent under vacuum. 

The lithium-organic battery exhibited an initial capacity of 308 mAh/g (90% active material) 

accompanied with an average cell voltage of 2.4 V. After charge/discharge cycling (50 cycles) at 

a charge/discharge speed of 0.1C a capacity of 202 mAh/g (59% active material) was obtained. 

At a high charging rate of 10C, for which the electronic conductivity of the material is crucial, 

the discharge capacity of the material was ~150 mAh/g (44% active material). This approach was 

further generalized by immobilization of redox-active compounds to conductive scaffolds 
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through non-covalent interactions yielding flexible and self-standing nanohybrid organic 

electrodes. The aromatic structure of anthraquinone (59) molecules allowed them to strongly 

anchor to the hydrophobic surface of conductive single walled carbon nanotubes (SWNT) 

scaffolds via π-π interactions without disruption of their redox-active properties.[84] Thereby, the 

conductivity and the lithium-ion accessibility of the electrode was enhanced and the dissolution 

of the active chemicals was suppressed. Furthermore, the self-standing SWNT network serves as 

binder und current collector. The composite electrodes were manufactured by simple liquid-solid 

mixing in an intermediate polar solvent followed by subsequent filtration. A lithium-organic 

battery manufactured with these electrodes exhibited an initial capacity of 210 mAh/g (83% 

active material) and a cell voltage of 2.3 V at a charge/discharge speed of 1C. During 50 

charge/discharge cycles the capacity remained stable, indicating that no dissolution of the active 

material in the electrolyte took place. 

Another approach to decrease the solubility is the formation of coordination frameworks. Sun 

and co-workers investigated the electrochemical performance of the coordination frameworks of 

2,5-dihydroxy-1,4-benzoquinone (73) with lithium ions, synthesized by deprotonation of 2,5-

dihydroxy-1,4-benzoquinone with lithium hydroxide.[85] The battery device exhibited an initial 

capacity of 164 mAh/g and, upon 10 charge/discharge cycles at a charging speed of 0.26C, a 

capacity of 137 mAh/g (36% active material) could be retained. A noticeable voltage gap of 

0.6 V between charge (2.35 V) and discharge voltage (1.75 V) was present, indicating a strong 

polarization of the electrode. 

Another approach to overcome the solubility problem is the application of organic metal salts. In 

particular organic lithium salts exhibit a poor solubility in aprotic solvents. Rhodizonic acid, a 

six membered carboncycle bearing four carbonyl groups and two enediolic groups, was the first 
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molecule of this class of compounds that was investigated as active material in secondary 

batteries.[86] It’s precursor can be directly prepared from myo-inositol widely distributed in 

plants. The lithium salt of rhodizonic acid synthesized in a two-step procedure (formation of the 

lithium salt, followed by thermal treatment) revealed an interesting redox behavior involving 

four electrons. Lithium-ion batteries manufactured from composite electrode containing 

dilithium rhodizonate (74) displayed an initial capacity of ~580 mAh/g (98% material activity) 

accompanied with charge/discharge curves in a cell voltage range between 3.5 and 1.5 V. After 

14 charge/discharge cycles at a speed of 0.025C the capacity dropped noticeably to ~280 mAh/g 

(48% material activity). Charge/discharge speeds higher than 0.25C led to a significant capacity 

loss. Detailed studied of the charge/discharge process revealed that exfoliation of C6O6 layers 

during the de/lithiation process was the main reason for the capacity decay.[87] In a follow-up 

study the tetralithium salt of tetrahydroxybenzoquinone (75), formally the reduced form of 

dilithium rhodizonate, was studied as active material in Li-organic batteries.[88] It undergoes a 

reversible redox behavior to the hexalithium salt of hexahydroxybenzene involving two 

electrons. Two different ways to synthesize the tetralithium salt were evaluated. One is the 

deprotonation of tetrahydroxybenzoquinone with a methanolic lithium methoxide solution. The 

other one is the solid-state disproportionation reaction of dilithium rhodizonate, leading to a 

material with an improved electrochemical performance, possibly due to extra carbon produced 

during the disproportionation. A lithium-organic battery of 75 exhibited an initial capacity of 

~210 mAh/g (77% active material) and an average cell voltage of 1.65 V. The capacity faded to 

~170 mAh/g (62% active material) during 50 charge/discharge cycles at a charging speed of 1C. 

Also in this case higher charging speeds led to a significant drop of the retained capacity. 

Another interesting candidate from the benzoquinone family is lithiated 3,6-dihydroxy-2,5-
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dimethoxy-p-benzoquinone (76).[89] Because of the amphoteric nature of this salt, it is 

electrochemically active in reduction (two-electrons), but also in oxidation (one-electron). The 

salt can be synthesized in a three-step procedure starting from chloranil, which is treated with 

sodium methoxide, followed by the formation of lithium hydroxides and thermal annealing to 

remove the crystal water. A lithium-organic battery equipped with this material exhibited a two-

stage charge/discharging behavior. This first plateau occurred at ~3.1 V involving one electron of 

the oxidation process and the second plateau occurred at an average cell potential of ~2.2 V 

corresponding to the two-electron reduction. The large gap between charge and discharge 

plateau, especially for the oxidation (3.45 V for charging and 2.55 V for discharging) is caused 

by strong polarization and greatly reduces the energy efficiency of the device. The battery 

exhibited an initial capacity of 136 mAh/g (54% active material) with a limited cycling stability 

(after 50 cycles at a charging speed of 0.16C the capacity was reduced to 30 mAh/g (12% 

material activity)). This capacity loss could be partially prevented by the addition of 10 wt% γ-

Al2O3 nanoparticles to the composite electrode, (capacity drop to 80 mAh/g (32% material 

activity)). Zeng et al. used the lithium salt of 1,5-dihydroxyanthraquinone (77) that was prepared 

by deprotonation of the dihydroxy compound with lithium hydroxide as active material in a 

lithium-organic battery.[90] The redox behavior of the active compound involved two almost 

collapsed one-electron redox reactions at 1.75 V vs. Li+/Li. The lithium-organic battery equipped 

with composite materials of the dilithium salt of 1,5-dihydroxyanthraquinone exhibited an initial 

capacity of 116 mAh/g (55% active material) at an average cell potential of 1.8 V. After 50 

charge/discharge cycles at a speed of 0.5C the capacity dropped slightly to ~100 mAh/g 

corresponding to a material activity of 47%. The severe drawback of the reported salt formation 

of lithiumoxy groups is the shift of the redox potential to lower values, due to the electron 
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donating nature of the lithiumoxy groups, leading to a lower cell potential. An alternative 

approach is the introduction of two lithiumoxycarbonyl groups. Although these groups are 

redox-active and organic dicarboxylates have been successfully applied in lithium and sodium-

organic batteries, their redox-potential lies at lower values and is not influencing the redox 

reaction of the quinoide structure. Nevertheless, the introduction of two lithiumoxycarbonyl 

groups can be synthetically challenging and leads furthermore, leads to a higher molar mass and, 

consequently, to a lower theoretical capacity. The electrochemical performance of three aromatic 

quinoide dicarboxylates, namely 2,6-bis(lithiooxycarbonyl)-9,10-anthraquinone (78), 2,7-

bis(lithiooxycarbonyl)-9,10-phenanthrenequinone (79) and 2,7-bis(lithiooxycarbonyl)pyrene-

4,5,9,10-tetraone (80) in lithium-organic batteries were investigated.[91] Compounds 78 and 79 

revealed only poor energy storage properties. The batteries exhibited a stable capacity of 

85 mAh/g (78, 49% active material) and 90 mAh/g (79, 50% active material) over 20 cycles at a 

charge/discharge speed of 0.2C. 2,7-Bis(lithiooxycarbonyl)pyrene-4,5,9,10-tetraone (80) 

displayed an acceptable performance (initial capacity of 217 mAh/g, remaining quite stable over 

20 cycles (187 mAh/g, 63% active material) at a charge/discharge speed of 0.2C). In general, the 

introduction of lithiumoxycarbonyl groups prevented the dissolution of the active material in the 

electrolyte and, therefore, enhances the cycling stability of the redox-active small molecules, but 

also the theoretical capacity is strongly decreased. Besides lithiumoxycarbonyl groups also 

sodium sulfonate units can prevent the dissolution of active small molecule materials in the 

electrolyte and simultaneously increase the cell voltage of the battery due to the electron 

withdrawing function. In this context, disodium anthraquinone-1,5-disulfonante (81) was 

examined as active material in organic batteries.[92] The lithium-organic battery exhibited a 

reversible capacity of 120 mAh/g (92% active material) over 100 charge/discharge cycles at a 



 

52 

 

 

speed of 0.1C at an average cell potential of 2.4 V. The battery can be charged at speeds up to 3C 

leading to a capacity drop to 60 mAh/g. Two sodium sulfonate groups are necessary to maintain 

the insolubility of the active material. The capacity of Li-organic batteries equipped with sodium 

anthraquinone-1-sulfonate as active material faded slightly over cycling. 

Another approach to overcome the solubility problems of small molecules into the electrolyte is 

the anchoring of the electro-active molecules onto the surface of an appropriate insoluble 

substrate. Gaberscek and co-workers immobilized a quinone derivate of calix[4]arene (82) onto 

nano-sized silica particles and carbon black.[93, 94] In particular carbon nanoparticles are, because 

of their high conductivity, an interesting substrate class, but the amount of active compound is 

strongly limited by the number of active anchoring units at the conductive additive. The quinone 

derivate of calix[4]arene was grafted onto the surface of carboxylic acid functionalized carbon 

black particle applying a N,N’-dimethylaminopyridine catalyzed Steglich esterification. The 

material content grafted onto was determined by TGA investigations. The lithium-organic 

battery exhibited a low initial capacity of ~60 mAh/g, indicating a poor material 

functionalization of 30%. The electrode showed a stable cycling behavior with no capacity loss 

over 100 cycles at 0.25C, indicating that an anchoring of the redox-active groups onto 

conductive additive with large surface area represents a fruitful approach to overcome the 

dissolution problem. 

All approaches mentioned up to now focused on the modification of the redox-active species to 

prevent dissolution. Homna and co-workers decided to investigate the electrochemical 

performance of small quinoide structures, namely 2,3,5,6-tetrahydroxybenzoquinone (83), 2,3-

dichloro-5,6-dicyano-benzoquinone (84) and 2,5-dihydroxybenzoquinone (85) in quasi solid-

state cells. The electrolyte consisted of silica nanoparticles and a room temperature ionic liquid 
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(a mixture of lithium bis(trifluoromethylsulfonyl)imide and 1-methyl-3-ethylimidazolium 

bis(trifluoromethylsulfonyl)imide).[95] The electrochemical performance of the solid state cells 

was compared with cells equipped with a liquid electrolyte. The capacities of the batteries with 

liquid electrolyte decayed rapidly in all cases within 10 cycles. Quasi-solid state lithium-organic 

batteries equipped with 2,3-dichloro-5,6-dicyanobenzoquinone (84) revealed an initial capacity 

of 160 mAh/g (68% material activity) and an acceptable cycling stability over 10 cycles 

(130 mAh/g, 55% material activity) at a charge/discharge speed of 0.2C accompanied with 

distinct charge/discharge plateaus at an average cell potential of 3.3 V. The application of 

2,3,5,6-tetrahydroxybenzoquinone (83) as active material in quasi solid-state lithium-organic 

batteries led to an initial capacity of 190 mAh/g (61% material activity), which increased over 

charge/discharge cycling (10 cycles, 0.2C) to a capacity of 250 mAh/g (80% material activity). 

Surprisingly, the charge/discharge curves of this battery exhibited no distinct plateau, but a 

steadily increasing/decreasing cell voltage. Similar charge/discharge curves were obtained for 

quasi solid-state batteries equipped with 2,5-dihydroxybenzoquinone (85) as active material. 

These batteries exhibited an initial capacity of 270 mAh/g (71% material activity). During 10 

charge/discharge cycles the capacity increased to ~300 mAh/g (79% material activity) and 

remained stable. Solid-state lithium-organic battery displayed a very limited maximum rate 

performances. The capacities of all batteries dropped significantly if charging speeds over 0.2C 

were applied. Besides quasi solid-state electrolytes, also polymer gel electrolytes, have been 

evaluated as electrolyte in organic batteries to achieve stable electrodes. Chen and co-workers 

investigated a polymer gel electrolyte based on poly(methylmethacrylate), poly(ethyleneoxide), 

dimethylsulfoxide and lithium perchlorate in a lithium-organic battery equipped with a 

composite electrode containing calix[4]quinone (86).[96] The utilization of calix[4]quinone as 
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active material led to major advantages. The molecule showed a high theoretical capacity of 

446 mAh/g and the ability of the calix[4]arene to bind ions reversibly into their cavities. The 

energy storage performance of this material was examined in a lithium-organic battery with both 

liquid (EC/DMC 1/1 v/v, LiPF6) and polymer gel electrolyte. The battery with liquid electrolyte 

delivered an initial capacity of 431 mAh/g at 0.2C but only preserved ~100 mAh/g after 5 cycles. 

The lithium-organic battery with a polymer gel electrolyte exhibited an initial capacity of 

422 mAh/g (95% active material), and maintained (379 mAh/g, 85% active material) after 100 

cycles at 0.2C. The battery showed a sloppy one-stage charge/discharge behavior in the range of 

2.8 to 2.2 V, possibly caused by the eight electrons involved in the redox-reaction. To 

demonstrate the stabilization effect of the polymer gel electrolyte a smaller organic molecule 

(72) has been tested under the same conditions with both liquid and solid electrolyte. The two 

cells delivered a similar initial capacity of around 330 mAh/g (97% material activity). However, 

after 30 cycles, the capacity for the liquid and the quasi solid cells was only 163 mAh/g and 

322 mAh/g, respectively.  
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Table 7. Comprehensive overview of quinones applied as active material in organic batteries. 
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55[68] 30/40/20 CB PTFE 

489, 
100, 
20% 
 

150, 
38, 
8%, 
0.2C 3.0 2.7 

PC/ 
DME 
1/1, 1 M 
LiClO4 Li 

55[69] 50/38/12 AB PTFE 

489, 
125, 
26% 
 

500, 
115, 
24%, 
0.5C 3.0 2.7 

PC/ 
DME 
1/3, 1 M 
LiClO4 Li 

 

 

56[70] 40/50/10 AB PTFE 

257, 
200, 
78% 
 

5,  
200, 
78%, 
0.77C 3.0 2.8 

PC, 1 M 
LiClO4 Li 

 

 

57[72] 40/50/10 AB PTFE 

316, 
304, 
96% 
 

10, 
170, 
54%, 
0.063C - 

2.6, 
2.4 

GBA, 
1 M 
LiTFSI Li 

 

 

58[76] 23/62/15 AB PTFE 

255, 
235, 
92% 
 

4,  
78, 
31%, 
0.2C 

3.3, 
2.85 

3.2, 
2.8 

EC/ 
EMC 1/3, 
1 M 
LiPF6 Li 

 

59[82] 
55/25/10/
10 

MC/ 
AB PVDF 

252, 
222, 
88% 
 

50,  
96, 
38%, 
1.16C 2.4 2.2 

EC/ DEC 
1/1, 1 M 
LiPF6 Li 

59[84] 75/25/- SWNT  - 

252, 
210, 
83% 
 

50, 
208, 
83%, 
1C 2.3 2.3 

G4, 1 M 
LiPF6 Li 

 

 

60[74] 
30/50/10/
10 

Vulcan
XC-72/ 
Al2O3 PVDF 

409, 
340, 
83% 
 

50, 
254, 
62%, 
0.1C 

3.0, 
2.4 

3.0, 
2.4 

Bmim 
TFSI, 
1 M 
LiTFSI Li 

 

 

61[75] 40/40/20 
Super 
P PVDF 

239, 
222, 
93% 
 

40,  
75, 
31%, 
0.2C 

3.4, 
2.7 

2.4, 
2.6 

EC/ 
DMC/ 
EMC 
1/1/1, 
1 M 
LiPF6 Li 

 

 

62[76] 23/62/15 AB PTFE 

252, 
205, 
81% 
 

4,  
170, 
67%, 
0.2C 

3.3, 
2.95 

3.05, 
2.8 

EC/ DEC 
1/5, 1 M 
LiBF4 Li 
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 63[77] 60/30/10 
Super 
P PVDF 

223, 
190, 
85% 
 

100, 
145, 
65%, 
0.09C 2.9 2.2 

EC/ 
DMC 
1/1, 1 M 
LiPF6 Li 

 64[77] 60/30/10 
Super 
P PVDF 

209, 
186, 
89% 
 

100, 
160,  
77%,  
0.09C 3.3 2.1 

EC/ 
DMC 
1/1, 1 M 
LiPF6 Li 

 65[77] 60/30/10 
Super 
P PVDF 

197, 
180, 
91% 
 

100, 
163,  
82%,  
0.1C 3.2 2.1 

EC/ 
DMC 
1/1, 1 M 
LiPF6 Li 

 

66[78] 40/50/10 AB PTFE 

318, 
295, 
93% 
 

5,  
250, 
79%, 
0.062C 

2.7, 
2.6 - 

Triglyme
1 M 
LiTFSI Li 

66[80] 40/50/10 AB PTFE 

318, 
312, 
98% 
 

5,  
255, 
80%, 
0.062C 

2.8, 
2.6 

2.9, 
2.7 

GBA, 
1 M 
LiTFSI Li 

 

 

67[78] 40/50/10 AB PTFE 

239, 
200, 
84% 
 

5,  
25, 
10%, 
0.083C 2.6 - 

triglyme, 
1 M 
LiTFSI Li 

 

 

68[79] 40/50/10 AB PTFE 

127, 
125, 
98% 
 

20,  
88, 
69%, 
0.16C 2.6 2.5 

GBA, 
1 M 
LiTFSI Li 

 69[77] 3/87/10 VCGF PTFE 

219, 
162,  
74% 
 

20,  
92, 
42%, 
 3.0 2.9 

EC/ DEC 
3/7 1 M 
LiPF6  

 70[77] 3/87/10 VCGF PTFE 

100, 
115,  
115% 
 

20,  
85,  
74% 
 3.1 2.9 

EC/ DEC 
3/7 1 M 
LiPF6  

 71[77] 3/87/10 VCGF PTFE  -  - 

4.0  
to  
1.5 

4.0  
to  
1.5 

EC/ DEC 
3/7 1 M 
LiPF6  

  

72[96] 62/30/3/5 

porous 
carbon 
spheres
/ 
SWNT PVDF 

341, 
330,  
97% 
 

30, 
322, 
94%, 
0.2C 2.4 2.4 

Gel 
polymer 
electro-
lyte Li 

72[83] 
40/40/10/
10 

CMK3/ 
CB PVDF 

341, 
308, 
90% 

50, 
202, 
59, 
0.1C 2.4 2.4 

EC/ 
DMC 
1/1, 1 M 
LiPF6 Li 

 

 

73[85] 60/35/5 AB PTFE 

384, 
164, 
43% 
 

1,  
137, 
36%, 
0.26C 2.3 1.8 

EC/ 
DMC 
1/1, 1 M 
LiPF6 Li 
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74[86] 85/15/- KB  - 

589, 
580, 
98% 
 

14, 
280, 
48%, 
0.025 

3.5 
to  
1 

3.5 
to  
1 

EC/ 
DMC 
1/1, 1 M 
LiPF6 Li 

 

 

75[88] 80/20/- KB  - 

274, 
210, 
77% 
 

50, 
170, 
62%, 
1C 1.8 1.6 

EC/ 
DMC 
1/1, 1 M 
LiPF6 Li 

 

 

76[89] 57/32/10 
CB SP/ 
Al2O3  - 

252, 
136, 
54% 
 

50,  
80, 
32%, 
0.16C 

3.5, 
2.3 

2.6, 
2.0 

EC/ 
DMC 
1/1, 1 M 
LiPF6 Li 

 

 

77[90] 80/15/5 AB PTFE 

212, 
116, 
55% 
 

50, 
100, 
47%, 
0.5C 1.9 1.8 

EC/ 
EMC/ 
DMC 
1/1/1, 
1 M 
LiPF6 Li 

 78[91] 23/62/15 AB PTFE 

174, 
85, 
49% 
 

20,  
85, 
49%, 
0.2C - 1.7 

PC, 1 M 
LiPF6 Li 

 79[91] 23/62/15 AB PTFE 

174, 
90, 
52% 
 

20,  
95, 
55%, 
0.2C - 2.1 

PC, 1 M 
LiPF6 Li 

 

 

80[91] 23/62/15 AB PTFE 

296, 
217, 
73% 
 

20, 
187, 
63%, 
0.2C - 2.4 

PC, 1 M 
LiPF6 Li 

 

 

81[92] 70/20/10 AB PVDF 

130, 
120, 
92% 
 

100, 
120, 
92%, 
0.1C 2.4 2.4 

DMC, 
1 M 
LiPF6 Li 

 

82[93, 

94] 36/49/15 

active-
ated 
CB EPDM 

198, 
60, 
30% 
 

100, 
58, 
29%, 
0.25C 2.8 2.6 

EC/ DEC 
1/1, 1 M 
LiPF6 Li 

 

 

83[95] 48/48/4 KB PTFE 

310, 
190, 
61% 
 

10, 
250, 
80%, 
0.2C - - 

solid 
state 
electro-
lyte Li 

 

 

84[95] 67/27/6 KB PTFE 

237, 
160, 
68% 
 

10, 
130, 
55%, 
0.2C 3.4 3.2 

solid 
state 
electro-
lyte Li 

 

 

85[95] 45/48/7 KB PTFE 

382, 
270, 
71%  
 

10, 
300, 
79%, 
0.2C - - 

solid 
state 
electro-
lyte Li 
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CB: carbon black, AB: acetylene black, KB: Ketjen black, MC: mesoporous carbon, SWNT: 
single-walled carbon nanotubes, CMK3: ordered mesoporous carbon, PVDF: 
poly(vinylidenedifluoride), PTFE: poly(tetrafluoroethylene), EPDM: ethylene propylene diene 
rubber, CMC: carboxymethylcellulose, EC: ethylene carbonate, DMC: dimethyl carbonate, 
DEC: diethyl carbonate, EMC: ethylmethyl carbonate, PC: propylene carbonate, DME: 1,2-
dimethoxyethane, G4: tetraglyme, GBA: -butyrolactone, Bmim: 1-butyl-3-methylimidazolium, 
TFSI: bis(trifluoromethane)sulfonamide. 

 

  

 

 

86 
[96] 62/30/3/5 

porous 
carbon 
spheres 
/ 
SWNT PVDF 

446, 
442, 
95% 
 

100, 
380, 
85%, 
0.2C 

2.8 
to 
2.2 

2.8 
to 
2.2 

gel 
polymer 
electro-
lyte Li 
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3.7. Quinone polymers 

One approach to overcome the dissolution problem of small molecule quinoide structures in the 

electrolyte and the consequent capacity loss is the incorporation of the quinone structure into a 

polymeric moiety. This approach is accompanied with challenges especially in the choice of an 

appropriate polymerization technique due to both the radical scavenging properties of quinones 

and their electrophilic and nucleophilic moiety. One example is poly(5-amino-1,4-

naphthoquinone) (80), that can be polymerized chemically and electrochemically (Table 8).[97] 

The polymer backbone (polyaniline) is redox-active, but its redox reaction occurs at higher 

potential and, therefore, does not influence the redox chemistry of the quinone system. A 

polymer-LiMn2O4 battery was fabricated and exhibited an initial capacity of ~290 mAh/g 

corresponding to a complete activity of all material. At a charge/discharge speed of 0.07C the 

capacity fades during 17 charge/discharge cycles to ~ 200 mAh/g (70% activity) at a cell 

potential of 2.6 V. Besides poly(4-amino-1,4-naphthoquinone) (80) also poly(5-amino-1,4-

dihydroxy anthraquinone) (81) was investigated as cathode material in a lithium-organic 

battery.[98] The polymer was synthesized by an oxidative polymerization technique of 5-amino-

1,4-dihydroxy anthraquinone. In theory this material is able to undergo two waves of two one-

electron redox reactions leading to a theoretical capacity of 420 mAh/g. However, in a lithium-

organic prototype battery this material revealed a stable capacity of 129 mAh/g (31% active 

material) at a charging speed of 0.9C accompanied with sloppy charge/discharged curves 

between 2 and 3.5 V. The low material activity indicates that either a large amount of active 

material was inactive, or simply dissolved in the electrolyte, which was colored after 10 

charge/discharge cycles.  
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Another approach utilizes polycondensation. Poly(2,5-dihydroxy-1,4-benzoquinone-3,6-

methylene) (82) was synthesized from the reaction of 2,5-dihydroxy-1,4-benzoquinone and 

formaldehyde.[99] The repertory unit is theoretically able to undergo redox-reactions involving 

four electrons, leading to a high theoretical capacity of 705 mAh/g. The corresponding lithium-

organic battery exhibited an initial capacity of 105 mAh/g at a charging speed of 0.5C indicating 

that only a small amount of the material is active. Furthermore, the battery displayed a large gap 

between the charge and discharge plateau, revealing a strong polarization of the electrode. Both 

plateaus are one-staged proofing that only one of the two redox couples was active. Nevertheless, 

the battery revealed for the first time excellent cycling stability of a quinoide structure, with only 

negligible capacity fade (2%) over 100 charge/discharge cycles. In a follow-up investigation the 

charge-storage performance of composite electrodes of 82 could be slightly further increased by 

the addition of PEDOT as additive.[100] Formaldehyde-based polymers were also synthesized 

with 1,4,5,8-tetrahydroxynaphthalene and trioxane (83), but the electrochemical performance 

strongly differed.[101] Surprisingly the battery exhibited a sloppy charge/discharge plateau at 

~3.5 V for charging and ~2.5 V for discharging at a charging speed of 0.04C. The initial capacity 

at the same charging speed was around 60 mAh/g (12% material activity), indicating that either 

not all possible electrons participate in the redox-reaction, or that a large amount of the redox-

sites are inaccessible. After seven charge/discharge cycles the capacity faded to 50 mAh/g (10% 

active material).  

The first polymeric material containing quinonid structures as active material for energy storage 

that exhibits high material activity in the composite electrode was reported by Song el al. in 

2009.[102] 1,5-Dichloroanthraquinone was polymerized by a simple polycondensation reaction 

called the Phillips method, utilizing sodium sulfite as reagent. A battery equipped with a 
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composite electrode consisting of the polymer 84 exhibited an initial capacity of 198 mAh/g 

corresponding to a material activity of 88%. At a charging speed of 0.22C the capacity faded 

over 200 charge/discharge cycles to 178 mAh/g (79% material activity). The battery showed a 

charge/discharge plateau in the rage of 2.4 to 1.8 V. The rate performance of the battery was also 

examined: At a charge/discharge speed of 2.2C a capacity of 151 mAh/g was maintained. In a 

follow-up study Xu et al. investigated systematically the factors (substitution position, binder 

and electrolyte) that influence the battery performance of this polymer.[103] The substitution 

position was examined by the use of 1,8-dichloroanthraquinone instead of 1,5-

dichloroanthraquinone during the polycondensation reaction. The obtained polymer revealed a 

lower capacity (up to 130 mAh/g after 20 cycles) remaining quite stable over 200 

charge/discharge cycles. The authors claimed that this behavior relies on the lower conductivity 

of the polymer. Furthermore, the influence of three different binders (poly(vinylidene fluoride), 

Clevios P solution and the lithium salt of carboxymethyl cellulose) were investigated. At lower 

charging speed poly(vinylidene fluoride) showed the best results in term of capacity. However, 

at higher charging speed (5C) the composite electrodes with Clevios P revealed a slightly higher 

capacity, possibly because Clevios P is itself an ionic and electronic conductor. Additionally, the 

influence of two different electrolytes were investigated: An organic carbonate based (ethylene 

carbonate/dimethyl carbonate 1:2) system and an organic ether based system (1,3-dioxolane/1,2-

dimethoxyethane 1:1). The cyclic voltammograms in the organic carbonate showed an 

irreversible oxidation, leading to a capacity drop during charging/discharging, whereas a fully 

chemically reversible redox system was visible in the cyclic voltammograms of the ether-based 

system. In a subsequent study of this polymer as active energy storage material, the rate 

performance could be optimized by the utilization of functionalized graphene sheets as 
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conductive additive.[26] A nanocomposite material was produced by in situ polymerization of 1,5-

dichloroanthraquinone with sodium sulfite in the presence of functionalized graphene sheets, 

leading to uniformly polymer coated graphene sheets. A Li-organic battery equipped with 

nanocomposites exhibited an initial capacity of 177 mAh/g (79% active material) at a charging 

speed of 2C accompanied with a narrow charge/discharge plateau at around 2.2 V. The capacity 

of the battery remained stable over 100 charge/discharge cycles. Noteworthy is also the fast 

chargeability of this composite. Even at 100C the battery displayed a capacity of ~100 mAh/g 

(44% material activity).  

Furthermore, poly(anthraquinonyl sulfide) (84) was successfully applied as active anode material 

in an all-organic-sodium-ion battery, equipped with poly(triphenylamine) as cathode 

material.[104] Poly(triphenylamine) exhibited a theoretical capacity of 108 mAh/g with a one-

electron based electrochemical response at around 3.5 V vs. sodium. A poly(triphenylamine) 

based organic sodium battery revealed a stable capacity of 88 mAh/g (81% material activity) 

over 200 cycles at a charging speed of 5C. Poly(anthraquinonylsulfide) (84) displayed two one-

electron based electrochemical responses during the sodium intercalation processes, leading to a 

two-stage charge/discharge behavior at 2.0 and 1.6 V vs. sodium. An organic sodium battery 

equipped with this material exhibited a stable capacity of 185 mAh/g over 200 cycles at a 

charge/discharge speed of 8C. Encouraged by these results the authors also manufactured an all-

organic sodium ion battery. These batteries revealed an average cell potential of 1.8 V 

accompanied with slopy charge/discharge plateaus, spreading over 1 V. The battery could be 

charged at a speed of 8C, revealing an initial capacity of 185 mAh/g (82% active material) with a 

small capacity loss after 500 cycles (158 mAh/g, 70% active material). 
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To synthesize a similar system with increased capacity chloranilic acid was polymerized with 

sodium sulfide to yield poly(2,5-dihydroxy-1,4-benzoquinonyl sulfide) (85).[105] Lithium-organic 

batteries with this polymer as active material exhibited an initial capacity of 228 mAh/g (78% 

active material) with sloping charge/discharge curves at a cell potential between 2.35 and 1.75 V. 

The battery showed a good cycling stability maintaining a capacity of 184 mAh/g after 100 

cycles at a charge/discharge speed of 0.05C. The rate capability of the polymer is acceptable: At 

a charge/discharge speed of 0.7C a capacity of 125 mAh/g (43% material activity) could be 

reached. The cycling stability could be significantly improved by the application of the lithium 

salt of poly(2,5-dihydroxy-1,4-benzoquinonyl sulfide) (86), which combines both the lithium salt 

and the polymer approach to overcome the dissolution into the electrolyte.[106] Lithium organic 

batteries with this polymer revealed an initial capacity of 268 mAh/g (93% material activity). 

Upon cycling over 1,500 charge/discharge cycles at 1.75C a capacity of 241 mAh/g (84% 

material activity) could be maintained. Furthermore the polymer showed high rate performance 

and could be charged with up to 18.6C with only a minor loss of capacity. 

Another approach to incorporate quinoide structures into polymers was investigated by Yoshida 

and co-workers. The authors utilized a polymer-analogous reaction between 

poly(methacyrolylchloride) and an amine functionalized pyrene-4,5,9,10-tetraone.[107] The 

drawback of this approach is the incomplete functionalization and, therefore, the remaining acid 

chloride groups have to be quenched with methanol. The pyrene tetraone polymer 86 is able to 

undergo two two-electron redox reactions between 3 and 2 V vs. Li+/Li. The lithium-organic 

battery exhibited an initial capacity of 231 mAh/g at a charge/discharge speed of 1C 

accompanied with a two stage charge/discharge plateau at 3.0 and 2.4 V for charging and 2.9 and 

2.2 V for discharging. The polymer revealed an excellent cycling stability. After 500 cycles 77% 
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of the polymer was still active corresponding to a capacity of 200 mAh/g. Additionally, the 

polymer could be charged/discharged with a charging speed of up to 30C with negligible 

capacity loss (207 mAh/g). Noteworthy, a special electrolyte (an equimolar mixture of 

tetraglyme and LiTFSI) was applied in the battery and, therefore, all experiments were 

performed at 45 °C. A similar polymer analogous reaction of poly(4-chlormethylstyrene) with 

anthraquinone-2-carboxylic acid led to a high density redox polymer 87 containing pendant 

quinone structures.[108] The charge-storage properties of this material were investigated in 

aqueous half cells at pH 13. Under these conditions the anthraquinone units undergo a one two-

electron reduction. The composite electrodes exhibited an initial capacity of ~80 mAh/g (~55% 

activity) that remained stable over 50 cycles. Furthermore, the polymer displayed a high rate 

performance and could be charged with a charging/discharging speed up to 75C with only a 

small loss of capacity (~50 mAh/g). The application of basic aqueous electrolytes for 

anthraquinone based batteries led to a flat one-stage charge/discharge plateau, but limits the cell 

voltage of the battery due to electrolysis of water. Nevertheless, Nishide and co-workers further 

optimized this approach and employed poly(2-vinylanthraquinone) (88) in a polymer-air battery 

displaying an outstanding performance.[109] Surprisingly, 2-vinylanthraquinone can be 

polymerized utilizing the free radical polymerization technique, possibility because the vinyl 

moiety is in direct coordination with the aromatic anthraquinone system. The air battery 

consisted of a layer of the polymer, prepared by dropcasting as anode and a composite electrode 

containing manganese dioxide (oxygen reduction catalyst) as cathode. Interestingly, the polymer 

layer remained stable and insoluble, but swellable in aqueous 30% potassium hydroxide solution. 

For that reason, 88 could be applied as active material whereby, depending on the thickness of 

the layer, conductive additives had to be added. The air battery exhibited at a charge/discharge 
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speed of 300C (15 seconds) an initial capacity of 214 mAh/g (93% active material) at a cell 

potential of ~0.7V. Upon cycling over 500 charge/discharge cycles at 300C the battery 

maintained ~200 mAh/g (87% material activity). 

  



 

66 

 

 

Table 8. Comprehensive overview of quinone polymers applied as active materials in organic batteries. 

nu
m

be
r 

/ r
ef

er
en

ce
 

el
ec

tr
od

e 
co

m
po

sit
io

n 
(a

ct
iv

e 
m

at
er

ia
l /

 c
on

du
ct

iv
e 

ad
di

tiv
e 

/ b
in

de
r)

 

co
nd

uc
tiv

e 
ad

di
tiv

e 

bi
nd

er
 

th
eo

re
tic

al
 c

ap
ac

ity
 (m

A
h/

g)
, 

ca
pa

ci
ty

 1
st
 c

yc
le

,  
%

 m
at

er
ia

l a
ct

iv
ity

 

nu
m

be
r 

of
 c

yc
le

s, 
ca

pa
ci

ty
 

(m
A

h/
g)

,  
%

 m
at

er
ia

l a
ct

iv
ity

, s
pe

ed
 

V
ol

ta
ge

 c
ha

rg
in

g 
(V

) 

vo
lta

ge
 d

isc
ha

rg
e 

(V
) 

el
ec

tr
ol

yt
e 

co
un

te
r 

 

80[97] 49/49/2 CB 
Oppan
ol 

286, 
286, 
100% 
 

17, 
200, 
70%, 
0.07C 2.6 2.6 

CH3CN, 
0.75 M 
LiClO4 LiMn2O4 

 

 

81[98] 40/40/10 AB PVDF 

420, 
100, 
24% 
 

50, 
129, 
31%, 
0.95C 

2.0 
to 
3.5 

3.5 
to 
2.0 

EC/ DEC 
1/1, 1 M 
LiPF6 Li 

 
82[99, 

100] 35/60/5 AB PTFE 

705, 
105, 
15% 
 

100, 
100, 
14%, 
0.5C 3.4 2.3 

EC/ 
DMC 
1/1, 1 M 
LiPF6 Li 

 

 

83[101] 41/34/25 
Super S 
Carbon 

Trilene 
65 

491, 
60, 
12% 
 

7,  
50, 
10%, 
0.04C 3.5  3.5 

EC/ 
DMC 
1/2, 1 M 
LiPF6 Li 

 

84[102] 40/40/20 AB PTFE 

225, 
198, 
88% 
 

200, 
178, 
79%, 
0.22C 2.2 2.2 

DOL/ 
DME 
1/1, 1 M 
LiTFSI Li 

84[26] 34/56/10 

functional-
ized 
graphene 
sheets/ 
conductive 
carbon PTFE 

225, 
117, 
79% 
 

100, 
178, 
79%, 
2C 2.25 2.1 

DOL/ 
DME 
2/1, 1 M 
LiTFSI Li 

84[104] 40/50/10 KB PTFE 

225, 
185, 
82% 
 

200, 
185, 
82%, 
8C 

2.0, 
1.6 

1.9, 
1.5 

DOL/ 
DME 
1/1, 1 M 
NaPF6 Na 

84[104] 40/50/10 KB PTFE 

225, 
185, 
82% 
 

500, 
158, 
70%, 
8C 

2.3 
to 
1.2 

2.3 
to 
1.2 

DOL/ 
DME 
1/1, 1 M 
NaPF6 

Poly-
(triphenyl
amine) 

 85[105] 60/30/10 AB PVDF 

315, 
228, 
69% 
 

100, 
184, 
54%, 
0.05C 2.0 2.0 

EC/ 
DMC 
1/1, 1 M 
LiPF6 Li 

 86[106] 60/30/10 KB PTFE 

285, 
268, 
93% 
 

1, 
500, 
241, 
84%, 
1.75C   

2.3 
to 
1.7 

2.3 
to 
1.7 

DOL/ 
DME 
1/1, 1 M 
LiTFSI Li 
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86[107] 23/62/15 AB PVDF 

261, 
231, 
89% 
 

500, 
200, 
77%, 
1C 

3.0, 
2.4 

2.9, 
2.2 

tetra-
glyme/ 
LiTFSI 
1/1  Li 

 

87[108] 10/80/10 VCGF PVDF 

146, 
94, 
64% 
 

50, 
80, 
55%, 
1C -0.6 -0.6 

H2O, 
30% 
NaOH, 
1 M 
NaCl Ag/AgCl 

 
88[109] 10/80/10 VCGF PVDF 

229, 
214, 
93% 
 

500, 
200, 
87%, 
300C 0.75  0.6 

H2O 30% 
KOH O2 

CB: carbon black, AB: acetylene black, KB: Ketjen black, VGCF: vapor grown carbon fibers, 
PVDF: poly(vinylidenedifluoride), PTFE: poly(tetrafluoroethylene), EC: ethylene carbonate, 
DMC: dimethyl carbonate, DEC: diethyl carbonate, DOL: 1,3-dioxolane, DME: 1,2-
dimethoxyethane, TFSI: bis(trifluoromethane)sulfonamide. 

  



 

68 

 

 

4. Summary, performance and other energy storage applications. 

In the previous sections we have discussed the state of the art of different types of carbonyl 

compounds for application as electrodes of rechargeable batteries. The electrochemical 

performance in combination with the structural variety of organic carbonyl compounds and their 

unique properties enable the application of organic carbonyl compounds as active electrode 

materials in different types of energy storage materials. However, the electrochemical 

performance of the battery is strongly depending on the counter electrode and the electrode 

additives. 

 

4.1. Counter electrodes for carbonyl organic batteries 

The majority of organic carbonyl containing materials investigated up to now have been 

examined in cells with lithium or sodium metal as anode, because they are n-type materials and, 

therefore, do not consume conductive salts. In the reported investigations most of the materials 

are examined as lithium organic batteries, because many techniques are adopted from this 

technology. The structural variety of organic carbonyls enables a tailoring of the cell potential 

Figure 2. Overview over the discharge cell potential of the three major organic carbonyl material classes. 
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(Figure 2). However, rechargeable sodium-organic batteries are a potential alternative to lithium-

organic batteries, because of the lower cost of sodium compared to lithium. Moreover, sodium 

can be handled under nitrogen atmosphere while lithium requires argon. Currently, this 

technology lacks of suitable inorganic cathode materials, mainly because of the ion radius of the 

sodium ion. The redox reaction of organic carbonyl materials is, due to its soft nature, mostly not 

influenced by the ion radius of the cation. Thus organic carbonyls can represent a promising 

alternative material for cathodes of sodium ion batteries. Nevertheless, the redox-potential of 

some organic carbonyls, especially of the conjugated carboxylates, is very low, leading to low 

cell voltages and low energy densities of the resulting lithium/sodium-organic batteries. 

However, these materials may also be applied as anode materials replacing lithium or sodium. 

These batteries utilize mainly lithium alloy such as LiCoO2, or sodium alloys like NaVPO4F, as 

active cathode material. In general organic carbonyl compounds are better suited to replace 

sodium than lithium, because of the lack of an applicable anode for sodium batteries as well as 

the slightly higher redox potential of sodium compared to lithium. Besides metal alloys, there are 

a few reports applying other organic active compounds with a higher redox potential as cathode 

active material, such as poly(triphenylamine),[104] resulting in an all-organic metal-free secondary 

battery. Within this compound class there is also one b-type material reported. Dilithium (2,5-

dilithium-oxy)-terephthalate (25) can be both oxidized and reduced at different redox potentials 

and, therefore, acts as both anode and cathode material in a pole-less all-organic-ion battery with 

a cell potential of 2 V. 
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4.2. Electrolytes for carbonyl organic batteries 

Most of the carbonyl containing electrodes were investigated as sodium or lithium organic 

batteries, whereas the electrolytes were adopted from the lithium- or sodium battery 

technologies. Mainly liquid electrolytes were applied consisting of highly concentrated lithium 

or sodium salt solutions of organic carbonates, organic ethers or mixtures thereof. The electrolyte 

needs to be electrochemically stable within the electrochemical operation window of the battery 

and chemically inert towards all redox-states and all components of the electrodes. Additionally, 

to allow a high rate performance of the battery a low viscosity and a high ion mobility is desired 

accompanied with a high boiling point and low vapor pressure. The major challenge of polar 

liquid electrolytes is the dissolution of the active materials and the resulting capacity loss that 

can be overcome by using polymers as active material or by grafting the active molecules onto 

the conductive additives. Another approach was the application of solid state or gel polymer 

electrolytes, preventing the dissolution of the active material. However, these materials typically 

a reveal higher viscosity and lower ion mobility values than liquid electrolytes, leading in 

general to poor rate performance of the batteries. 

 

4.3. Conductive additive and binders 

As the majority of the investigated organic compounds show no intrinsic conductivity, hence a 

large amount of conductive carbon is employed for the material evaluation. In most of the studies 

the content of carbon material is not optimized and can, therefore, be reduced to more practical 

values. Furthermore, the material activity of the electrode is strongly dependent on the mixing 

process of active material with carbon additive. Porous homogenous electrode compositions are 

preferred, where the active material is either coated or covalently bond to the carbon surface. 
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Therefore, either liquid-solid mixing of a suspension of the carbon material in a solution of the 

active material, or solid-solid mixing of very small particles of active materials and conductive 

additive are the methods of choice. The conductive additive needs to exhibit a high active surface 

area accompanied with a high electrical conductivity. High performance conductive additives are 

for example carbon nanotubes, or graphene. Depending on the active material and the conductive 

additive sometimes binders are required to stabilize the electrode mechanically. These polymeric 

materials should have no influence in the charge-storage process. Mainly fluorinated polymers 

such as poly(tetrafluoroethylene) and poly(vinylidene fluoride) are applied in small amounts.  

 

4.4. Potential other applications in energy storage systems 

To satisfy the demands of high power application, it is necessary to develop energy storage 

systems that reveal high power density accompanied with a high rate performance. As mentioned 

before one of the major advantages of organic materials in contrast to inorganic particles is the 

fast reaction kinetics. Recently, there have been several approaches to modify the surface of high 

performance carbons like nanotubes or graphene in supercapacitors, to achieve both high power 

and energy density combining redox reactions with double layer capacity of high surface area 

carbon.[110] Several anthraquinone derivates modified carbons have been applied as 

supercapacitor materials.[111-114] 

Solar and wind power plants require energy storage systems with an extremely high capacity to 

save the fluctuary unconsumed power. The capacity of redox-flow batteries are depending on the 

size of the tank and are considered as unlimitedly scalable. The good solubility of organic 

carbonyl materials, which represents a significant drawback in organic film batteries, points to an 

alternative utilization in solution. Compared to commercially redox-flow-battery systems based 
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on inorganic compounds such as vanadium in sulfuric acid, carbonyl based active materials for 

redox-flow battery systems are considered to be cheaper and more environmentally friendly. 

High concentrations of active materials can be achieved by the application of non-aqueous 

electrolytes, which will significantly enlarge the operating voltage of the battery. Introducing 

appropriate functionalities to the redox-active compounds can, moreover, increase their solubility 

in the electrolyte and enable tailoring of the output voltage. However, up to now the research on 

organic carbonyl-based redox-flow-batteries is still in its infancy. All so far reported systems are 

based on quinone systems.[115-118] 

 

5. Conclusion  

In this review the development of carbonyl containing organic materials as active electrode 

materials for secondary batteries during the last 40 years of research is summarized. The large 

variety of carbonyl structures was categorized in substance classes depending on their functional 

groups. The electrochemical performance of each substance class is analyzed in detail. In 

general, the application of organic compounds as active materials in secondary batteries is still at 

the very beginning and up to now no material or system has reached commercialization. 

Conjugated carbonyl systems are in our opinion currently one of the most promising structures. 

They have the potential to reach both high energy and power densities, because of their two-

electron redox reaction accompanied with high cycling stability. Moreover, their structural 

variety enables a tailoring of the cell potential and provides a large range of possible 

applications. All carbonyl structures are n-type materials, which potentially enables the 

formation of an all-organic battery employing a suitable organic p-type material as cathode such 

as an organic nitroxide radical, leading to a fully flexible metal-free secondary battery. However, 
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it is still challenging for carbonyl materials to archive both high energy and power density 

accompanied with high material content and as well as activity. There are still many possibilities 

to improve the electrode kinetics and the capacity of organic carbonyl compounds to discover 

even more efficient electro-active structures. 

Carbonyl compounds are widespread in nature such as in plants, and already some approaches 

have been discovered to gain the active material from renewable resources, which is also 

desirable from a sustainable point of view. These aspects coupled with the high rate performance 

and the possible low-cost production from suitable biomass or commercial building blocks from 

the chemical feedstock, enable organic carbonyl materials seem to become highly promising 

electrode material for the next generation of rechargeable batteries. 
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 Redox-active polymers became the focus of attention in the fi eld of organic electronics during 
the last decade. Quinoide systems are intensively studied in this fi eld. Although benzoqui-
nones are generally known as radical scavengers, certain monomers can be polymerized by 
radical polymerization techniques. For this purpose, methacrylate functionalities are attached 
to the redox-active quinone moiety. A free-radical polymerization technique is applied uti-
lizing AIBN as initiator. The molar mass can be adjusted by the choice of an appropriate solvent 
system. Electrochemical investigations of these new monomers and polymers, in particular 
cyclic voltammetry, are performed in aqueous and non-aqueous electrolytes in the dissolved 
and solid states, showing the 
potential usefulness of the 
system for applications in 
organic radical batteries. 
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properties. [ 1 ]  A reversible two-electron redox behavior can 
be observed, whereas the redox potential can be altered by 
the introduction of different substituents. [ 2 ]  Additionally, 
the electrochemical behavior of quinone moieties strongly 
depends on the chemical environment (e.g., the electrolyte, 
the conducting salts, etc.). In organic solutions, the reduc-
tion proceeds in two separate one-electron reactions over 
the semiquinone intermediate to the hydroquinone. In 
contrast, the reduction in aqueous solution is dependent 
on the pH value; in acidic solutions, it follows the one elec-
tron reduction – hydrogen transfer (EHEH) mechanism 
(i.e., protonation after one-electron reduction). Under basic 
conditions, only one two-electron reaction is observed 
(i.e., simultaneous reduction of both carbonyl groups). [ 3 ]  
Noteworthy, quinones feature a high chemical robustness 
in combination with a low molar masses (ca. 120 g mol −1  
dependent on the substitution pattern). As a consequence, 
they have been applied for analytical systems, [ 4 ]  as 
capacitor material, [ 5 ]  redox resin, [ 6 ]  as well as active anode 

  1.     Introduction 

 Quinone-containing polymers have been investigated 
in different fi elds of chemistry and material science in 
the last decades due to their interesting electrochemical 
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 Electrochemical measurements were performed on a Princeton 
Applied Research Versastat potentiostat with a standard three-
electrode confi guration using a glassy carbon-disk working 
electrode, a platinum-rod auxiliary electrode, and an Ag/AgCl ref-
erence electrode. The experiments were carried out in degassed 
solvents applying ferrocene as an internal standard.  

  2.2.      Synthesis 

  2.2.1.      Synthesis of 2,5-dimethoxybenzyl methacrylate ( 1 ) 

 2,5-Dimethoxybenzylalcohol 4.17 g (24.8 mmol) and 0.03 g 
(0.248 mmol)  N ′, N' -dimethylaminopyridine (DMAP) were 
dissolved in 250 mL of dichloromethane and 5.16 mL of tri-
ethylamine (37.2 mmol) was added. After cooling the reac-
tion mixture to 0 °C, 3.45 mL of methacryloyl chloride 
(29.8 mmol) was added dropwise over a period of 20 min. The 
reaction mixture was stirred 1 h at 0 °C and 2 h at room tem-
perature. 50 mL of saturated aqueous NaHCO 3  solution was 
added and the organic phase was separated, washed twice with 
water, once with brine, dried over sodium sulfated, and fi ltered. 
After evaporation of the solvent, 5.34 g (91%) of yellow oil was 
obtained. 

 Anal. Calcd. for C 13 H 16 O 4 : C, 66.09; H, 6.83. Found: C, 66.10; 
H, 6.91.  1 H NMR (CDCl 3 , 300 MHz): δ = 6.55 (s, 3H); 6.15 (m, 1H); 
5.55 (m, 1H); 5.4 (s, 2H); 3.70 (s, 6H); 1.91 (s, 3H);  13 C NMR (CDCl 3 , 
75 MHz, ppm): δ = 167.2; 153.1; 149.0; 137.8; 128.2; 123.7; 114.3; 
114.2; 112.3; 63.0; 56.1; 55.8; 17.9.  

  2.2.2.     Synthesis of (3,6-dioxocyclohexa-1,4-dienyl)methyl 
methacrylate ( 2 ) 

 2,5-Dimethoxybenzyl methacrylate (0.94 g, 4.00 mmol) was dis-
solved in 20 mL of acetonitrile and a solution of 5.48 g of ceric(IV) 
ammonium nitrate (CAN) (10 mmol) was added. The reaction 
mixture was stirred for 1.5 h. Subsequently, 50 mL of water were 
added and the mixture was extracted three times with 20 mL of 
dichloromethane. The combined organic phases were dried over 
sodium sulfate, fi ltered and the solvent was evaporated under 
reduced pressure. The crude product was further purifi ed using 
fl ash chromatography (hexane:ethyl acetate 4:1) to obtain 0.6 g 
(73%) of the methacrylate  2  as an orange solid. 

 Anal. Calcd. for C 11 H 10 O 4 : C, 64.07; H, 4.89. Found: C, 64.10; H, 
4.82.  1 H NMR (CDCl 3 , 300 MHz): 6.79 (s, 1H); 6.76 (d, 1H) 6.69 (d, 
1H), 6.22 (s, 1H) 5.68 (s, 1H), 1.99 (s, 3H);  13 C NMR (CDCl 3 , 75 MHz, 
ppm): δ = 187.2; 183.0; 169.3; 167.2; 137.8; 136.8; 134.4; 123.7; 
61.9; 17.9.  

  2.2.3.      Synthesis of 2,5-dimethoxy-3,4,6-trimethyl-
benzaldehyde ( 3 ) 

 2,5-Dimethoxy-3,4,6-trimethylbenzaldehyde was synthesized 
according to a modifi ed procedure described in the litera-
ture. [ 11 ]  Trifl uoroacetic acid (271 mL) was added to a mixture of 
1,4-dimethyl-2,3,5-trimethylbenzene (24.4 g, 135 mmol) and 
hexamethylenetetramine (19.0 g, 135 mmol). The mixture was 
stirred at refl ux for 16 h and most of the solvent subsequently 
removed in vacuo. The oily residue was dissolved in 300 mL of 
dichloromethane and the resulting solution was washed three 

material for organic batteries [ 7 ]  and photorechargeable 
batteries. [ 8 ]  For the majority of these applications, insolu-
bility of the corresponding material is required. Thus, 
controlled and/or living polymerization procedures are 
disregarded. Polymers containing in chain quinone moie-
ties are widely known. [ 1,9,10 ]  In contrast, polymers with 
pendant quinone units are less investigated. Typical living 
polymerization techniques (e.g., living anionic or cationic 
polymerization) are not suitable for the synthesis of high 
molar mass polymers due to incompatibility of the quin one 
carbonyl moiety to the initiating and/or propagating 
species in the reaction mechanism. In addition, quinones 
commonly act as radical scavengers; hence, a radical poly-
merization of unprotected benzoquinone-containing mon-
omers has not been accomplished so far. The two main 
strategies to overcome this drawback have either been the 
usage of protection groups, [ 11,12 ]  or the introduction of the 
quinone unit via a polymer analogous reaction. [ 13,14 ]  Both 
synthetic strategies do not ensure a complete functionali-
zation of the polymer. 

 In this contribution, the design of a fully methyl-
substituted benzoquinone methacrylate monomer is 
displayed. By the introduction of methyl groups to the 
benzoquinone core in the 2-, 3-, or 5-position, a poten-
tial radical formation is suppressed. The application of 
a free-radical polymerization technique yields quinone 
pendant polymers with high molar masses. Furthermore, 
the infl uence of different solvents on the polymerization 
behavior as well as the electrochemical characteriza-
tion of the resulting polymers in various electrolytes is 
investigated.  

  2.     Experimental Section 

  2.1.     Materials 

 All reagents were obtained from commercial sources and used as 
received unless otherwise noted. Solvents were dried according 
to standard procedures. Dry THF and dichloromethane were 
obtained from a Pure Solv MD-4-EN solvent purifi cation system. 
2,5-Dimethoxybenzalcohol [ 15 ]  and 1,4-dimethoxy-2,3,5-trimethyl-
benzene [ 16 ]  were synthesized according to the literature. 

 Reactions were monitored by TLC (aluminum sheets coated 
with silica gel 60 F254 by Merck) and SECs for the polymers were 
measured with a Shimadzu SCL-10A VP controller, a LC-10AD 
pump, a RID-10A refractive index detector, a SPD-10AD VP UV-
detector, and a PSS SDV prelin M (THF-N) column; temperature: 
40 °C, eluent: THF; fl ow rate: 1 mL min −1 , calibration: polystyrene. 

  1 H and  13 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,  δ  scale) relative to the residual 
signal of the deuterated solvent. 

 Column chromatography was performed on silicagel 
60 (Merck). Elemental analyses were carried out using a Vario 
ELIII – Elementar Euro and an EA – HekaTech. 
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three times with 20 mL of diethylether. The combined organic 
phases were dried over sodium sulfate, fi ltered, and the solvent 
was evaporated. Subsequently, the crude product was purifi ed 
using fl ash chromatography with dichloromethane as eluent 
to obtain 1.7 g (95%) of the methacrylate as a bright yellow 
solid. 

 Anal. Calcd. for C 14 H 16 O 4 : C, 67.73; H, 6.50. Found: C, 67.70; 
H, 6.48.  1 H NMR (CDCl 3 , 300 MHz): δ = 6.05 (s, 1H); 5.54 (s, 1H); 
5.08 (s, 2H); 2.11 (s, 3H); 2.02 (s, 6H); 1.90 (s, 3H);  13 C NMR (CDCl 3 , 
75 MHz): δ = 187.2; 185.3; 167.2; 161.9; 143.6; 140.7; 137.8; 123.7; 
55.7; 17.9.  

  2.2.7.      General Procedure for Free-Radical Polymerization 

 The monomer  6  (100 mg, 0.403 mmol) and 3.3 mg AIBN (5 mol%) 
were dissolved in 0.2 mL solvent. The reaction solution was 
degassed by three freeze–pump–thaw cycles and then heated to 
70 °C for 24 h. The conversion was examined with gas chroma-
tography and anisole as internal standard. The reaction mixture 
was cooled to room temperature and the polymer  7  was obtained 
by precipitation from cold hexane. 

 Anal. Calcd. for C 14 H 16 O 4 : C, 67.73; H, 6.50. Found: C, 67.65; 
H, 6.42. NMR:  1 H NMR (CDCl 3 , 300 MHz): δ = 4.82 (br, 2H); 2.10 
(br, 9H); 1.71–0.82 (br, 3H).  

  2.2.8.      General Procedure for Free-Radical Polymerization 
of Crosslinked Polymers  8  

 Monomer  6  (641 mg, 2.58 mmol), 37 mg ethylene(bisoxyethylene) 
methacrylate (0.129 mmol), and 21.2 mg AIBN (5 mol%) were 
dissolved in 1.3 mL solvent. The reaction solution was degassed 
by three freeze–pump–thaw cycles and then heated to 70 °C for 
24 h. The reaction mixture was cooled to room temperature and 
the polymer  8  was obtained by precipitation from cold hexane. 

  1 H NMR (CDCl 3 , 300 MHz): δ = 4.82 (br); 4.31–4.25 (br); 
3.71–3.38 (br); 2.10 (br); 1.71–0.82 (br).    

  3.     Results and Discussion 

  3.1.      Synthesis 

 The unsubstituted benzoquinone methacrylate monomer 
(Scheme  1 ) was synthesized utilizing 2,5-dimethoxy-
benzylalcohol as starting material. Commercially available 
2,5-dimethoxybenzylalcohol was treated with meth-
acryl oyl chloride to obtain the ester  1 . The methoxy-
protecting groups were oxidatively cleaved by a slight 

times with 300 mL water, once with saturated NaHCO 3  aqueous 
solution and once with brine. The organic phase was dried over 
sodium sulfate and fi ltered before solvent evaporation. The crude 
product was recrystallized from an ethanol/water mixture to 
obtain 22.4 g (79%) white needles. 

 Anal. Calcd. for C 9 H 10 O 3 : C, 65.05; H, 6.07. Found: C, 65.10; H, 
6.11.  1 H NMR (CDCl 3 , 300 MHz): δ = 10.41 (s, 1H); 3.70 (s, 3H); 
3.58 (s, 3H); 2.42 (s, 3H); 2.19 (s, 3H); 2.13 (s, 3H).  13 C NMR (CDCl 3 , 
50.3 MHz): δ = 192.8; 159.1; 153.6; 138.4; 131.9; 129.1; 126.3; 63.3; 
60.3; 13.7; 12.8; 12.1.  

  2.2.4.     Synthesis of 2,5-dimethoxy-3,4,6-trimethyl-
benzylalcohol ( 4 ) 

  3  (21.6 g, 104 mmol) was dissolved in 200 mL of methanol. The reac-
tion mixture was cooled to 0 °C and sodium borohydride (4.32 g, 
114 mmol) was added in portions. After stirring 4 h at room 
temperature, the solvent was evaporated and the residue was 
dissolved in 400 mL of dichloromethane and 200 mL of 2  M  
hydrochloric acid. The phases were separated and the organic 
phase was extracted twice with water (200 mL) and once with 
brine, dried over sodium sulfate, and the solvent was evapo-
rated under reduced pressure. The crude product was purifi ed 
by recrystallization from hexane to obtain 19.5 g (90%) of white 
powder. 

 Anal. Calcd. for C 9 H 12 O 3 : C, 64.27; H, 7.19. Found: C, 64.21; H, 
7.15.  1 H NMR (CDCl 3 , 300 MHz): δ = 4.70 (s, 2H); 3.72 (s, 3H); 3.64 
(s, 3H); 2.31 (s, 3H); 2.25 (s, 1H); 2.19 (s, 3H); 2.17 (s, 3H).  13 C NMR 
(CDCl 3 , 75 MHz): δ = 153.3; 153.2; 130.8; 130.0; 128.1; 61.5; 60.0; 
57.7; 12.7; 12.5; 11.7.  

  2.2.5.     Synthesis of 2,5-dimethoxy-3,4,6-trimethylbenzyl 
methacrylate ( 5 ) 

 2,5-Dimethoxy-3,4,6-trimethylbenzylalcohol (20 g, 95 mmol) 
and  N ′ N' -dimethylaminopyridine (0.58 g, 4.76 mmol) were dis-
solved in 380 mL of dichloromethane and triethylamine (15.9 
mL, 114 mmol, 1.2 equiv.) was added. The solution was cooled 
to 0 °C and methacryloyl chloride (11.93 g, 114 mmol, 1.2 equiv.) 
was added dropwise. The reaction mixture was stirred 1 h at 
0 °C and 2 h at room temperature. 50 mL of saturated aqueous 
NaHCO 3  solution was added and the organic phase was separated, 
washed twice with water, once with brine, dried over sodium sul-
fate, and fi ltered. After evaporation of the solvent and recrystal-
lization from methanol, 25.2 g (91%) of a pale yellow powder was 
obtained. 

 Anal. Calcd. for C 16 H 22 O 4 : C, 69.04; H, 7.97. Found: C, 69.09; 
H, 7.91.  1 H NMR (CDCl 3 , 300 MHz): δ = 6.07 (s, 1H); 5.53 (s, 1H); 
5.27 (s, 2H); 3.68 (s, 3H); 3.66 (s, 1H); 2.25 (s, 3H); 2.22 (s, 3H); 2.19 
(s, 3H).  13 C NMR (CDCl 3 , 75 MHz): δ = 167.2; 150.1; 147.9; 137.8; 
129.8; 128.2; 128.0; 123.7; 118.9; 60.8; 17.9; 15.6; 11.9.  

  2.2.6.     Synthesis of (2,4,5-trimethyl-3,6-dioxocyclohexa-
1,4-dien-1-yl)methyl methacrylate ( 6 ) 

  5  (2 g, 7.19 mmol) was dissolved in 24 mL of acetonitrile and 
an aqueous solution of ceric(IV) ammonium nitrate (8.67 g, 
15.81 mmol) was added. The reaction mixture was stirred for 
1.5 h. Then, 50 mL of water were added and it was extracted 

    Scheme 1.    Schematic representation of the synthesis of the 
unsubstituted monomer  2 . 
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of the solvent on the degree of poly-
merization was investigated (Table  1 ). 
Therefore, the polymerization was 
carried out in solvents with different 
polarity utilizing 5 mol% of initiator 
to ensure that the amount of radicals 
is not the limiting factor (Scheme  3 ). 
In general, polymers with high molar 
mass and high monomer conversion 
were obtained in polar aprotic solvents 
such as  N,N′ -dimethylformamide or 
 N,N′ -dimethylacetamide. Polar protic, 
unpolar, and chlorinated solvents lead 
to lower conversion and lower molar 
mass (Table  1 ). 1,4-Dioxane gave the 
best results with regard to molar mass 
and monomer conversion.    

 Secondly, the necessary amount of initiator was deter-
mined. Therefore, 1,4-dioxane was used as solvent and the 
molar percentage of initiator diversifi ed between 1 and 
10 mol% (Table  2 ). For high and full conversion, respec-
tively, at least 5% of initiator was necessary. With less 
initiator, however, polymer can be obtained in moderate 
yields with low degree of polymerization. This reveals 
that the quinone unit still has limited radical-quenching 
abilities. Controlled radical polymerization techniques, 
like reversible addition–fragmentation chain transfer 
polymerization (RAFT), with a very low radical content 
could not be performed successfully.  

 Crosslinked polymers can be easily synthesized by sta-
tistical copolymerization of a bifunctional monomer with 
two polymerizable groups. As mentioned before, many 
applications rely on insoluble but swellable and therefore 
redox-active polymers. 

 A crosslinked polymer using a low ratio of a dimethyl-
acrylate with a triglyme spacer was synthesized in 
excellent yield and conversion.  

excess of ceric(IV) ammonium nitrate (CAN) to obtain  2 . 
This synthesis was performed within two steps in excel-
lent yields; however, the free-radical polymerization did 
not yield any polymer, even with 50 mol% AIBN as radical 
initiator in various solvents due to the radical scavenger 
properties of the benzoquinone structure.  

 In order to suppress this radical scavenging behavior, 
a fully methyl-substituted monomer was synthesized 
(Scheme  2 ). 2,3,5-Trimethylhydroquinone was chosen as 
starting material. The phenolic groups of the hydroqui-
none were in the fi rst step protected as methoxy groups 
using dimethylsulfate, followed by the introduction of 
the formyl group applying a Duff reaction. The aldehyde  3  
was reduced in the next step to the corresponding alcohol 
 4  using sodium borohydride as reducing agent, followed 
by  N ′, N' -dimethylaminopyridine-catalyzed esterifi ca-
tion of the alcohol  4  with methylacryloyl chloride and 
the oxidative cleavage of the methoxy groups applying 
ceric(IV) ammonium nitrate as oxidant. The 2,3,5-methyl-
substituted monomer  6  could be synthesized within fi ve 
steps in high yield. The free-radical polymerization was 
carried out utilizing AIBN as initiator. First, the infl uence 

  Table 1.    Infl uence of the solvent on the polymerization.  

Solvent   M  n   
 [g mol −1 ]  

  M  w   
 [g mol −1 ]  

PDI  Conv.  
 [%]  

THF 6190 11 500 1.86 95

 n -BuOH 2080 4410 2.18 62

DMAc 5200 9540 2.84 93

DMF 19 100 28 900 2.51 82

1,4-Dioxane 17 400 40 100 3.30 97

Toluene 11 800 22 200 2.04 81

1,2-Dichloroethane 4280 8990 2.10 84
    Scheme 3.    Schematic representation of polymerization of mono-
mers  3  and  6 . 

    Scheme 2.    Schematic representation of the synthesis of monomer  6 . 
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semiquinones form irreversibly the chinhydrone, a charge 
transfer complex. In aqueous media, the redox behavior of 
quinone systems is strongly dependent on the pH value. In 
acidic and neutral media, the reduction works in general 
according the EHEH mechanism. Two rounds of electron 
transfers are coupled with two proton acceptances. The 
reduced form consists of the protonated hydroquinone. 
Under alkaline conditions, the reduction reveals a two-
electron reduction in one wave resulting the corresponding 
dianion. [ 3 ]  

 The electrochemical behavior of the polymers was 
investigated utilizing cyclic voltammetry to examine the 
redox properties in different organic and aqueous sol-
vents, with various conducting salts. Therefore, a solution 
of the polymer in DMF (1 mg mL −1 ) was dropcasted onto 
a glassy carbon electrode and the solvent was evaporated 
at 80 °C. 

 The electrochemical behavior of the fi lm (thickness: 
50–250 nm) of polymer  7  in propylene carbonate exhibits 
two reduction waves at −0.34 and −1.21 V vs Fc/Fc +  with 

  3.2.     Electrochemistry 

 The electrochemical behavior of quinone systems has been 
investigated in detail. In organic solvents, they undergo 
in general two separate one-electron reactions: fi rst, a 
one-electron-redox-reaction to the semiquinone, which is 
further reduced in a slow one-electron-redox-reaction to 
the corresponding dianion. Semiquinones are reported to 
be quite instable and readily undergo disproportion. Two 

  Table 2.    Infl uence of the amount of initiator on the polymerization.  

 AIBN  
 [mol%]  

  M  n   
 [g mol −1 ]  

  M  w   
 [g mol −1 ]  

PDI   Conv.  
 [%]  

10 17 800 40 500 3.31 95

5 17 400 40 100 3.30 95

2 7 420 14 500 1.95 62

1 6 510 11 500 1.77 23

   Figure 1.    Cyclic voltammograms of monomer  6  and polymer  7  at rt; a) 20 × 10 −3   M  solution of  6  in acetonitrile, 0.1  M  TBAClO 4 , scan 
rate 0.1 V s −1 ; b) 20 × 10 −3   M  solution of  6  in propylene carbonate, 0.1  M  TBAClO 4 , scan rate 0.1 V s −1 ; c) 20 × 10 −3   M  solution of  6  in dichloromethane, 
0.1  M  TBAClO 4 , scan rate 0.1 V s −1 ; d) 20 × 10 −3   M  solution of  7  in dichloromethane, 0.1  M  TBAClO 4 , 0.1 V s −1 . 
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explained further. Both monomer  6  and polymer  7  reveal 
a similar electrochemical behavior in dichloromethane 
solution. Monomer  6  exhibits two redox reactions occur-
ring at −0.20 and −0.80 V vs Fc/Fc +  (Figure  1 c) and polymer 
 7  reveals two redox reactions at −0.20 and −0.79 V vs Fc/
Fc +  (Figure  1 d). In both cases, the fi rst redox reaction 
reveals a quasi-reversible redox reaction. The second 
reduction is irreversible. 

 Polymer  7  was stable under acidic conditions and we 
were able to measure dropcasted fi lms in 0.1  M  aqueous 
HClO 4  as electrolyte. Surprisingly, the polymer exhibits 
one two-electron wave occurring at around 0.15 V 
vs SHE, which could be separated at lower scan rates 
(Figure  2 ). The intensity of the signals is stable over 
more than 100 cycles. Therefore, it can be assumed that 
the nucleophilic attack of the phenolate is inhibited by 
protonation.  

 Further investigations applying rotating disk elec-
trode technique revealed that the fi rst reduction wave at 
0.51 V vs SHE (resp .  −0.13 V vs Fc/Fc + ) is independent on 
the rotation speed and therefore kinetically controlled 
in contrast to the second wave (0.55 V resp. −0.17 V vs 
Fc/Fc + ), which is because of its rotation speed depend-
ency diffusion controlled. As expected and displayed in 
Figure  3 , the cyclic voltammogram of the crosslinked 
polymer  8  as fi lm reveals also two one-electron waves at 
similar potentials. Rotating disk electrode experiments 
exhibit in contrast to the non-crosslinked polymer 
that the intensity of both waves are not dependant on 
the rotation speed and therefore kinetically controlled 
(Figure  4 ). This fact is probably referred to the polymer 
structure.   

 Due to the ester functionalization, the polymer is not 
stable under alkaline conditions; therefore, electrolyte 
systems at high pH were not investigated.   

steadily decreasing intensity over cycling, possibly 
because of the nucleophilic attack of the anion at the 
carbonyl carbon of propylene carbonate. The fi rst reduc-
tion shows a limited reoxidation, the second reduction 
wave reveals irreversible reduction (Figure  1 a). To inves-
tigate this further, an electrolyte was utilized that is inert 
toward a nucleophilic attack.  

 In acetonitrile, two irreversible redox reactions at 
−0.23 and −1.05 V vs Fc/Fc +  with strongly decreasing 
intensity could be observed. A reoxidation with lower 
intensity is only observed for the fi rst reduction wave 
(Figure  1 b). Therefore, it can be assumed that the formed 
anion attacks the pendant ester functionality. The addi-
tion of Li salts like LiClO 4  to the electrolyte that should 
inhibit the nucleophilic attack leads to a non-reversible 
redox behavior of the quinone unit, which cannot be 

   Figure 2.    Cyclic voltammogram of polymer  7 , 0.1  M  HClO 4 , scan 
rate 0.01 V s −1 . 

   Figure 3.    Cyclic voltammogram of polymer  7  in 0.1  M  HClO 4 , scan 
rate 10 mV s −1  rotation speed: 100 to 3600 RPM. 

   Figure 4.    Cyclic voltammogram of polymer  6 , 0.1  M  HClO 4 , 
0.01 V s −1 , rt. 
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  4.     Conclusion 

 We polymerized a quinone-containing methacrylate 
monomer in a free-radical polymerization. The infl uence 
of the solvent and the initiator concentration on the poly-
merization were investigated and the electro chemical 
behavior of this polymer and its crosslinked polymer 
utilizing cyclic voltammetry and rotation disk electrode 
experiments. Further work is in progress to explore the 
application of the polymers as active anode material in 
organic batteries and air batteries.  
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ABSTRACT  

Redox-active polymers have recently received significant interest as active materials in 

secondary organic batteries because of their structural variety and their easy accessibility. We 

designed a redox-active monomer, namely 2-vinyl-4,8-dihydrobenzo[1,2-b:4,5-b']dithiophene-

4,8-dione, that features two one-electron redox reactions accompanied with a low molar mass, 

resulting in a high theoretical capacity of 217 mAh/g. The free radical polymerization of the 
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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 merging of the redox waves of the polymer with a 

simultaneous 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 up to 40 wt% of 

polymer leads to a lower overall 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. 

 

1.) INTRODUCTION 

Electrodes in commercially available secondary batteries are in general made of inorganic 

materials, i. e. mainly metals. Many of them are heavy and partly toxic, consist of rare natural 

resources and are therefore expensive and recycling is often required. 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.1 Further beneficial 

properties are low toxicity, flexibility, and lightweight,2 as well as the possibility to determine 

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 radicals3, 4 and organic sulfur compounds.5 Of particular interest are also quinonide 

structures, because of their two-electron redox behavior, accompanied with 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 



 3 

were accomplished by Alt et al., who studied the reversible solid-state reduction of chloranil in 

organic and aqueous electrolytes.6, 7 Several other quinonide-based small molecules such as 

benzoquinone,8, 9 phenanthrenequinone,10 and anthraquinone,11 and their derivates12-15 were 

studied, but their charge/discharge stability is often poor because of dissolution of the small 

molecules in the electrolyte. Several approaches to improve the stability of small quinonide 

molecules have been undertaken. One is the introduction of functional groups that diminish the 

solubility, as proposed by Poizot and co-workers1, like sulfonic acids,16, 17 carboxylic acids,18 and 

their lithium and sodium salts, or the utilization of quasi-solid-state electrolytes.19 Another 

approach is the incorporation of the redox-active unit into a polymer in the backbone or side 

chain. The first approaches involved polymers with quinone units in the backbone. Several 

examples revealed a high capacity accompanied with a good cycling stability.20-25 These 

polymers were mainly synthesized by polycondensation or polyaddition reactions and are, 

therefore, often insoluble, non-swellable, and/or tend to crystallize. Redox-active polymers with 

pendant quinonide structures are difficult to synthesize because of the limited applicable 

polymerization techniques. Two polymers were synthesized by polymer-analogous reactions and 

were successfully applied as active battery material. Both the condensation of poly(4-

chloromethylstyrene) with anthraquinone-2-carboxylic acid26 and the reaction of 

poly(methacryloylchloride) with pyrene-4,5,9,10-tetraone27 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.28 

This polymer displays an excellent performance as active material in a secondary organic air 

battery with aqueous electrolyte. 
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The redox potential of anthraquinones can be influenced by the choice of the appropriate 

substituents and, therefore, the cell potential of the secondary battery can be easily adjusted. 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) with a molar mass that enables swelling, but maintains insolubility in the 

electrolyte. The polymer was applied as active cathode material in 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 P2O5 and stored 

over molecular sieves. N,N’-Dimethylacetamide (DMAc), N-methyl-2-pyrrolidone (NMP), and 

dimethylsulfoxide (DMSO) were purchased from Sigma-Aldrich in anhydrous quality. 2,2’-

Azobis(iso-butyronitrile) (AIBN) was recrystallized from methanol prior to use. 4,8-

Dihydrobenzo[1,2-b:4,5-b']dithiophene-4,8-dione (1) was synthesized according to a literature 

procedure.29
 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). 1H and 13C NMR spectra were 

recorded on a Bruker AC 300 (300 MHz) spectrometer at 298 K. Chemical shifts are reported in 

parts per million (ppm, δ scale) relative to the residual signal of the deuterated solvent. Elemental 
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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 Å). Spectro-electrochemical 

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 AgCl/Ag reference 

electrode. The potential was controlled using a Metrohm Autolab PGSTAT30 potentiostat. The 

oxidation process was monitored by UV-vis spectroscopy using a Perkin-Elmer Lambda 750 

UV/VIS spectrophotometer and considered complete when there was no further spectral change. 

2.2.) Synthesis of 2-iodobenzo[1,2-b:4,5-b']dithiophene-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 eq), silver trifluoromethanesulfonate (0.65 g, 2.53 mmol, 0.15 eq) and 

iodine (4.71 g, 18.57 mmol, 1.1 eq) were dissolved in 169 mL 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 (SiO2 60, CHCl3) to yield 

4.85 g (83%) of 2-iodobenzo[1,2-b:4,5-b']dithiophene-4,8-dione (2) as a red powder. EI-

MS (m/z): 346, 318, 219, 191, 163, 119, 95, 81, 45. 1H NMR (CD2Cl2, 300 MHz, ppm): δ 7.82 

(s, 1H), 7.78 (d, 1H), 7.63 (d, 1H). 13C NMR (CD2Cl2 75 MHz, ppm): 173.02, 142.36, 135.96, 
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134.09, 126.34, 85,51. Anal. Calcd. for C10H3IO2S2: 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']dithiophene-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 eq), and 

tetrakis(triphenylphosphine)palladium(0) (165 mg, 0.135 mmol, 0.05 eq) were dissolved in 

18 mL DMF under argon atmosphere. Tributylstannylethylene (1.19 mL, 4.06 mmol, 1.5 eq) was 

added dropwise via a syringe and the reaction mixture was stirred under reflux at 100 °C for 

16 hours. Toluene was evaporated under reduced pressure and the residue was purified by 

column chromatography (SiO2 60, CHCl3:n-hexane 4:1) to yield 581 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. 1H NMR (CDCl3, 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). 13C NMR (CD2Cl2, 75 MHz, ppm): 174.17, 

150.76, 133.70, 128.85, 126.34, 123.83, 118.44. Anal. Calcd. for C12H6O2S2: 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 eq) of initiator were dissolved in a 

specific amount of solvent (see Table 1). The reaction mixture was purged with dry argon for 

20 minutes and was stirred for 16 hours at a specific temperature. After cooling to room 

temperature the polymer 4 was purified by repeated precipitation in acetone collected by 

centrifugation followed by drying under vacuum. 



 7 

2.5.) Electrochemical analysis: 

A three electrode setup was used (WE: glassy carbon disk (diameter 2 mm), RE: AgNO3/Ag in 

CH3CN 0.1 M n-Bu4NPF6, 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 (VGCF; Sigma-

Aldrich) as conducting additives (ratio: 1/8/1 m/m/m). These materials were mixed in a mortar 

for 10 minutes and more NMP was added to yield a paste. The thus-obtained paste was coated on 

graphite foil (Alfa Aesar) applying the doctor blading method. Next, 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/mL) was added to multi-walled carbon nanotubes (MWCNT, L 6-13 nm × 2.5-20 m; 

Sigma-Aldrich) as conducting additive (ratio: 1/8/1 m/m/m). More NMP was added and the 

materials were mixed in a mortar for 10 minutes. The paste was coated on aluminium 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 
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crude electrode was sandwiched between two sheets of paper. This electrode was employed as 

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: 5 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 

measurements 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 

Scheme 1. Schematic representation of the synthesis of polymer 4. 

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’-diethylthiophene-3-carboxamide. Subsequent reaction with n-butyllithium yielded 4,8-
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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 

solubility in aprotic polar solvents such as 1,2-dichloroethane (DCE), N,N’-dimethylformamide 

(DMF), N,N’-dimethylacetamide (DMAc), dimethylsulfoxide (DMSO), and/or N-methyl-2-

pyrrolidine (NMP), in particular at elevated temperatures. The free radical polymerization was 

carried out utilizing 5 mol% of AIBN as initiator. During the polymerization in DCE, DMF, 

DMAc, and DMSO the polymer precipitated and low yields in the range of 8 to 25% could be 

obtained. In NMP the polymerization proceeded without precipitation and 4 could be obtained in 

40% yield. Size-exclusion chromatograms investigations of all polymers reveal bimodal 

Figure 1. a) Size-exclusion chromatograms of 4 synthesized with 5 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 5 mol% of different initiators in NMP. Eluent: DMAc, 0.21%  LiCl, polystyrene standard, RI
detector. 
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distributions, most likely caused by recombination reactions (Figure 1a). This phenomenon is 

particularly pronounced if DMF or DMSO are utilized as solvent. Three-dimensional size-

exclusion chromatography investigations reveal that both distributions have the same UV-Vis 

spectrum and further ensure that the higher molar-mass distribution is caused by recombination 

reactions (Figure S1 to S9). To increase both molar mass and yield several different initiators at 

appropriate reaction temperatures were investigated (Figure 1b). The best results were obtained 

utilizing 5mol% 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). The results of the polymerizations are summarized in Table 1. 

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%] 

temp. yield Mn [g/mol] Mw [g/mol] 

DCE 0.25 AIBN 5 70 °C 8% 2.49 103 8.03 103 
DMSO 0.5 AIBN 5 70 °C 25% 4.72 103 1.99 104 
DMF 0.5 AIBN 5 70 °C 15% 4.11 103 1.64 104 
DMAc 0.5 AIBN 5 70 °C 25% 2.72 103 1.01 104 
NMP 1 AIBN 5 70 °C 40% 2.62 103 9.28 104 
NMP 1 t-BuOOH 5 130 °C 48% 2.63 103 1.96 104 
NMP 1 ACHN 5 100 °C 45% 3.77 103 1.98 104 
NMP 1 Luperox 101 5 100 °C 33% 3.85 103 8.85 103 
NMP 1 t-BuOOCOPh 5 100 °C 56% 3.18 103 2.21 104 
NMP 1 t-BuOOt-Bu 5 130 °C 40% 2.29 103 1.62 104 
NMP 1 t-BuOOCOPh 10 100 °C 49% 3.26 103 4.22 104 
NMP 1 t-BuOOCOPh 1 100 °C 57% 2.98 103 3.31 104 
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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). 

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 + Epc)/2 = −0.97 V and (Epa + Epc)/2 = −1.54 V vs. Fc+/Fc, 

corresponding to the reductions from the quinone to the semiquinone and from the semiquione to 

the dianione, respectively. The utilization of lithium perchlorate as supporting electrolyte instead 

of tetrabutylammoniumm perchlorate shifts the redox potentials to more positive values. The two 

reduction peaks occur at −0.74 V and −0.90 V vs. Fc+/Fc and their re-oxidations collapse to a 

single wave at −0.66 V vs. Fc+/Fc, most probably because of the coordination of the oxygen 

atoms to the lithium atom (Figure 2).30, 31 The resulting battery would possess only one broad 

charge/discharge plateau instead of a two separated plateaus. Due to the poor solubility of 

polymer 4 in common organic solvents its electrochemical behavior was examined in DMF with 

0.1 M lithium perchlorate as supporting electrolyte, exhibiting two quasi-reversible reductions at 

(Epa + Epc)/2 = −1.03 V and (Epa + Epc)/2 = −1.33 V vs. Fc+/Fc, which is in good agreement with 

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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the redox behavior of monomer 3. Monomer 3 displays two reduction waves at (Epa + Epc)/2 = 

˗0.98 V and (Epa + Epc)/2 = ˗1.39 V vs. Fc+/Fc in DMF with 0.1 M lithium perchlorate (Figure 3). 

This finding proves that the polymer backbone has only a negligible influence on the redox 

behavior in solution. However, the redox potential shift caused by the coordination of lithium 

ions is not present in DMF, which is in good agreement to literature.30 

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 nm and 350 nm decrease, but are not 

restored completely upon re-oxidation (Figure S16). To obtain deeper insight in the redox 

process, UV-Vis-NIR spectroelectrochemical were performed with 0.1 M tetrabutylammonium 

perchlorate as 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 is shifted to 

slightly higher wavelengths accompanied by the appearance of a very broad absorption feature in 

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. 
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the long-wavelength region. Isosbestic points emerge at 285, 370, and 480 nm indicating the 

presence of only two species. The application of a re-oxidizing 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 nm, 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 re-oxidation restores the initial 

spectrum only partly, indicating that side reaction(s) take place during the second reduction 

process, most probably occurring at the substituted two-position of the thiophene moiety.  

Figure 4. UV-Vis-NIR spectroelectrochemistry of monomer 3 (acetonitrile, 0.1 M tetrabutylammonium perchlorate). 
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The Polymers suffer from low intrinsic conductivity; therefore, the 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 measurements. The 

scanning electron microscopy (SEM) images of the electrodes display a porous structure with a 

homogenous distribution of the polymer within the electrode. The homogenity was proven by 

measuring  the quantitative elemental distribution using SEM-EDX measurements (Figure S17 to 

S19).  

Cyclic voltammograms of the composite electrodes containing polymer 4 (see Supporting 

Information) in ethylene carbonate:dimethyl carbonate 1:1 m/v with 1 M lithium perchlorate as 

supporting electrolyte, measured in a beaker-type cell, displays one broad reduction wave at 

−1.17 V vs. Fc+/Fc and one re-oxidation wave at −0.45 V vs. Fc+/Fc. The large peak split 

indicates a limited charge transfer within the electrodes (Figure S20). For multiple cycles, the 

electrolyte remained colorless, indicating that no significant elution of the polymer takes place. 

The charge/discharge behavior at different charging speeds was studied in lithium-organic coin-

type cells equipped with a polymer composite electrode with different ratios of active material. 

In general the batteries exhibit a reversible one-stage charge/discharge behavior. The 

performance of the batteries depends on both the amount of active material and the charging 

speed. All batteries exhibit a capacity drop over cycling, possibly due to side reactions, such as 

an electrophilic attack, dimerization, or irreversible binding of electrolyte cations. A dissolution 

of the active polymer can be precluded as the electrolytes are nearly colorless after 

charge/discharge cycling. The charging speed, however, does not influence the capacity drop, but 
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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 

over-capacities may derive from weighing error of the electrodes, double layer formation or 

small capacitive influence of the conductive additive. The material activity is independent on the 

charging speed. After 100 charge/discharge cycles the capacity drops to 100 to 116 mAh/g equal 

to a material activity of 46 to 54% (Figure 5a). The cells were charged at different rates (1C, 5C, 
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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 5c). 

Similar results were obtained using electrodes containing 20 and 30 wt% of active material 

(Figure S21). Except that, the material activity is at around 50%, which is further reduced upon 

cycling to approx. 30% after 100 cycles. Coin-type cells with 40 wt% active material follow this 

trend. The material activity is mostly independent from the charging speed and between 40 and 

50% active material (Figure 5b). After 100 cycles, the capacity drops to 36 mAh/g (15% material 

Figure 5: 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 LiClO4. 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 LiClO4 of the
2nd charge/discharge cycle at different charging speeds. 
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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 21d); 40 wt%: 2.90 V for charging and 1.83 V for discharging) (Figure 5d). 

 

4.) CONCLUSION 

The redox-active monomer 2-vinylbenzo[1,2-b:4,5-b']dithiophene-4,8-dione 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 

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 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 active cathode material in Li-organic battery. 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 show lower capacities due to poor material activity. 
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Figure S1. Three-dimensional size-exclusion chromatogram of polymer 4 obtained with DMF as solvent and 
5mol% AIBN as initiator (DMAc, 0.21%LiCl, PS standard). 

 

 

 
Figure S2. Three-dimensional size-exclusion chromatogram of polymer 4 obtained with DMAc as solvent and 
5mol% AIBN as initiator (DMAc, 0.21% LiCl, PS standard). 
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Figure S3. Three-dimensional size-exclusion chromatogram of polymer 4 obtained with DMSO as solvent and 
5mol% AIBN as initiator (DMAc, 0.21% LiCl, PS standard). 

 

 
Figure S4. Three-dimensional size-exclusion chromatogram of polymer 4 obtained with NMP as solvent and 
5mol% AIBN as initiator (DMAc, 0.21% LiCl, PS standard). 
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Figure S5. Three-dimensional size-exclusion chromatogram of polymer 4 obtained with NMP as solvent and 
5mol% tert-butylperoxide as initiator (DMAc, 0.21% LiCl, PS standard). 

 

 
Figure S6. Three-dimensional size-exclusion chromatogram of polymer 4 obtained with NMP as solvent and 
5mol% 1,1'-Azobis(cyanocyclohexane) as initiator (DMAc, 0.21% LiCl, PS standard). 
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Figure S7. Three-dimensional size-exclusion chromatogram of polymer 4 obtained with NMP as solvent and 
5mol% 2,5-bimethyl-2,5-bis(t-butylperoxy)hexane as initiator (DMAc, 0.21% LiCl, PS standard). 

 

 
Figure S8. Three-dimensional size-exclusion chromatogram of polymer 4 obtained with NMP as solvent and 
5mol% tert-butyl peroxybenzoate as initiator (DMAc, 0.21% LiCl, PS standard). 
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Figure S9. Three-dimensional size-exclusion chromatogram of polymer 4 obtained with NMP as solvent and 
5mol% tert-butyl peroxybenzoate as initiator (DMAc, 0.21% LiCl, PS standard). 

 

 
Figure S10. Size-exclusion chromatogram (normalized RI signal) of polymer 4 obtained with NMP as solvent 
and 1mol%, 5mol%, and 10mol% tert-butyl peroxybenzoate as initiator (DMAc, 0.21% LiCl, PS standard). 
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Figure S11. TGA analysis of polymer 4 in the temperature range of 23°C to 500 °C 

 
 

 
Figure S12. Cyclic voltammogram of monomer 3 in acetonitrile with 0.1M nBu4NClO4 as supporting electrolyte 
at different scan rates (WE: glassy carbon, CE: Pt-wire). 
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Figure S13. Cyclic voltammogram of monomer 3 in acetonitrile with 0.1M LiClO4 as supporting electrolyte at 
different scan rates (WE: glassy carbon, CE: Pt-wire). 

 

 
Figure S14. Cyclic voltammogram of monomer 3 in DMF with 0.1M LiClO4 as supporting electrolyte at 
different scan rates (WE: glassy carbon, CE: Pt-wire). 
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Figure S15. Cyclic voltammogram of polymer 4 in acetonitrile with 0.1M LiClO4 as supporting electrolyte at 
different scan rates (WE: glassy carbon, CE: Pt-wire). 

 

 
Figure S16. UV-Vis-NIR Spectroelectrochemistry of monomer 3 (acetonitrile, 0.1 M lithium perchlorate), 
(Ag+/Ag to Fc+/Fc = 0.5 V). 
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Figure S17. SEM image of a composite electrode of 4/MWCNT/PVdF (10/80/10 m/m/m). 

 

 
 
Figure S18. SEM image of a composite electrode of 4/MWCNT/PVdF (10/80/10 m/m/m). 
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Spectrum: CNT 
 

El OZ  Serie unn. C norm. C Atom. C Fehler 
[Gew.%] [Gew.%] [At.%]   [%] 

-------------------------------------------- 
C 6 K-Serie 80.71 80.71 86.86 24.8 
O 8 K-Serie 8.88 8.89 7.18 3.0 
F 9 K-Serie 6.36 6.36 4.33 2.3 
S 16 K-Serie 4.04 4.04 1.63 0.2 
-------------------------------------------- 

Summe: 100.00 100.00 100.00 
 
Figure S19. EDX analysis of a composite electrode of 4/MWCNT/PVdF (10/80/10 m/m/m). 

 

 
Figure S20. Cyclic voltammogram of a composite electrode consisting of 4/VGCF/PVdF 10/80/10 m/m/m  in 
ethylene carbonate/dimethyl carbonate 1:1 m/v with 0.21% LiClO4 as supporting electrolyte at a scan rate of 
5 mV/s (WE: glassy carbon, CE: Pt-wire). 
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Figure S21: a,b) Capacity development during extended charge/discharge cycling (100 cycles) of Li-organic 
batteries with composite electrodes of 4/MWCNT/PVdF 20/70/10 and 30/60/10 m/m/m  in EC/DMC 1/1 m/v, 
1 M LiClO4. c,d) Charge/discharge curves (capacity vs. potential) of Li-organic batteries with composite 
electrodes of 4/MWCNT/PVdF 20/70/10 and 30/60/10 m/m/m in EC/DMC 1/1 m/v, 1 M LiClO4 of the 
2nd charge/discharge cycle at different charging speeds. 
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PolyTCAQ in organic batteries: enhanced capacity
at constant cell potential using two-electron-
redox-reactions†

Bernhard Häupler,ab René Burges,ab Tobias Janoschka,ab Thomas Jähnert,ab

Andreas Wildab and Ulrich S. Schubert*ab

The application of polymers bearing tetracyano-9,10-anthraquino-

nedimethane (TCAQ) units as electrode materials in organic batteries

enables one narrow charge discharge plateau due to the one two-

electron-redox-reaction of the TCAQ core. Li-organic batteries

manufactured with this polymer display repeatable charge–discharge

characteristics associated with a capacity of 156 mA h g�1 and a

material activity of 97%.

Polymers with pendant redox-active groups have been employed
in different organic electronic devices such as solar cells,
organic LEDs and, recently, in organic batteries.1,2 The utiliza-
tion of redox-active polymers instead of heavy metals as battery
electrodes is highly attractive with regard to recyclability and
sustainability.3 Additionally, polymeric materials for organic
batteries have received much attention because of their bene-
cial properties such as exibility, lightweight and their cycling
performance.4 A large number of polymers with different redox-
active groups have been employed as active material in lithium
and/or all organic batteries. From an electrochemical point of
view, these polymers can be divided into two main groups,
depending on the number of electrons being involved in the
electrochemical reaction: (I) a signicant number of polymers
bear redox-active groups performing only a one-electron-reac-
tion. They mainly consist of persistent organic radicals, like
nitroxyls,5–12 galvinoxyls13 and redox-active molecules such as
carbazoles,14 triarylamines15 or phthalimides.16 Batteries man-
ufactured from these polymers display a privileged charge–
discharge behavior with only one plateau, but their theoretical
capacity is limited in consequence to their one electron redox
process and the molar mass of the repeating unit. For example

poly(2,2,6,6-tetramethylpiperidine-N-oxyl-4-vinyl ether) (PTVE)
features a theoretical capacity of 135 mA h g�1,17 poly-
(galvinoxylstyrene) of 51 mA h g�1 and poly(N-vinylcarbazole) as
well as poly(triphenylamine) both exhibit a theoretical capacity
of 111mA h g�1. (II) The second group consists of polymers with
redox-active groups whose redox reaction involves two or more
electrons. These polymers feature higher capacities, but their
redox reactions are dependent on each other and, therefore, can
occur at different potentials, oen leading to one broad
respectivly (resp.) multiple charge–discharge plateaus. This
behavior is adverse in electric devices that ask for a stable cell-
voltage. Polymers bearing carbonyl compounds,18 poly(imides)16

or tailor-made radicals are examples for the second group of
polymers.10,19 For instance, polymer-bound pyrene-4,5,9,10-tet-
raone features a high theoretical capacity of 263 mA h g�1, but
the charge–discharge plateau is spread over 1.5 V.20 Exceptions
are polymers with pendant anthraquinone groups like poly-
(2-vinylanthraquinone).21 The redox reaction of the anthraqui-
none occurs in a two-electron-wave.

To provide an alternative to overcome these shortcomings we
designed poly(2-vinyl-11,11,12,12-tetracyano-9,10-anthraquino-
nedimethane) (polyTCAQ) as novel redox-active polymer
bearing TCAQs units as pendant groups.22 These redox-active
units feature, due to their special molecular design, one
reversible two-electron-redox-reaction.23 Combining this elec-
trochemical feature with the introduction of a low molar mass
polymerizable vinyl group into the TCAQ system, a new mono-
mer with a theoretical charge–discharge capacity of 160 mA h g�1

and one charge–discharge plateau was created.
Monomer 4 was obtained in a straightforward three step

synthesis (Scheme 1). The amino group of commercially available
2-aminoanthraquinone 1 was transformed into 2-bromoan-
thraquinone 2 applying a modied Sandmeyer reaction.24 The
vinyl group was introduced by the application of the Hiyama
reaction in excellent yields applying Pd(dba)2 as palladium source
and JohnPhos as ligand. The carbonyl functionalities of the
2-vinylanthraquinone 325 were transformed to dicyanomethane
groups under Knoevenagel conditions to yield monomer 4.
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PolyTCAQ 5 with a molar mass ofMn ¼ 26 400 g mol�1 (Mw/Mn ¼
1.87) was prepared by free radical polymerization when the molar
mass can be adjusted by the choice of the appropriate solvent.
AIBN was used as initiator and DMF as solvent.

The solubility of polymers in an electrolyte is, besides the
redox behavior, one of the decisive factors for their application
as active electrode material in organic batteries. Too short
polymer chains may dissolve in the electrolyte either in the
charged or the discharged state and, thereby, lead to capacity
loss. In consequence of the low monomer solubility in a large
range of common solvents, the polymerization in benzene,
toluene or THF lead either to precipitation of the polymer and/
or to low yields (see ESI†). Polymer 5 obtained from polymeri-
zation with DMF as solvent is soluble in N-methylpyrrolidone
and insoluble in propylene carbonate. A cyclic voltammogram
obtained for monomer 4 in propylene carbonate solution
features only one reversible redox wave. As shown in Fig. 1a the
expected two one-electron-redox-reactions coincide as one two-
electron-redox-reaction, because the structure of the radical
anion is twisted and therefore destabilized. The gain of the
second electron leads to rearomatization and a planar structure.
Hence, the redox potential of the rst reduction is lower and
both reductions occur at the same potential.23 Monomer 4
exhibits one two-electron redox reaction wave at �0.64 V vs.
Fc/Fc+ (Fig. 1b), which is in good agreement with published
literature derivates (�0.58 V).26

Since most redox-active polymers feature low intrinsic
conductivities, the electrochemical behavior of polymer 5 was
investigated as composite layer with carbon nanobers (VGCF)
as conducting and polyvinyldene uoride (PVdF) as binding
additive. This composite electrode was prepared by adding a
solution of polymer 5 in NMP (10 mg mL�1) to the additives
(10/80/10 wt% 5/VGCF/PVdF). The resulting slurry was mixed,
spread onto graphite foil and dried under vacuum. A cyclic
voltammogram obtained from these electrodes displayed a
reduction at �0.83 V and reoxidation at �0.47 V vs. Fc/Fc+

(Fig. 1c). The redox behavior is in good agreement with that of
monomer 4 indicating that the polymer backbone does not
inuence the redox behavior. The small shi compared to the
values of 4 is caused by hindered kinetics due to the high
viscosity of propylene carbonate and the thickness of the

electrode. Importantly, the intensities of the oxidation and the
reduction peaks are constant for over 100 cycles (see ESI†),
indicating the stability of the polymer in the electrolyte (Fig. 1c).

A coin type cell battery was manufactured under inert
atmosphere with a lithium metal anode and the polymer
composite electrode (20/40/30/10 wt% 5/Super P®/VGCF/PVdF)
as cathode. A 0.1 M solution of lithium perchlorate in propylene
carbonate served as electrolyte. The battery exhibits a highly
reversible charge–discharge behavior featuring an average cell
voltage of 3.05 V for charging and 2.25 V for discharging vs. Li/
Li+ (Fig. 2). This behavior is consistent with the redox waves
observed in the cyclic voltammogram of the electrode. The cell
was charged and discharged at a charging speed of 1 C. The rate
of n C corresponds to a full charge–discharge in 1/n hours. Aer
the 1st cycle a material activity of 97% resp. 156 mA h g�1 was
observed (Fig. 3). The prototype device features a good cycla-
bility: aer 500 charge–discharge cycles, the battery maintains

Scheme 1 Schematic representation of the synthesis of polyTCAQ 5.

Fig. 1 (a) Schematic representation of the redox couple of polyTCAQ
(5). (b) Cyclic voltammogram of monomer 4 in propylene carbonate,
0.1 M lithium perchlorate at different scan rates (10, 25, 50, 100 and
250mV s�1, respectively). (c) Normalized cyclic voltammograms of the
monomer 4 in solution (dashed line) and a polymer-composite elec-
trode (solid line) (10/80/10 wt% 5/VGCF/PVdF) in propylene carbonate,
0.1 M lithium perchlorate.

9000 | J. Mater. Chem. A, 2014, 2, 8999–9001 This journal is © The Royal Society of Chemistry 2014
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88% of the initial capacity (141 mA h g�1) at a consistently high
coulombic efficiency of 99%. Coin type cells with a larger
amount of active material like 30 wt% led to lower material
activity of 68% (see Fig. S2†).

Conclusions

In conclusion, tetracyano-9,10-anthraquinonedimethanes
(TCAQ) represent promising core structures for active electrode
materials in organic batteries. Their interesting redox behavior
consisting of one two-electron-reduction/oxidation-wave leads
to one charge–discharge plateau associated with a good charge
storage capacity. To maintain the theoretical capacity of the
polymer as high as possible, polyTCAQ 5was synthesized within
four straightforward steps. Comparison of the cyclic voltam-
mograms of the monomer in solution and the polymer as
composite electrode indicate that, both, the polymer backbone
and the conducting and binding additives have no inuence on
the redox behavior. A Li-organic prototype battery applying
polyTCAQ as active electrode material displays a high material
activity of 97%, high rechargability of 500 cycles with 12% loss,
as well as excellent coulombic efficiency (99%), which shows
that polyTCAQ represents an interesting candidate as active
electrode material in organic batteries.
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carbonate, 0.1 M lithium perchlorate (500 cycles, 1 C). Coulombic
efficiency (CE%) of 500 charge–discharge cycles (black squares).
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1.) General remarks

Dichloromethane, tetrahydrofuran and toluene were dried with a PureSolv-EN™ Solvent 

Purification System (Innovative Technology). N,N-Dimethylformamide and benzene were 

distilled over calcium hydride and stored over mol sieves. 1,2-Dichloroethane was distilled over 

P2O5 and stored over mol sieves.

All starting materials were purchased from commercial sources and were used as obtained unless 

otherwise noted. 2,2’-Azobis(iso-butyronitrile) (AIBN) was recrystallized from methanol prior to 

use.

Unless otherwise noted, all reactions were performed under inert atmosphere.

Reactions were monitored by TLC on 0.2 mm Merck silica gel plates (60 F254). Column 

chromatography was performed on silica gel 60 (Merck).

1H and 13C NMR spectra were recorded on a Bruker AC 300 (300 MHz) spectrometer at 298 K. 

Chemical shifts are reported in parts per million (ppm, δ scale) relative to the residual signal of the 

deuterated solvent. 

Electronic Supplementary Material (ESI) for Journal of Materials Chemistry A.
This journal is © The Royal Society of Chemistry 2014



2

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.

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 Å) 



3

2.) Syntheses

Synthesis of 2-vinylanthraquinone (3):

A flask was charged with 2-bromoanthraquinone (1.5 g, 5.22 mmol), 

bis(dibenzylideneacetone)palladium(0) (0.060 g, 0.104 mmol), biphenyl-2-yldi-tert-

butylphosphine (0.062 g, 0.209 mmol), tetrahydrofuran (10.5 mL) and 5.75 mL of a 1 M 

tetrabutylammonium fluoride solution in tetrahydrofuran. The mixture was purged with nitrogen 

and 2,4,6,8-tetramethyl-2,4,6,8-tetravinyl-1,3,5,7,2,4,6,8-tetraoxatetrasilocane (0.902 mL, 2.61 

mmol) was added dropwise. The reaction mixture was heated to 80 °C for eight hours under 

nitrogen. The reaction mixture was allowed to cool to room temperature and was poured into 250 

mL of ethanol. The precipitate was separated by filtration and washed twice with hexane. After 

drying in vacuum, almost pure 2-vinylanthraquinone (1.175 g, 5.02 mmol, 96%) as pale yellow 

powder, which was suitable for the next reaction, was obtained. An analytically pure sample was 

obtained by column chromatography (silica gel, hexane/dichloromethane 1/1). Anal. Calcd for 

C16H10O2: C, 81.90; H, 4.30. Found: C, 81.85; H, 4.31. 1H NMR (CDCl3, 300 MHz, ppm): δ 5.54 

(d, 1H), 6.05 (d, 1H), 6.87 (dd, 1H), 7.80 (m, 3H), 8.32 (m, 4H). 13C NMR (CDCl3, 75 MHz, 

ppm): δ 183.2, 182.6, 143.2, 135.4, 134.1, 134.0, 133.8, 133.6, 133.5, 132.5,131.4, 128.3, 127.8, 

127.2, 124.8, 118.4.

Synthesis of 2-vinyl-11,11,12,12-tetracyanoanthraquinonedimethane (4):

2-Vinylanthraquinone (1 g, 4.27 mmol) and malononitrile (0.85 g, 0.81 mL, 12.81 mmol) were 

dissolved in 71 mL chloroform under argon atmosphere. Pyridine (2.07 mL, 25.6 mmol) and 

titaniumtetrachloride (1.41 mL, 12.81 mmol) were added successively dropwise to the reaction 

mixture within five minutes. The mixture was heated to 80 °C for 14 h under nitrogen. The 

reaction mixture was allowed to cool to room temperature and extracted twice with water and 

once with brine. The organic layer was dried over sodium sulfate, filtered and concentrated under 

reduced pressure. The crude product was purified by column chromatography (silica gel, 

chloroform) to yield 700 mg (2.12 mmol, 50%) as yellow powder. Anal. Calcd for C22H10N4: C, 

80.00; H, 3.10, N, 16.90. Found: C, 79.94; H, 3.08, N 16.91. 1H NMR (CD2Cl2, 300 MHz, ppm): 

δ 5.61 (d, 1H), 6.06 (d, 1H), 6.88 (dd, 1H), 7.77 (m, 3H), 8.27 (m, 4H).13C NMR (CD2Cl2, 

75 MHz, ppm): δ 160.5, 160.0, 141.8, 134.5, 132.4, 130.8, 130.4, 130.2, 129.7, 129.0,128.01, 

127.5, 124.93, 119.3, 113.3, 113.1.
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General procedure for the polymerization of monomer 4:

A flask was charged with 50 mg of the monomer 4 (0.15 mmol), and a sufficient amount of 

solvent (see Table 1) was added to dissolve the monomer completely. Subsequently 1.24 mg 

AIBN (0.0076 mmol, 5 mol %), was added and the reaction mixture was purged with nitrogen for 

5 minutes. The mixture was heated to 80 °C for 18 hours. After the polymerization, the solution 

was poured into dichloromethane to precipitate the product which was purified by reprecipitation 

from DMF into dichloromethane to yield the polymer 5 as a yellow powder. Anal. Calcd for 

C22H10N4: C, 80.00; H, 3.10, N, 16.90. Found: C, 79.96; H, 3.13, N 16.95. 1H NMR (DMF-d7, 

300 MHz, ppm): δ 8.83 to 7.48 (br, 7H), 2.62 to 1.31 (br, 3H). 

Table S1: Analytical data for polymers prepared by free radical polymerization of 4.

Entry solvent / concentration PDIa Mn [g/mol]a yield [%]
1 benzene 0.25 M 1.25 1.31 × 104 37
2 1,2-dichloroethane 0.5 M 1.82 1.00 × 104 79
3 THF 0.25 M 1.98 1.70 × 104 52
4 toluene 0.25 M 1.55 1.16 × 104 42
5 DMF 1 M 1.87 2.67 × 104 85

a) Determined by SEC (DMF, 0.1% LiCl, PS standard).
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Electrochemical analysis:

For cyclic voltammetry a three electrode setup was used (WE: glassy carbon, RE: Ag/AgNO3 in 

CH3CN, CE: Pt). The redox couple of Fc/Fc+ was utilized as internal standard. All electrolytes 

were degassed with dry nitrogen and all measurements were performed under nitrogen 

atmosphere. Cyclic voltammograms of the polymers were obtained employing the composite 

electrode as working electrode (RE: Ag/AgNO3 in CH3CN, CE: Pt).

Preparation of electrodes:

Electrodes were prepared by adding a solution of polyTCAQ in NMP (N-methyl-2-pyrrolidone) 

(10 mg/mL) to a mixture of vapor grown carbonfibers (VGCF; Sigma Aldrich) as conducting 

additives and poly(vinylidenefluoride) (PVDF; Sigma Aldrich) as a binder (ratio: 10/80/10 wt %). 

These materials were mixed in a montar for 10 minutes, and the thus-obtained paste was coated on 

graphite foil (Alfa Aesar) applying a doctor blading method. Next, NMP was removed heating the 

electrodes at 100 °C for 24 h.Subsequently the electrochemical experiments were performed.

Preparation of coin cells:

Electrodes for coin type cells were prepared as follows. A solution of polyTCAQ in NMP (N-

methyl-2-pyrrolidone) (10 mg/mL) was added to of vapor grown carbonfibers (VGCF; Showa-

Denko) and Super P® as conducting additives and poly(vinylidenefluoride) (PVDF; Sigma 

Aldrich) as a binder (ratio: 20/30/30/10 wt %). These materials were mixed in a motar for 10 

minutes, and the thus-obtained paste was coated on aluminium foil (thickness 0.015 mm, MTI 

Corporation) applying a doctor blading method. Next, the NMP was removed at 100 °C for 24 h. 

The amount of active material on the electrode was determined on the basis of the weigth of the 

dried electrodes. The two electrode 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. Thereby, the crude electrode was sandwiched between 

two sheets of paper. This electrode employed as cathode was 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 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: 5 

mm) were placed. The cell was filled with electrolyte (propylene carbonate, 0.1 lithium 

perchlorate) and the top cell case was placed onto the electrode. The cell was sealed with an 
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electric crimper machine (MTI Corporation MSK-100D). Electrochemical measurements were 

performed after an equilibration time of 24 h. 

Charge-discharge experiments:

All experiments were performed at room temperature. The charge/discharge capacities were 

determined based on the weight of poly(TCAQ) in the electrode.
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Figure S1: Cyclic voltammogram of a composite electrode of 5, 10/80/10 5/VCGF/PVdF. Scan speed of 20 mV/s, 100 
cycles. Electrolyte: Propylene carbonate 0.1 M lithium perchlorate.
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The second generation of organic batteries eluded this 
problem by utilization of polymers with pendant non-
conjugated redox-active groups. In particular organic 
radicals such as nitroxides, [ 7–11 ]  galvinoxyls, [ 12,13 ]  nitronyl-
nitroxides, [ 14–16 ]  and arylnitroxides [ 17 ]  have been studied 
intensively, but also other redox-active compounds such 
as triarylamines, [ 18 ]  carbazoles, [ 19 ]  or ferrocene [ 20 ]  were 
utilized. Most of these compounds possess an ordinary 
one-electron redox reaction, leading to a single charge/
discharge plateau with a constant cell potential. The 
theoretical capacity is limited by the molar mass of their 
repeating unit. As a consequence, several approaches were 
performed to apply polymers bearing redox-active com-
pounds that possess a redox reaction involving two or more 
electrons, such as quinoid structures, [ 21,22 ]  viologens, [ 23 ]  
triangulenes, [ 24 ]  or phthalimides. [ 25 ]  The disadvantage of 
these systems is that their redox reactions can depend on 
each other and, therefore, can occur at different potentials, 
leading to possible additional undesired charge/discharge 
plateaus at different cell voltages.  

  2.     Results and Discussion 

 π-Extended tetrathiafulvalenes systems, namely 
9,10-di(1,3-dithiol-2-ylidene)-9,10-dihydroanthracene 
(exTTF), have been applied within many fi elds in organic 
electronics, such as molecular wires, artifi cial photosyn-
thetic systems, or solar cells, because of their favorable 

 The fi rst polymer bearing exTTF units intended for the use in 
electrical charge storage is presented. The polymer undergoes 
a redox reaction involving two electrons at −0.20 V vs Fc/Fc +  
and is applied as active cathode material in a Li-organic bat-
tery. The received coin cells feature a theoretical capacity of 
132 mAh g −1 , a cell potential of 3.5 V, and a lifetime exceeding 
more than 250 cycles. 

 Poly(exTTF): A Novel Redox-Active Polymer 
as Active Material for Li-Organic Batteries  

   Bernhard    Häupler     ,        René    Burges     ,        Christian    Friebe     ,        Tobias    Janoschka     ,    
    Daniel    Schmidt     ,        Andreas    Wild,     *         Ulrich S. Schubert     
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D. Schmidt, Dr. A. Wild, Prof. U. S. Schubert 
 Laboratory of Organic and Macromolecular Chemistry  ,  
 Friedrich Schiller University Jena   ,   Humboldtstr. 10,    07743    
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  1.     Introduction 

 Redox-active polymers are one of the key elements in 
the remarkably developing research area of organic elec-
tronics, such as organic solar cells, organic light-emitting 
diodes, polymeric magnets, sensors, and organic electrical 
charge-storage devices. [ 1–3 ]  Recently, major attention was 
attracted by the application of polymers that bear redox-
active groups as active electrode material in secondary 
batteries. They feature benefi cial properties such as low 
toxicity, high fl exibility, and light weight, in particular 
compared to metals, which are normally employed as 
active charge-storage materials. [ 4,5 ]  The fi rst approaches of 
the application of polymers as active material in organic 
batteries focused on conjugated polymers. However, the 
resulting batteries displayed a fl uctuating cell poten-
tial, due to the conjugation of the redox-active groups. [ 6 ]  

Macromol. Rapid Commun. 2014, 35, 1367−1371
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structural and optical properties. [ 26 ]  Contrary to thetetrathi-
afulvalenes, which show two well-separated one-electron 
oxidation processes, exTTF exhibits an oxidation involving 
two electrons forming a dicationic species in a single step. 
During the oxidation, the release of the second electron is 
promoted due to the planar low-energy conformation asso-
ciated with the rearomatization of the oxidized dicationic 
product. [ 27 ]  This unique electrochemical behavior makes 
polymers with pendant exTFF systems promising candi-
dates for the usage as active electrode material in organic 
batteries. Thus, we herein present the synthesis and char-
acterization of an exTTF-containing polymer, poly(exTTF), 
as well as its application in a Li-organic battery. To main-
tain the high theoretical capacity, we focused on the 
introduction of a low-molar-mass-polymerizable group, 
namely vinyl. The monomer  3  was synthesized in three 
straightforward steps according to a modifi ed literature 
procedure. [ 28 ]  Commerically available 2-aminoanthraqui-
none was transformed into 2-iodoanthraquinone  1  using a 
 p -toluenesulfonic-acid-supported Sandmeyer reaction. To 
avoid toxic organo-tin compounds, different Pd-catalyzed 
coupling reactions for the introduction the of vinyl group 
were examined. The best results were achieved with the 
Hiyama reaction providing 2-vinylanthraquinone  2  in 
high yields. Subsequently, the carbonyl groups of  2  were 
transformed into 1,3-dithiol-2-ylidene groups by Horner-
Wadsworth-Emmons reaction. The resulting monomer 
 3  was polymerized using the free radical polymerization 
technique with 2,2′-azobis(2-methylpropionitrile) (AIBN) 
as initiator (Scheme  1 ). The chemical properties of 
polymer  4  can be infl uenced by the choice of the appro-
priate solvent and the amount of initiator. The low solu-
bility of the monomer limited the range of applicable 
solvents, but DMSO led to high conver-
sions, polymers with high molar mass 
(Mn = 6.02 × 10 3  g mol −1 ), and a narrow 
molar mass distribution (PDI = 2.04). 
The size-exclusion chromatogram of 
polymer  4  exhibits two distributions, 
which are probably caused by recom-
bination reactions (see Supporting 
Information). Polymer  4  is soluble 
in  N , N ′-dimethylformamide (DMF), 
 N , N ′-dimethylacetamide (DMAc), and 
dimethylsulfoxide (DMSO), as well as 
insoluble but swellable in common 
electrolytes.  

 For the applications of polymer  4  
as active material in secondary bat-
teries, stability and insolubility of 
both redox states have to be ensured. 
Hence, the electrochemical prop-
erties of both monomer in solu-
tion and the polymer as composite 

electrode must be investigated in detail. Cyclic voltam-
metry of monomer  3  in acetonitrile solution reveals an 
electrochemical response at ( E  pa  +  E  pc )/2 = −0.2 V vs Fc/Fc + , 
which is ascribed to the oxidation of exTTF units to the 
dicationic species (Figure  1 a). The peak splits are quite 
large, in particular at high scan rates, and are assigned to 
the massive geometrical changes during the redox reac-
tion. Therefore, it remains unclear if the redox behavior 
is based on one two-electron or two one-electron redox 
reactions. UV-vis-NIR spectroelectrochemical studies of 
the monomer  3  (Figure  1 b) revealed a defi ned and stable 
electrochemical process. During oxidation, a signifi cant 
decrease of the compound’s absorption below 500 nm 
occurs, accompanied by the appearance of a very broad, 
undefi ned absorption feature in the long-wavelength 
region. An isosbestic point emerges at 480 nm, indicating 
the presence of only two species, i.e., a defi ned redox pro-
cess without side products. Applying a re-reducing poten-
tial (−0.5 V vs Fc/Fc + ) restores the initial spectrum nearly 
completely, which confi rms the electrochemical stability 
of the system. Due to the low intrinsic conductivity of 
polymer  4 , the electrochemical properties were exam-
ined as composite layer on a graphite sheet as current col-
lector. An electrode slurry of  4 /vapor grown carbonfi bers 
(VGCF)/polyvinylidene fl uoride (PVdF) 10/80/10 (m/m/m) 
in  N -methylpyrrolidene was suffi ciently ground, spread 
onto the current collector by doctor blading method, and 
dried under vacuum at 40 °C. The homogeneity of the 
layer was proven by elemental analysis and scanning 
electron microscopy (Figure S5, Supporting Information). 
The electrode was immersed in a solution of 0.1  M  LiClO 4  
in 1,2-dimethoxymethane/propylene carbonate 4/1 (v/v) 
and cyclic voltammetry at a scan rate of 5 mV s −1  revealed 
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 Scheme 1.    Schematic representation of the synthesis of poly(exTTF)  4 .
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a redox wave at ( E  pa  +  E  pc )/2 = −0.15 V vs Fc/Fc +  (Figure  1 c). 
The intensity of the redox signal slightly decreases during 
the fi rst 15 cycles, and then remains stable. This is most 
likely because of the dissolution of some shorter polymer 
chains in the electrolyte. The redox behavior of the elec-
trode is in good agreement with the one of monomer  3 , 
demonstrating that binder and conductive additives have 
negligible infl uence. The slightly larger peak-to-peak sep-
aration (270 mV) can be explained by slower kinetics due 
to slower diffusion processes in the electrode.  

 A coin cell was prepared under inert atmosphere 
by sandwiching a composite electrode  4 /VGCF/PVdF 
10/80/10 (m/m/m) and a lithium foil using a separator 
fi lm. A solution of 0.1  M  LiClO 4  in 1,2-dimethoxymethane/
propylene carbonate 4/1 (v/v) served as electrolyte. The 
charge/discharge characteristics of the fabricated cell at a 
constant current of 1 C display a plateau at a cell poten-
tial of 3.5 V for charging and at 3.1 V for discharging, 
which is in accordance to the redox behavior of the com-
posite electrode of  4  vs Li/Li + . At the fi rst charge/discharge 
cycle, the battery exhibits a capacity of 108 mAh g −1  cor-
responding to 82% of the theoretical capacity. During the 
fi rst 20 charge/discharge cycles, the capacity dropped 
to 82 mAh g −1  corresponding to 61% of the theoretical 
capacity. This is probably because of the dissolution of 
shorter polymer chains into the electrolyte (Figure  2 ). The 
charge/discharge capacity remains stable for the next 
230 charge/discharge cycles, at an average coulombic 
effi ciency of 99%. The infl uence of the charging speed 
was investigated after 250 cycles. At a charging speed 
of 2 C, the capacity drops by 10% to 69 mAh g −1  and at a 
charging speed of 5 C, the capacity decreases by around 
50% to 38 mAh g −1  (Figure  3 ).    
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 Figure 1.    a) Cyclic voltammogram of monomer  3  in acetonitrile, 
0.1  M  LiClO 4  at different scan rates. b) UV-VIS-NIR-Spectroelec-
trochemistry of monomer  3  in acetonitrile, 0.1  M  LiClO 4 . c) Cyclic 
voltammogram of a polymer-composite electrode (10/80/10 
(m/m/m)  4 /VGCF/PVdF) in 1,2-dimethoxyethane/propylene car-
bonate 4/1 (v/v), 0.1 M LiClO 4 , 50 cycles.

 Figure 2.    Capacity development during extended charge/
discharge cycling (250 cycles) of a Li-organic battery with a 
composite electrode of  4 /VGCF/PVdF 10/80/10 (m/m/m) in 
1,2-dimethoxyethane/propylene carbonate 4/1 (v/v), 0.1  M  LiClO 4  
as active material.
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  3.     Conclusions 

 The free radical polymerization of 2-vinyl(exTTF) leads 
to poly(2-vinyl(exTTF)), a novel redox-active polymer 
bearing exTTF units, which undergoes a redox reaction 
involving two electrons at −0.2 V vs Fc/Fc + . The exTTF units 
have proven to be a promising core structure as an active 
material unit for organic batteries. The application of 
poly(exTTF) in a Li-organic battery enables charge-storage 
devices that display a theoretical capacity of 132 mAh g −1 , 
which is higher than the capacity of PTMA (112 mAh g −1 ) [ 8 ]  
and equal to the capacity of PTVE (136 mAh g −1 ) [ 7 ]  together 
with a constant cell potential and a long lifetime exceeding 
250 cycles. However, charging speeds exceeding 2 C lead to 
a large capacity drop, probably because of the slow kinetics 
in the electrode.  
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1.) General remarks 

Dichloromethane, tetrahydrofuran, and toluene were dried with a PureSolv-EN™ 

Solvent Purification System (Innovative Technology). N,N-Dimethylformamide and 

benzene were distilled over calcium hydride and stored over mol sieves. 1,2-

Dichloroethane was distilled over P2O5 and stored over mol sieves. 

All starting materials were purchased from commercial sources and were used as 

obtained unless otherwise noted. 2,2’-Azobis(iso-butyronitrile) (AIBN) was 

recrystallized from methanol prior to use. 

Unless otherwise noted, all reactions were performed under inert atmosphere. 

Reactions were monitored by TLC on 0.2 mm Merck silica gel plates (60 F254). 

Column chromatography was performed on silica gel 60 (Merck). 
1H and 13C 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. 

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 Å) 
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2.) Synthesis
Synthesis of 2-iodoanthraquinone (1):

A flask was charged with 2-aminoanthraquinone (5.81 g, 26 mmol), p-toluenesulfonic acid 

monohydrate (14.86 g, 78 mmol) and 117 mL acetonitrile. To this mixture a solution of 

potassium iodide (10.81 g, 65.1 mmol) and sodium nitrite (3.59 g, 52.1 mmol) in water (13.5 

mL) was added dropwise over 10 minutes. The reaction mixture was stirred for 16 hours at 

room temperature. Ethyl acetate (250 mL) was added to the reaction mixture and the mixture 

was extracted successively with saturated sodium sulfite solution (100 mL), saturated sodium 

hydrogencarbonate solution (100 mL) and brine. The organic phase was dried over sodium 

sulfate, filtered and concentrated under reduced pressure. The obtained crude product was 

purified by column chromatography (silica gel; chloroform) to yield 4.71 g (54%) of 2-

iodoanthraquinone as an off white solid. Anal. Calcd for C16H10I: C, 50.33; H, 2.11. Found: C, 

50.23; H, 2.05. 1H NMR (CDCl3, 300 MHz, ppm):  7.81 (t, 1H), 7.82 (t, 1H), 7.99 (d, 1H), 

8.15 (d, 1H), 8.30 (m, 2H), 8.65 (d, 1H). 13C NMR (CDCl3, 75 MHz, ppm):  193.2, 192.6, 

141.2, 135.6, 134.0, 133.8, 133.6, 133.5, 132.5, 128.0, 126.8, 126.5, 99.5. 

 

 

Synthesis of 2-vinylanthraquinone (2):

A flask was charged with 2-iodoanthraquinone (4 g, 11.97 mmol), 

bis(dibenzylideneacetone)palladium(0) (0.138 g, 0.239 mmol), biphenyl-2-yldi-tert-

butylphosphine (0.143 g, 0.479 mmol), tetrahydrofuran (10.5 mL) and 13.17 mL of a 1 M 

tetrabutylammonium fluoride solution in tetrahydrofuran. The mixture was purged with 

nitrogen and 2,4,6,8-tetramethyl-2,4,6,8-tetravinyl-1,3,5,7,2,4,6,8-tetraoxatetrasiloxane (2.07 

mL, 5.99 mmol) was added dropwise. The reaction mixture was heated to 60 °C for eight 

hours under nitrogen atmosphere. The reaction mixture was allowed to cool to room 

temperature and 100 mL of chloroform were added. The mixture was extracted two times with 

water (100 mL), once with brine, dried over sodium sulfate, filtered and concentrated under 

reduced pressure. The crude product was purified by column chromatography (silica gel; 

chloroform:n-heptane, 8:1) and 2.25 g (80% yield) of 2-vinylanthraquinone were obtained. 

Anal. Calcd for C16H10O2: C, 81.90; H, 4.30. Found: C, 81.85; H, 4.31. 1H NMR (CDCl3, 300 

MHz, ppm):  5.54 (d, 1H), 6.05 (d, 1H), 6.87 (dd, 1H), 7.80 (m, 3H), 8.32 (m, 4H). 13C NMR 

(CDCl3, 75 MHz, ppm):  183.2, 182.6, 143.2, 135.4, 134.1, 134.0, 133.8, 133.6, 133.5, 

132.5,131.4, 128.3, 127.8, 127.2, 124.8, 118.4.   

 

 

Synthesis of 2,2’-(2-vinylanthracene-9,10-diylidene)bis(1,3-dihiole) (3):
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Dimethyl-1,3-dithiol-2-ylphosphonate (733 mg, 3.45 mmol) was dissolved in 10 mL 

tetrahydrofurane under argon atmosphere and the reaction mixture was cooled to 78 °C. A 2.5 

M solution of n-butyllithium in n-hexane (1.50 mL, 3.75 mmol) was added dropwise to the 

reaction mixture within five minutes. The mixture was stirred at 78 °C for 2 hours.  To the 

reaction mixture a solution of 2-vinylanthraquinone (352 mg, 1.50  mmol)  in 11.5 mL 

tetrahydrofurane was added dropwise at 78 °C and the reaction mixture was stirred 4 hours at 

room temperature. Ethyl acetate (50 mL) was added to the reaction mixture and it was 

extracted twice with water (35 mL) and once with brine (20 mL). The organic layer was dried 

over sodium sulfate, filtered and concentrated under reduced pressure. The crude product was 

purified by column chromatography (silica gel; n-hexane:toluene, 1:1) to yield 700 mg (2.12 

mmol, 51%) as yellow powder. Anal. Calcd for C22H10N4: C, 64.99; H, 3.47, S, 31.54. Found: 

C, 64.81; H, 3.58, S 30.95. 1H NMR (CD2Cl2, 300 MHz, ppm):  7.78 (d, 1H),  7.74-7.69 (m, 

2H),  7.67 (s, 1H),  7.38 (d, 1H),  7.36 (m, 2H),  6.81 (dd, 1H),  6.39 (s, 2H),  6.38 (s, 

1H),  5.84 (d, 1H),  5,33 (d, 1H).  ESI-MS, m/z 406.00 [M+], 

 

 

General procedure for the polymerization of 3:

A flask was charged with 50 mg of monomer 3 (0.123 mmol) and 0.25 mL of solvent (see 

Table S1) was added to dissolve the monomer completely. Subsequently, 1.01 mg AIBN 

(0.00615 mmol, 5 mol %), was added and the reaction mixture purged with argon for 

5 minutes. The mixture was heated to 80 °C for 18 hours. After the polymerization, the 

solution was poured into dichloromethane to precipitate the product, which was purified by 

reprecipitation from DMF into dichloromethane to yield the polymer 4 as an orange powder. 

Anal. Calcd for C22H10N4: C, 64.99; H, 3.47, S, 31.54. Found: C, 65.33; H, 3.54, S 30.78. 1H 

NMR (DMF-d7, 300 MHz, ppm):  7.93 to 5.84 (br, 11H), 2.42 to 0.84 (br, 3H).  

 

Table S1: Analytical data for polymers prepared by free radical polymerization of 3. 

Entry solvent PDIa Mn [g/mol]a
yield
[%] 

1 1,2-dichloroethane 2.88 2.33 × 103 37 
2 N,N-dimethylformamide 1.99 3.09 × 103 73 
3 N,N-dimethylacetamide 1.88 5.36 × 103 73 
4 dimethylsulfoxide 1.66 6.02 × 103 60 

a) Determined by SEC (DMAc, 0.1% LiCl, PS standard). 
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Electrochemical analysis: 
For cyclic voltammetry a three electrode setup was used (WE: glassy carbon, RE: Ag/AgNO3 

in CH3CN, CE: Pt). The redox couple of Fc/Fc+ was utilized as internal standard. All 

electrolytes were degassed with dry argon and all measurements were performed under argon 

atmosphere. Cyclic voltammograms of the polymers were obtained employing the composite 

electrode as working electrode (RE: Ag/AgNO3 in CH3CN, CE: Pt). 

 

Preparation of electrodes: 

Electrodes were prepared by adding a solution of poly(exTTF) in NMP (N-methyl-2-

pyrrolidone) (10 mg/mL) to a mixture of vapor grown carbonfibers (VGCF; Sigma Aldrich) as 

conducting additives and poly(vinylidenefluoride) (PVDF; Sigma Aldrich) as a binder (ratio: 

1/8/1 m/m/m). These materials were mixed in a montar for 10 minutes, and the thus-obtained 

paste was coated on graphite foil (Alfa Aesar) applying a doctor blading method. Next, NMP 

was removed heating the electrodes at 100 °C for 24 h. Subsequently, the electrochemical 

experiments were performed. 

 

Preparation of coin cells: 

Electrodes for coin type cells were prepared as follows: A solution of poly(exTTF) in NMP 

(N-methyl-2-pyrrolidone) (10 mg/mL) was added to vapor grown carbonfibers (VGCF; 

Showa-Denko) as conducting additive and poly(vinylidenefluoride) (PVDF; Sigma Aldrich) 

as a binder (ratio: 1/8/1 m/m/m). These materials were mixed in a motar for 10 minutes and 

the thus-obtained paste was coated on aluminium foil (thickness 0.015 mm, MTI Corporation) 

applying a doctor blading method. Next, the NMP was removed at 100 °C for 24 h. The 

amount of active material on the electrode was determined on the basis of the weigth of the 

dried electrodes. The two electrode 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. Thereby, the crude electrode was sandwiched 

between two sheets of paper. This electrode employed as cathode was 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 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: 5 mm) were placed. The cell was filled with electrolyte (1,2-

dimethoxyethane/propylene carbonate 4/1 v/v, 0.1 M lithium perchlorate) and the top cell case 

was placed onto the electrode. The cell was sealed with an electric crimper machine (MTI 

Corporation MSK-100D). Electrochemical measurements were performed after an 

equilibration time of 24 h.  

 

Charge-discharge experiments: 
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All experiments were performed at room temperature. The charge/discharge capacities were 

determined based on the weight of poly(exTTF) in the electrode. 

 

Table S2: Peak splits of the cyclo voltammogram of monomer 3 in acetonitrile 0.1 M LiClO4. 

scan rate (mV/s) peak split (mV) 
500 0.285
250 0.243
100 0.170
50 0.191
10 0.110

 

Figure S1: Size-exclusion chromatogram of 4 synthesized with different solvents. Eluent: DMAc, 
0.21%  LiCl, polystyrene standards, RI detector. 
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Figure S2: Size-exclusion chromatogram of 4 synthesized with different solvents. Eluent: DMAc, 
0.21% LiCl, polystyrene standards, UV-Vis detector 421 nm. 

 
 

 
 

Figure S3: 3D-Size-exclusion chromatrogram of 4 synthesized with dimethylsulfoxide as solvent. 
Eluent: DMAc, 0.21% LiCl, polystyrene standards. 
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Figure S4: Cyclic voltammogram of a composite electrode (1/8/1 m/m/m) of 4/VGCF/PVdF at 
different scan rates; (RE Ag/AgNO3, in CH3CN, CE: Pt net. Electrolyte: 1,2-dimethoxy-
ethane/propylene carbonate 4/1 v/v, 0.1 M LiClO4). 
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???????? 
Figure S5: SEM picture of a composite electrode (1/8/1 m/m/m) of 4/VGCF/PVdF. 

?? 
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Figure S6: Capacity development during extended charge/discharge cycling (250 cycles) of a 
Li-organic battery with a composite electrode of 4/VGCF/PVdF 20/70/10 m/m/m in 1,2-
dimethoxyethane/propylene carbonate 4/1, 0.1 M LiClO4 as active material. 
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  Tobias   Janoschka  ,     Anke   Teichler  ,     Bernhard   Häupler  ,     Thomas   Jähnert  ,     Martin D.   Hager  , 
        and   Ulrich S.   Schubert   *   

 Reactive Inkjet Printing of Cathodes for Organic Radical 
Batteries  

 Mobile electrical appliances perpetually require improved bat-
teries. For lightweight and fl exible low-cost applications, bat-
teries have to become thin, easy to produce, and also fl exible. 
In this context, printing technology could pave the way for 
the cost-effi cient manufacturing of fl exible batteries – compa-
rable to the production of organic solar cells. [  1  ,  2  ]  While printed 
organic electronics, like organic photovoltaic-powered electro-
chromic displays [  3  ]  or LED lamps, [  4  ]  receive signifi cant atten-
tion, these devices lack fl exible organic energy storage and still 
employ traditional battery concepts. [  5  ]  

 Most (printed) batteries rely on metal-based electrode mate-
rials, which often show unwanted environmental properties 
(e.g., release of toxic waste upon mining of metal ores, from 
landfi ll disposal sites, and municipal waste combustors); 
the rapidly evolving class of organic radical batteries (ORB) 
employs organic polymers as active electrode material. [  6–8  ]  A 
general problem of printed batteries is the cathode material. In 
primary cells, the use of manganese dioxide (MnO 2  | Zn) is wide-
spread, while secondary cells often employ lithium cobalt oxide 
(LiCoO 2  | Li) or nickel oxyhydroxide (NiOOH | MH). Organic rad-
ical batteries, on the other hand, make use of a more environ-
mentally favorable (polymeric) material that carries redoxactive 
stable radicals, such as 2,2,6,6-tetramethylpiperidine-1-oxyl 
(TEMPO),  Scheme    1  . The increasing interest in this new class 
of fast charging, high rate/load capable batteries is refl ected in 
numerous studies with their major focus ranging from polymer 
design (poly(methacrylate)s, [  9  ,  10  ]  poly(norbornene)s [  11  ]  etc.) and 
electrolytes (organic carbonates, [  9  ]  water, [  12  ]  ionic liquid) [  11  ]  to 
the use of suitable conductive additives (vapor grown carbon 
fi bers (VGCF), [  13  ]  graphite, [  9  ]  graphene). [  14  ]  On the other hand, 
up to now, only little attention was paid to the processing of 
these materials. Simple, solution-based wet processing tech-
niques like spin-coating [  15  ]  and doctor blading [  16  ]  are generally 

employed for the fabrication of ORB electrodes. The disadvan-
tages of such techniques – their tendency to waste much of the 
employed material and the infl exibility in shape and size of 
the electrode layout – encouraged us to look for an improved 
methodology. Advanced processing techniques such as inkjet 
printing, being contactless and highly fl exible, can greatly 
improve the manufacturing of organic radical battery elec-
trodes. Due to its additive nature, inkjet printing permits easy 
patterning and layered deposition of materials.  

 When taking the research from material design to device/
electrode design, reconsideration of the polymer composi-
tion becomes necessary. On the one hand, the polymer needs 
to be highly soluble in solvents, which are suitable for the 
inkjet printing process. Typically, high boiling point solvents 
( > 100  ° C) such as chlorobenzene reveal a reliable droplet for-
mation and good rheological properties of the ink. [  17  ]  On the 
other hand, the polymer has to be insoluble in the electrolyte 
solution (e.g., organic carbonates, acetonitrile) employed in the 
assembled device. 

 As shown earlier, electroactive radical polymers can be inkjet 
printed. [  17  ]  Nevertheless, the requirement in good solubility, i.e., 
low and controlled molar mass, renders the printed fi lms use-
less, as the polymer fi lms are readily soluble in the organic elec-
trolyte solutions commonly used in ORBs. The charge storage 
capacity is completely lost after only two charging/discharging 
cycles. 

 In order to overcome this predicament, defi ned low molar 
mass polymers need to be prepared, printed, and subse-
quently crosslinked in order to provide suffi cient stability of the 
electrode. 

 As commonly employed ORB polymers, such as the poly-
radical poly(2,2,6,6-tetramethylpiperidinyloxy-4-yl methacrylate) 
(PTMA), are poor electric conductors, the polymers need to be 
mixed with conductive additives such as graphite. [  9  ]  The inkjet 
printing and subsequent crosslinking of such composites is a 
highly demanding task. Numerous crosslinking techniques, 
which have been described before, are incompatible with the 
printing process. In situ crosslinking during the polymeriza-
tion process, as described for the copolymerization with mul-
tifunctional co-monomers, [  18  ,  19  ]  is not an option for inkjet 
printing due to the insolubility of these materials. In addition, 
approaches based on photocrosslinking, e.g., of TEMPO-sub-
stituted poly(norbornene)s, also work insuffi ciently with black 
colored, strongly light absorbing graphite/polymer compos-
ites. [  19  ,  20  ]  One possible option to overcome this problem is to 
introduce a polymerizable co-monomer in the ORB polymer, 
printing this co-polymer and, subsequently, initiating the 
crosslinking process by an external stimulus (e.g . , heat). The 

  T. Janoschka,[†] A. Teichler,[†] B. Häupler, T. Jähnert, 
Dr. M. D. Hager, Prof. U. S. Schubert
Laboratory of Organic 
and Macromolecular Chemistry (IOMC) 
Friedrich Schiller University Jena 
Humboldtstr. 10, D-07743 Jena, Germany 
Jena Center for Soft Matter (JCSM) 
Philosophenweg 7, D-07743 Jena, Germany 
E-mail: ulrich.schubert@uni-jena.de   
 A. Teichler, Prof. U. S. Schubert
Dutch Polymer Institute (DPI) 
P.O. Box 902, 5600 AX Eindhoven, Netherlands 
[†]  A.T. and T.J. contributed equally to this work.  

 DOI: 10.1002/aenm.201300036 

Adv. Energy Mater. 2013, 3, 1025–1028



© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1026

C
O

M
M

U
N

IC
A
TI

O
N

wileyonlinelibrary.com

www.MaterialsViews.com
www.advenergymat.de

disadvantages of this methodology are numerous: a) The co-
monomer needs to have two orthogonal polymerizable groups; 
b) The preparation of co-polymers is more laborious than of 
simple homo-polymers; c) The initiator needed to start the 
crosslinking reaction contaminates the electrode composite 
and may have disadvantageous effects on its electro chemistry; 
d) Obviously, simple radical-induced methods are not suitable 
due to the presence of the free TEMPO radical. 

 For these reasons, we have developed a simple crosslinking 
approach that is compatible with inkjet printing and does nei-
ther require an additional initiator nor the preparation of a 
co-polymer. This reactive inkjet printing approach is based on 
the printing of a functional redoxactive polymer and the cor-
responding crosslinker. For a recent overview on reactive inkjet 
printing, see a feature article by Smith and Morrin. [  21  ]   

 Crosslinking method:  The TEMPO radical based polymer 
PTMA, the most promising of the studied radical polymers in 
terms of preparation and stability, is commonly prepared from 
the monomer 2,2,6,6-tetramethylpiperidin-4-yl methacrylate by 
free radical polymerization and subsequent oxidation of the 
amine bearing pre-polymer  1  in order to form the redoxactive 
TEMPO radical bearing polymer  2 . [  9  ,  10  ,  14  ,  22  ,  23  ]  If the oxidation 
step, affected by  m -chloroperbenzoic acid [  9  ]  or hydrogen per-
oxide, [  10  ]  is incomplete a co-polymer is obtained (Scheme  1 ). 
The residual amino moieties, which are not oxidized to the 
nitroxide radicals, can therefore be used for further functionali-
zation or crosslinking. 

 In order to avoid the use of additional initiators multifunc-
tional epoxides (Scheme  1 ) were chosen as crosslinking agent. 
Epoxides readily react with amines and can therefore affect the 
crosslinking of the radical polymer. Since the polymer shows 
a good thermal stability (decomposition above 200  ° C), the 
crosslinking could easily be initiated by thermal treatment of 
the printed patterns. 

 For inkjet printing the polymer needs to be readily soluble 
and the solutions require good rheological behavior (viscosity: 
0.4 to 20 mPas). For this reason, reversible addition-fragmen-
tation chain transfer (RAFT) polymerization was used as 

controlled radical polymerization technique to prepare the 
polymers. [  17  ]   

 Ink formulation : An ink is commonly made of a solvent and 
the polymer that is to be printed. For ORB-electrodes the ink 
has to contain a conductive additive as well. Additives, such as 
VGCF [  13  ]  and graphite, [  9  ]  are commonly used in literature. For 
inkjet printing these materials proved to be unsuitable, as they 
cause clogging of the printing nozzle (inner diameter 70  μ m). 
Carbon nanopowder, a material of much lower particle size 
( < 50 nm), was found to be best suited. PTMA is well soluble 
in many solvents, including dichloromethane, acetonitrile, 
toluene,  N , N -dimethylformamide (DMF),  o -dichlorobenzene, 
and  N -methyl-2-pyrrolidone (NMP). Several combinations of 
these solvents were tested. DMF was found to be most suitable, 
because it not only dissolves PTMA but also forms excellent 
dispersions of the carbon nanopowder. Since inkjet printing 
from a single solvent causes the preferential accumulation of 
the ink material at the rim of a dried fi lm (coffee-ring-effect), [  24  ]  
a co-solvent (NMP) in a content of 10 vol.% was added. As a 
result, the deposited material is homogeneously distributed all 
over the fi lm. The dispersions made of other solvents were not 
suffi ciently stable to permit inkjet printing. 

 Besides the active polymer and the conductive additive the 
crosslinking agent is the most important component of the 
ink. To ensure a high degree of crosslinking tetraphenylo-
lethane glycidyl ether was chosen, as it can react with up to 
four amines. As materials inkjet printed from the described 
ink caused the formation of brittle fi lms, which peel off in the 
electrolyte solution, a plasticizer (ethylene carbonate (EC)) was 
used. Upon addition of EC to the prescribed ink formulation 
in an amount of 5 vol.%, a homogeneous and stable fi lm was 
formed. Ethylene carbonate, as many other organic carbonates 
used in battery applications, is electrochemically inert within 
a broad voltage window. It not only facilitates the formation 
of stable fi lms but is also miscible with the electrolyte solu-
tion used in battery cycling experiments as well, thereby pro-
moting the penetration of the polymer electrode fi lm with the 
electrolyte.  

     Scheme  1 .     Schematic representation of the reversible redox reaction of a TEMPO radical (top). Schematic representation of the synthesis of radical 
polymer poly(2,2,6,6-tetramethyl-piperidinyloxy-4-yl methacrylate) (PTMA) by RAFT polymerization, oxidation, and subsequent thermal crosslinking 
with a multifunctional epoxide (bottom).  
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with up to 40% of free amine groups (60% 
oxidized to form TEMPO) did not result in 
a signifi cantly improved stability. About 
carbon/epoxy resin composites it is known 
that the interfacial contact between the high 
surface area of carbon and the crosslinking 
agents strongly affect the kinetics and the 
fi nal crosslinking state. [  25–27  ]  As the carbon 
nanopowder appears to be affecting the 
crosslinking process, epoxidized carbon nan-
opowder was prepared by reacting the virgin 
powder with  m -chloroperoxybenzoic acid. [  28  ]  
The epoxidized carbon can react with the free 
amine groups of the PTMA polymer and act 
as crosslinking agent itself, covalently linking 
the active polymer to the insoluble conduc-
tive additive. Thereby an increased cycling 

stability was achieved ( Figure    2  ). After a slight increase of the 
charge storage capacity within the fi rst cycles due to wetting/
activation of the electrode the initial capacity was retained even 
after 150 cycles.   

 Subsequently, a beaker type battery consisting of a printed 
polymer composite cathode, a zinc-anode, and a ZnBF 4 -electro-
lyte in propylene carbonate was assembled. The cell exhibits an 
average discharge voltage of 1.25 V and a capacity of 20.5  μ Ah 
(ca. 50 mAh g  − 1 , theor. capacity of the polymer is 66 mAh g  − 1 ). 

 In summary, a reactive inkjet printing strategy for the 
manufacturing of printed electrodes used in organic radical 
batteries was developed. Being contactless and highly fl exible 
inkjet printing is superior to conventional solution-based wet 
processing techniques. The low molar mass, electroactive poly-
radical poly(2,2,6,6-tetramethylpiperidinyloxy-4-yl methacrylate) 
(PTMA), that was used for inkjet printing, was prepared by 
RAFT-polymerization and a subsequent partial oxidation. The 
incomplete oxidation is an easy way of obtaining a reactive co-
polymer, which not only bears electroactive sites but also chem-
ically reactive amine groups; advanced co-polymerization strate-
gies are not necessary. An optimized ink containing the electro 
active polymer, an epoxy-based crosslinker, carbon nanopowder, 
and additives/solvents was developed and inkjet printed. Elec-
trodes of good stability, as proven by repeated charging/dis-
charging experiments, were prepared by initiator-free, thermal 

 Electrochemical studies : In order to study the stability of the 
inkjet printed electrodes half-cells were built and charged/
discharged repeatedly. The experiments were carried out in a 
temperature controlled cell at 30  ° C employing a three elec-
trode setup (Ag/AgCl reference electrode, platinum counter 
electrode, printed working electrode) and a 0.1 M solution of 
tetrabutylammonium hexafl uorophosphate in propylene car-
bonate as electrolyte. 

 Inks that did not contain a crosslinking agent revealed a 
fast decrease in charge storage capacity. After only two cycles 
no active polymer was left. The stability of the electrode was 
enhanced by crosslinking the electrode using the optimized 
procedure described above. About 75% of the initial capacity 
was retained after 150 charging/discharging cycles. The decline 
can be attributed to a slow degradation of the electrode due to 
active polymer being washed out of the polymer composite. 
Scanning electron microscope (SEM) pictures of the cycled 
electrodes reveal minor changes in the electrode’s surface mor-
phology ( Figure    1  b/d). Because high molar mass/insoluble 
PTMA polymer can be considered electrochemically stable [  6–8  ]  
and cyclic voltammetry (CV) experiments confi rm that even an 
excess of the epoxy-crosslinker does not infl uence the redox 
chemistry of the polymer, the electrode’s stability is most likely 
limited due to the necessity of crosslinking. Even an increase of 
the amount of the epoxide-crosslinker as well as using PTMA 

     Figure  1 .     SEM micrographs of inkjet printed PTMA/carbon-nano-powder composite elec-
trodes, (a-c) before charging/discharging, (d) after charging/discharging (left). Optical profi ler 
image of a crosslinked inkjet printed fi lm (right). Ink composition: active polymer PTMA (con-
centration: 5 mg/mL), crosslinking agent tetraphenylolethane glycidyl ether (concentration: 
0.7 mg mL  − 1 ), and solvent mixture DMF/NMP in a ratio of 9:1.  

     Figure  2 .     Cycling stability of inkjet printed electrodes at 1.5 A m  − 2  over 150 cycles (left). Discharging curves of inkjet printed electrodes at 1.5 A m  − 2  
using a solution of tetrabutylammonium hexafl uorophosphate in propylene carbonate as electrolyte (right).  

Adv. Energy Mater. 2013, 3, 1025–1028
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crosslinking of the free amine-bearing PTMA and the epoxy-
based crosslinker. By employing epoxidized carbon nanopowder 
as chemically reactive conductive additive a further improve-
ment could be observed. The printed electrodes are stable for 
over one hundred cycles. This technique might be of interest 
for the manufacturing of patterned, fl exible organic radical bat-
teries used in sensor devices, smart packaging, DNA chips, or 
battery-powered smart cards.  

 Experimental Section  
 Synthesis : PTMA was prepared according to literature by means of 

RAFT polymerization and subsequent oxidation with hydrogen peroxide 
and a sodium tungstate catalyst. [  17  ]  

 Polymer 1: M n   =  35,600 g mol  − 1 , M w   =  39,800 g mol  − 1 , M w /M n   =  1.12, 
amine/nitroxide radical ratio  =  2/8. 

 Polymer 2: M n   =  51,000 g mol  − 1 , M w   =  58,200 g mol  − 1 , M w /M n   =  1.14, 
amine/nitroxide radical ratio  =  4/6. 

 The polymer’s degree of nitroxide radical functionalization was 
determined using UV-vis spectroscopy [  19  ]  (280 nm) on a Perkin-
Elmer Lamda-45 UV-vis spectro-photometer at room temperature in 
tetrahydrofurane (1 cm cuvettes). A fully functionalized PTMA prepared 
by group transfer polymerization was used as reference standard. 

 Molar masses were determined by size exclusion chromatography 
(SEC): Agilent 1200 series system (degasser: Polymer Standard Service 
Mainz, pump: G1310A, auto sampler: G1329A, oven: Techlab, diode 
array detector: G1315D, RI detector: G1362A) using a pC/PSS GRAM 
1000/30 Å column and dimethylacetamide ( + 0.21% lithium chloride) as 
eluent at a fl ow rate of 1 mL/min (40  ° C). 

 Carbon nanopowder (Aldrich) was epoxidized by refl uxing with 
 m -chloroperoxybenzoic acid in dichloromethane. [  28  ]   

 Electrochemical characterization : A Princeton Applied Research 
VersaSTAT potentiostat/galvanostat was used for all charging/
discharging experiments. The experiments were carried out in a 
temperature controlled cell (30  ° C) using an Ag/AgCl reference 
electrode and a platinum counter electrode. A 0.1 M solution of 
tetrabutylammonium hexafl uorophosphate in propylene carbonate was 
used as electrolyte. Before the fi rst charging the printed electrodes were 
immersed in the electrolyte until a constant open current potential was 
observed.  

 Inkjet printing : Inkjet printing was performed using an Autodrop 
professional system from microdrop technologies (Norderstedt, 
Germany). The printer was equipped with a micropipette with an 
inner diameter of 70  μ m. The carbon nanopowder (particle size  <  
50 nm, Aldrich) dispersion was prepared by ultrasonication for 5 h in the 
solvent system  N,N -dimethylformamide/ N -methyl-2-pyrrolidone 90/10. 
Afterwards the dispersion was fi ltered by a syringe fi lter (pore size: 
5  μ m) to prevent nozzle clogging. The ink was prepared by addition of 
the dissolved polymer (concentration: 5 mg/mL), the crosslinking agent 
tetraphenylolethane glycidyl ether and the plasticizer ethylenecarbonate 
(5 vol.%). The ink contained the polymer and the carbon nanopowder in 
a ratio of 1/1 by weight. The content of crosslinker was varied according 
to the content of free amine groups of PTMA. Printing was performed 
by using a drop count of 100 drops, a dot spacing of 100  μ m, a printing 
speed of 20 mm/s and a substrate temperature of 50  ° C. As substrate a 
graphite foil was used. After drying of the fi lm at 50  ° C, crosslinking was 
carried out for 12 h at 130  ° C in an oven.  
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sensors. Because of their long cycle life, ORBs could be uti-
lized in such systems for months or years without signifi -
cant capacity loss. [  5  ]  

 Cathode materials for ORBs have been extensively 
studied; currently, the 2,2,6,6-tetramethylpiperidine-
 N -oxyl (TEMPO) radical combined with various polymer 
backbones is still the material of choice. [  4,6,7  ]  Because of its 
stability, easy synthesis of functional polymers and price, 
it is the preferred active material for cathodes in ORBs. 
Unfortunately, TEMPO cannot be employed as an anode-
active material, because the reduction to the aminoxyl 
anion is irreversible. [  8  ]  

 In contrast, only few promising anode materials for 
ORBs have been reported up to now. Amongst others, the 
most studied compounds with a negative redox potential 
are based on the stable galvinoxyl [  9,10  ]  (Scheme  1 ) and 
verdazyl radicals [  11  ]  as well as viologene [  4  ]  derivatives. 
Additionally, nitronyl–nitroxides that perform as both 
 p - and  n -type active material can also be used as anode 
materials. [  12,13  ]   

 Galvinoxyles have so far been synthesized with dif-
ferent substituents and polymerizable groups, [  14–17  ]  but 
only the styrene-based poly[( p -vinylphenyl)galvinoxyl] [  18  ]  

              1   .  Introduction 

 Organic radical batteries (ORBs) have gained more and 
more attention in recent years, because of the need for a 
cheap, metal-free energy-storage system. [  1  ]  ORBs can be 
rapidly charged and discharged through the reversible 
oxidation and reduction of stable organic radicals. [  2  ]  They 
show an excellent cycle life of 1000 cycles and beyond. [  2–4  ]  
Smaller and cheaper energy sources can be used for elec-
tronic applications like biochips, smart packages, and 

Macromol. Chem.  Phys. 2013,  214,  2616−2623

© 2013  WILEY-VCH Verlag GmbH &  Co.  KGaA, Weinheim



2617

Synthesis and Charge–Discharge Studies of Poly(ethynylphenyl)galvinoxyles . . .

www.mcp-journal.de

Macromolecular
Chemistry and Physics

www.MaterialsViews.com

 SECs for the radical polymers were measured with a Shimadzu 
SCL-10A VP controller, a LC-10AD pump, a RID-10A refractive 
index detector, a SPD-10AD VP UV-detector, and a PSS SDV pre/
lin M (THF-N) column; temperature: 40 °C, eluent: THF; fl ow rate: 
1 mL min −1 , calibration: polystyrene. 

  1 H and  13 C NMR spectra were recorded on a Bruker AC 250 
(250 MHz) and a Bruker AC 300 (300 MHz) spectrometer at 298 K. 
Chemical shifts are reported in parts per million (ppm,   δ   scale) 
relative to the residual signal of the deuterated solvent. 

 Column chromatography was performed on silicagel 
60 (Merck). Elemental analyses were carried out using a Vario 
ELIII–Elementar Euro and an EA–HekaTech. 

 Electrochemical measurements were performed on a Princeton 
Applied Research Versastat potentiostat with a standard three-
electrode confi guration using a graphite-disk working electrode, 
a platinum-rod auxiliary electrode, and an Ag/AgCl reference 
electrode. Ferrocene was used as internal standard (0.384 V vs 
Ag/AgCl). The experiments were carried out in degassed solvents 
containing tetra- n -butylammonium hexafl uorophosphate salt 
(0.1  M ). At the end of each measurement, ferrocene was added as 
an internal standard.  

  2.3   .  Synthesis of Methyl 4-Ethynylbenzoate (1) 

 Methyl 4-bromobenzoate (12.0 g, 55.0 mmol), trimethylsilylacety-
lene (6.6 g, 67.0 mmol), triethylamine (15 mL, 111.0 mmol), and 
bis(triphenylphosphino) palladium(II) dichloride (2.2 g, 3.2 mmol, 
6 mol%) were dissolved in 150 mL THF and purged with nitrogen 
for 40 min. Subsequently, CuI (1.1 g, 6.1 mmol, 11 mol%) was 
added and the mixture was stirred for 16 h at room temperature. 
The solution was concentrated under vacuum and then extracted 
with 100 mL chloroform and washed with 100 mL water as well 
as 80 mL brine. The organic phase was dried over MgSO 4  and the 
solvent was completely evaporated under reduced pressure. The 
residue was dissolved in 50 mL THF and tetra- n -butylammonium 
fl uoride 1  M  in THF (10 mL, 0.0122 mol) was added and stirred 
for 1 h. The solution was concentrated and purifi ed over a short 
pad of silica (Silica 60; ethyl acetate) to yield a brown powder of 
 1  [8.13 g (92%)]. 

  1 H NMR (250 MHz, CDCl 3 ,   δ  ): 8.01 (d,  J  = 6.7 Hz, 2 H), 7.57 
(d,  J  = 6.7 Hz, 2 H), 3.92 (s, alkyne CH, 1 H), 3.23 (s, OCH 3 , 3 H).  13 C 
NMR (60 MHz, CDCl 3 ,   δ  ): 52.4 (OCH 3 ), 83.3 (CH), 84.2 (C alkyne), 
123.9 (C aromatic), 128.5 (2 C aromatic), 130.5 (C aromatic), 132.0 
(2 C aromatic), 165.6 (COO). Anal. calcd for C 10 H 8 O 2 : C 74.99, H 
5.03; found: C 75.03, H 4.79.  

  2.4   .  Synthesis of Methyl 3,5-Dibromobenzoate (2) 

 Sulfuric acid (0.1 mL, 1.8 mmol) was added to a solution of 
3,5-dibromobenzoic acid (3.00 g, 10.7 mmol) dissolved in 50 mL 
methanol and the solution was stirred under refl ux for 5 h. After 
cooling, the solution was extracted with 50 mL water and 50 mL 
CH 2 Cl 2 . The organic phase was subsequently washed with 50 mL 
10% aq. Na 2 CO 3  and 50 mL water. 

 Drying over Na 2 SO 4  and subsequent removal of the solvent at 
reduced pressure yielded a white powder of  2  (2.79 g, 89%). 

  1 H NMR (250 MHz, CDCl 3,   δ  ): 8.08 (s, 2 H), 7.82 (s, 1 H), 3.91 
(OCH 3 , s, 3 H).  13 C NMR (60 MHz, CDCl 3 ,   δ  ): 52.3 (OCH 3 ), 111.7 

has been applied as anode material for ORBs. [  1,9,10,12  ]  
Apart from being employed in ORBs, galvinoxyles have 
also been used as building component for purely organic 
magnetic materials [  16  ]  and for their optical and magnetic 
properties in general. [  17  ]  Because galvinoxyles are stable, 
persistent, and easy to handle radicals, they have been 
frequently used for their magnetic properties. [  9,14–17  ]  

 We have explored the use of galvinoxyles with 
poly(acetylene) backbones as redox-active materials for 
ORBs with aqueous electrolytes and examined the charge 
and discharge behavior. Moreover, the fabrication of a 
composite electrode consisting of active polymer, graphite, 
and vapor-grown carbon fi bers (VGCF) and the assembly 
and charge–discharge behavior of an all-organic radical 
battery in combination with poly(2,2,6,6-tetramethyl-
piperidine- N -oxyl)methacrylate (PTMA) as cathode mate-
rial utilizing an aqueous electrolyte has been studied.  

  2   .  Experimental Section 

  2.1   .  Materials 

 All the organic reactions were performed under a nitrogen 
atmosphere. All the used chemicals and solvents were purchased 
from Sigma–Aldrich, Acros Organics, Apollo Scientifi c, and Alfa 
Aesar, and were used without further purifi cation unless oth-
erwise specifi ed. Unless otherwise noted, solvents were dried 
according to standard procedures. Dry tetrahydrofuran (THF) and 
toluene were obtained from a Pure Solv MD-4-EN solvent purifi -
cation system. (4-Bromo-2,6-di- tert -butylphenoxy)trimethylsi-
lane, [  19  ]  poly(2,2,6,6-tetramethylpiperidin-4-yl methacrylate), [  20  ]  
poly(TEMPO-methacrylate), [  6  ]  and Rh(nbd)BPh 4  [  21  ]  were synthe-
sized according to procedures described in the literature.  

  2.2   .  General Procedures 

 Reactions were monitored by thin layer chromatography 
(TLC) (aluminum sheets coated with silica gel 60 F254 by 
Merck) and size-exclusion chromatography (SEC) (using a 
Shimadzu SCL-10A VP controller, a LC-10AD pump, a RID-
10A refractive index detector, a SPD-10AD VP UV-detector 
and a PSS SDV pre/lin S column; temperature: 40 °C, eluent: 
chloroform:triethylamine: iso -propanol 94:4:2; fl ow rate: 
1 mL min −1 , calibration: polystyrene). 

       Scheme 1.  Schematic representation of oxidation and reduction 
of galvinoxyles. 
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C 37 H 46 O 2 : C 85.01, H 8.87; found: C 84.88, H 8.93. MALDI-MS  m / z : 
545 [M + Na + ]  

  2.7   .  Synthesis of (3,5-Diethynylphenyl)hydrogalvinoxyl 
(5) 

 (4-Bromo-2,6-di- tert -butylphenoxy)trimethylsilane (2.94 g, 
80 mmol) was dissolved in 50 mL THF and cooled to –78 °C 
under nitrogen.  n -BuLi 1.6  M  in hexane (6 mL, 10 mmol) was 
added dropwise. After 30 min of stirring  3  (0.70 g, 3.5 mmol) and 
TMEDA (3 mL, 20 mmol) in 15 mL THF were added an d the solu-
tion was stirred 2 h at –78 °C and additionally at room tempera-
ture overnight. KOH (4.08 g, 7 mmol) in 30 mL MeOH was added 
to the mixture, which was then stirred overnight. 50 mL 10% aq. 
NH 4 Cl was added and after stirring for 30 min, extraction with 
100 mL diethyl ether was performed. The organic phase was 
dried over Na 2 SO 4  and the solvent was removed under reduced 
pressure. The remaining compounds were purifi ed by column 
chromatography (Silica 60, dichloromethane:hexane 1:1) gave 
 5  as an orange powder (1.2 g, 56%). The compound was stored 
under nitrogen to prevent oxidation. 

  1 H NMR (250 MHz, CDCl 3 ,   δ  ): 7.82 (s, 2 H), 7.51 (s, 1 H), 7.01 (s, 2 
H), 6.98 (s, 2H), 5.53 (s, OH, 1 H), 3.76 (s, CH, 2 H), 1.48 (s, CH 3 , 36 H) 
ppm.  13 C NMR (60 MHz, CDCl 3 ,   δ  ): 29.5 (6 CH 3 ), 29.7 (6 CH 3 ), 34.4 
(2  C (CH 3 ) 3 ), 35.3 (2  C (CH 3 ) 3 ), 78.8 (2 CH), 83.4 (2 C alkyne), 122.7 
(2 C aromatic), 129.1 (C aromatic), 130.0 (2 C aromatic), 131.5 
(2 C aromatic), 132.0 (C aromatic), 132.2 (2 C aromatic), 132.5 
(C aromatic), 135.4 (2 C aromatic), 141.8 (2 C aromatic), 146.9 (C 
aromatic), 147.0 (C aromatic), 155.5 (C4), 156.7 (COH aromatic), 
186.1 (C=O aromatic). Anal. calcd for C 39 H 46 O 2 : C 85.67, H 8.48; 
found: C 85.39, H 8.26. MALDI-MS  m / z : 570 [M + Na + ]  

  2.8   .  General Procedure of the Polymerization of Ethynyl 
Monomers 

 The applied reaction conditions are summarized in Table  1 . A 
glass polymerization tube was charged with ethynyl monomer 
 4  or  5  and catalyst (10 mol%) in THF (0.2  M ). The solutions were 
purged for 30 min with nitrogen. The polymerization was carried 
out by stirring at room temperature for 48 h. The reaction mix-
ture was precipitated in hexane to give a yellow polymer.  

 NMR spectroscopy characterization of polymers: 
  4 -polymerized: 
  1 H NMR (300 MHz, CDCl 3 ,   δ  ): 7.34 (b, ArH), 7.02–7.44 (b, ArH), 

5.50 (b, OH), 5.42 (b, CH), 2.04–1.88 (b,  α -CH 2 ), 1.05–1.45 (b, CH 3 ) 
ppm. 

  5 -polymerized: 
  1 H NMR (300 MHz, CDCl 3 ,   δ  ): 7.20 (b, ArH), 7.54–7.73 (b, ArH), 5.56 

(b, OH), 5.41 (b, CH), 2.11–1.85 (b,  α -CH 2 ), 0.98–1.40 (b, CH 3 ) ppm.  

  2.9   .  General Procedure for the Oxidation of the Polymers 

 Oxidation of the polymers was carried out as follows: A solu-
tion of the poly(acetylene) in toluene (0.5  M ) was purged with 
nitrogen for 30 min. PbO 2  (excess) was added and this suspen-
sion was stirred for 2 h. After fi ltration and subsequent concen-
tration of the solution under reduced pressure, the residue was 
reprecipitated in hexane to give a red polymer.  

(2 C aromatic), 137.6 (2 C aromatic), 147.7 (C aromatic), 148.2 (C 
aromatic). Anal. calcd for C 8 H 6 Br 2 O 2 : C 32.69, H 2.06, Br 54.37; 
found: C 32.55, H 1.97, Br 54.15  

  2.5   .  Synthesis of Methyl 3,5-Diethynylbenzoate (3) 

 To a solution of  2  (2.50 g, 8.8 mmol), trimethylsilylacetylene 
(2.00 g, 20.0 mmol) and triethylamine (3 mL, 22.0 mmol) in 50 mL 
THF bis(triphenylphosphino)-palladium(II) dichloride (0.25 g, 
0.35 mmol, 4 mol%) were added and the reaction mixture was 
purged with nitrogen for 45 min. CuI (0.13 g, 0.7 mmol, 8 mol%) 
was added under nitrogen protection and the reaction mixture 
was stirred for 3 d at 25 °C. 50 mL chloroform and 50 mL water 
were added. The organic phase was washed with 30 mL brine, 
dried over MgSO 4  and, subsequently, the solvent was removed 
under reduced pressure. The residue dissolved in 50 mL THF and 
tetrabutylammonium fl uoride (TBAF) (3.0 g, 11.0 mmol) was 
added and the mixture was stirred for 2 h. The solvent was evap-
orated at reduced pressure and the residue extracted with 60 mL 
chloroform and 60 mL water. The organic phase was washed 
with 50 mL brine. Drying over MgSO 4 , removal of the solvent 
at reduced pressure and subsequent washing over a short pad 
of silica (Silica 60; ethyl acetate) gave  3  as light brown powder 
(1.52 g, 87%). 

  1 H NMR (250 MHz, CDCl 3 ,   δ  ): 8.35 (s, 2 H), 7.66 (s, 1 H), 3.93 
(s, OCH 3 , 3 H), 3.81 (s, CH, 2 H).  13 C NMR (60 MHz, CDCl 3 ,   δ  ): 52.2 
(OCH 3 ), 82.9 (2CH), 83.7 (2 C alkyne), 114.4 (2 C aromatic), 134.5 (C 
aromatic), 138.5 (2 C aromatic), 146.0 (C aromatic), 165.4 (COO). 
Anal. calcd for C 12 H 8 O 2 : C 78.25, H 4.38; found: C 78.45, H 4.43. 
ESI-MS  m / z  (%): 184 (60) [M + ], 169 (100) [M +  − CH 3 ].  

  2.6   .  Synthesis of ( p -Ethynylphenyl)hydrogalvinoxyl (4) 

  n -BuLi 1.6  M  in hexane (15.6 mL, 25 mmol) was added dropwise 
to a solution of (4-bromo-2,6-di- tert -butylphenoxy)trimethyl-
silane (7.5 g, 21 mmol) in 100 mL THF at –78 °C. After 30 min, 
stirring  1  (1.68 g, 11 mmol) and tetramethylethylenediamine 
(TMEDA) (4.0 mL, 27 mmol) in 15 mL THF were added. The solu-
tion was allowed to warm to room temperature over 3 h. KOH 
(6.00 g, 11 mmol) dissolved in 20 mL water was poured into the 
solution and the whole mixture was stirred overnight. 50 mL aq. 
10% NH 4 Cl was added, which was subsequently extracted with 
150 mL chloroform. Then, the organic phase was washed with 
100 mL water and dried over Na 2 SO 4 . The solvent was removed 
under reduced pressure. Subsequently, the remaining com-
pounds were purifi ed by column chromatography (Silica 60, 
dichloromethane: n -hexane 10:1), which gave  4  as orange powder 
(2.84 g, 52%). The compound was stored under nitrogen to pre-
vent oxidation. 

  1 H NMR (250 MHz, CDCl 3 ,   δ  ): 8.01 (d,  J  = 8.3 Hz, 2 H), 7.56 (d,  J  = 
8.3 Hz, 2 H), 7.10 (s, 2 H), 7.01 (s, 2H), 5.53 (s, OH, 1 H), 3.92 (s, 
CH, 1 H), 2.17 (s, CH 3 , 36 H) ppm.  13 C NMR (60 MHz, CDCl 3 ,   δ  ): 
30.1 (6 CH 3 ), 30.3 (6 CH 3 ), 34.3 (2  C (CH 3 ) 3 ), 34.5 (2  C (CH 3 ) 3 ), 78.5 
(CH), 82.0 (C alkyne), 122.3 (2 C aromatic), 124.9 (C aromatic), 
127.9 (2 C aromatic), 129.9 (C aromatic), 132.2 (2 C aromatic), 
135.6 (2 C aromatic), 135.7 (C aromatic), 135.9 (2 C aromatic), 
138.2 (2 C aromatic), 141.5 (C aromatic), 147.3 (C aromatic), 152.9 
(C4), 154.6 (COH aromatic), 186.5 (C=O aromatic). Anal. calcd for 
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dried under reduced pressure at 40 °C overnight (electrode com-
position: radical polymer 10 wt%, graphite 56 wt%, VGCF 24 wt%, 
and PVDF 10 wt%). The electrodes were placed on a polyethylene 
foil, so that their contact pieces were on opposite sides. A poly-
ester separator was placed on one electrode. The foil was care-
fully folded, that the electrodes would be on top of each other 
with the separator between. Three sides were heat sealed with 
a commercial heat sealer. Through the remaining opening 0.1  M  
aq. NaCl as electrolyte was injected. Remaining air in the cell was 
removed and the battery was completely sealed.   

  3   .  Results and Discussion 

  3.1   .  Synthesis and Characterization 

 ( p -Ethynylphenyl)hydrogalvinoxyl  4  was synthesized in a 
straightforward manner and in high yields starting with 
commercially available methyl-4-bromobenzoate. First, the 
polymerizable alkyne group was introduced by a Sonoga-
shira reaction and subsequent the protecting group was 
removed using tetrabutylammonium fl uoride to form the 
alkyne  1 . (4-Bromo-2,6-di- tert -butylphenoxy)trimethylsi-
lane was treated fi rst with  n -BuLi followed by an addition 
of alkyne  1  and a deprotection of the TMS group during the 
alkaline purifi cation step to form ( p -ethynylphenyl)hydro-
galvinoxyl  4  (Scheme  2 ). The yield of this synthesis is com-
parable to the synthesis of other reported galvinoxyles. [  14  ]  
In comparison to the synthesis of ( p -vinylphenyl)hydro-
galvinoxyl, ( p -ethynylphenyl)hydrogalvinoxyl  4  is more 
effi cient to synthesize, because only two reaction steps 
are required instead of four for the styrene derivative. The 
following polymerization of the polymer is also less hin-
dered by formed galvinoxyl radicals, which can be formed 
through oxidation with air (Figure  1 ).  

 This synthetic route was chosen because the direct 
introduction of the alkyne group at ( p -bromophenyl)
hydrogalvinoxyl [  16  ]  was unsuccessful under various con-
ditions. The introduction of the alkyne group via the 
Sonogashira reaction led in this case only to the recovery 

  2.10   .  Fabrication of Radical Polymer/Graphite/VGCF 
Composite Electrode 

 Polymer/graphite/VGCF composite electrodes were fabricated 
by using the following method. Radical-containing polymer 
(10 mg), graphite (56 mg) and VGCF (24 mg) as conductive addi-
tives, and PVDF (10 mg) as binder were carefully grounded in a 
mortar.  N -Methyl-2-pyrrolidone was added to give a paste. This 
was kneaded further using a mortar and more  N -methyl-2-pyrro-
lidone was added to prevent drying. Subsequently, the paste was 
bladed on a graphite sheet using a steel template (area: 1.5 cm 2 ). 
The fabricated electrodes were dried under reduced pressure at 
40 °C overnight.  

  2.11   .  CV Measurements 

 CV measurements were performed in a voltage range of (−1) to 
1 V (vs Ag/AgCl) using 0.1  M  Bu 4 NPF 6  in DMF as the electrolyte. 
An Ag/AgCl electrode was used as the reference, Pt metal as the 
counter electrode and glassy carbon as the working electrode. 
The measurements were performed at a scan rate of 100 mV s −1 .  

  2.12   .  Half-Cell Measurements 

 Half-cell measurements were performed using the fabricated 
electrodes. Before measurements, the electrodes were stored for 
24 h in a solution of 0.1  M  NaCl in water. A 0.1  M  solution of NaCl 
in water was used as electrolyte, Ag/AgCl as counter electrode, 
Pt metal as counter electrode, and the fabricated electrodes as 
working electrodes. Charge and discharge measurements were 
performed under nitrogen atmosphere.  

  2.13   .  Assembly of an Organic Radical Battery 

 Electrodes were prepared with PTMA for the cathode and with 
poly(4-ethynylphenyl)galvinoxyl for the anode. Radical-con-
taining polymer (30 mg), graphite (168 mg) and VGCF (72 mg) 
as conductive additives, as well as PVDF (30 mg) as binder were 
used according to the mentioned procedure to fabricate a paste, 
which was spread on a graphite sheet (4 cm 2 ) using a doctor 
blade method. A small uncoated strip of graphite (3 × 0.5 cm) was 
used to contact the electrodes. The fabricated electrodes were 

 Table 1.   Conditions for polymerization of ethynyl monomers. 

Monomer  Catalyst   M̄n
  a)  

 [g mol −1 ]   
 M̄w

  a)  
 [g mol −1 ]   

PDI   Yield 
 [%]   

4  Rh(nbd) 2 BF 4   1400  2200  1.57  40  

4  Rh(nbd)BPh 4   5300  9700  1.85  50  

4  Rh(nbd)BPh 4  + NEt 3   3500  10 400  2.97  80  

5  Rh(nbd) 2  BF 4   −  −  −  −  

5  Rh(nbd)BPh 4   9400  39 100  4.17  70  

5  Rh(nbd)BPh 4  + NEt 3   13 100  54 600  4.18  85  

    a) Determined by SEC (CHCl 3 ,   PS calibration).   
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which was in the fi rst step esterifi cated with methanol 
to form 3,5-dibromobenzoate  2  under acidic conditions. 
A Sonogashira reaction with trimethylsilyl-acetylene fol-
lowed by an in situ deprotection step using tetrabutylam-
monium fl uoride yielded methyl 3,5-diethynylbenzoate 
 3  (Scheme  3 ). The double substituted monomer  5  was 
synthesized under similar conditions as described for the 
monosubstituted building block. (4-Bromo-2,6-di- tert -
butylphenoxy)trimethylsilane was treated with  n -BuLi. 
To this solution, methyl 3,5-diethynylbenzoate  3  was 
added, followed by an alkaline treatment for deprotection 
of the trimethylsilyl groups to form (3,5-diethynylphenyl)
hydrogalvinoxyl  5 . Formation of the galvinol compound 
during the reaction could be observed through color 
change. Like most triphenylmethane derivatives, gal-
vinoles also possess intense coloration, which changes 
according to the pH value of the solution. The yield of this 
synthesis is with 56% again comparable to the reported 
literature examples of hydrogalvinoxyles. [  14  ]  In contrast 
to the monosubstituted galvinoles, no double-substituted 
galvinol with vinyl groups is known so far.   

 Both acetylene monomers were used for polymeriza-
tion experiment. For this purpose, several catalysts were 
tested for the polymerization of the ethynyl-bearing 
monomers. Rh(nbd)BPh 4  [  21  ]  was found to be the most 
effective catalyst (Scheme  4 ). Other tested catalysts like 
Rh(nbd) 2 BF 4  only led to low molar mass oligomers with 
very low yields (Table  1 ). Polymers obtained by the poly-
merization of  4  with Rh(nbd)BPh 4  revealed a molar mass 
of M̄n : 5000 g mol −1  with polydispersity index (PDI) values 
between two and three and were soluble in most common 
organic solvents. Also acetylene polymers derived from 
monomer  5  were synthesized. Molar masses of M̄n : 
13 000 g mol −1  were achieved with high PDI values of four. 
The solubility of the polymers on the basis of monomer  5  
is lower than the previous one, but also this polymer class 
is still soluble in most organic solvents after several min-
utes of stirring. This was observed in solubility tests with 
acetonitrile and concentrations of 10–50 mg mL −1 . The 
oxidation of the polymers was performed with PbO 2.  [  14  ]  
Also tested were potassium hexacyanoferrate(III) [  14  ]  and 
H 2 O 2 /Na 2 WO 4,  [  20  ]  but PbO 2  proved to be the most effective 
and easiest to use with a simple purifi cation procedure. 

of the starting material ( p -bromophenyl)hydrogalvinoxyl. 
The reaction may be hindered through the bulkiness of 
the bromine derivative, which can hinder the transmetal-
lation step during the catalysis cycle. Temperature ranges 
from room temperature up to 80 °C were tested and sev-
eral Pd catalysts were employed; however, the formation 
of the desired product could not be observed. 

 The bisethynyl compound  5  was synthesized starting 
with commercially available 3,5-dibromobenzoic acid, 

      Figure 1.  Electron spin resonance (ESR) of radical-containing 
polymer derived from monomer  4  (top) and  4  after 1 month under 
air (bottom). 

       Scheme 2.  Schematic representation of the synthesis of monomer  4 . 
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of M̄n  15 000 g mol −1  with PDIs around 
four. Molar masses of the bisfunctional-
ized galvinoxyl after oxidation could be 
measured to M̄n : 50 000 g mol −1  (PDI > 6).   

  3.2   .  Electrochemistry 

 Additionally, the redox behavior of the 
polymers was studied. Cyclic voltam-
mograms revealed reversible redox 
reactions at –0.40 V (vs Fc/Fc + ), which 
are comparable to the literature values 
of galvinoxyles [  1  ]  (Figure  2 ) and smaller 
satellite signals, which can be attributed 
to redox reactions of the polyacetylene 
backbone. [  22  ]  The electrochemical sta-
bility of the polymers was examined 
by CV measurements over 50 cycles. 
Both polymers revealed a stable redox 
behavior and could therefore subse-
quently be tested as active anode mate-
rial in ORBs.  

 A 0.1  M  aqueous solution of NaCl 
with 0.01  M  tetrabutylammonium 
hydroxide proved to be the most appro-
priate as electrolyte for charge–dis-
charge experiments of the half-cell, 
because of its conductivity, the insolu-
bility of the polymers and also their 
swelling in the electrolyte. The fabri-
cated electrodes were allowed to swell 
for 24 h in the electrolyte solution 
to ensure complete penetration. For 
these test electrodes, only 10% of active 
material was used, because this proved 
to be the optimum to confi rm the func-
tion and the stability of the electrode. 
A ratio of three to seven of VGCF to 
graphite was chosen due to better pro-
cessability. The polyacetylene back-
bone was specifi cally chosen for the 
use as a battery material because of 
its conjugated structure. The idea was 
to decrease the amount of conductive 
additive by introducing a conductive 

polymer. However, ultimately this advantage is over-
shadowed by unwanted disadvantages like side reac-
tions of the backbone during oxidation. 

 Charge–discharge experiments were performed at 
2C (1C equals charging/discharging in 1 h, 2C equals 
charging/discharging in 1/2 h, etc.) with both tested 
materials and showed capacities in the range of 
30–35 mA h g −1  (Figure  3 ). This value corresponds to 
60% theoretical capacity, which is in good accordance to 

ESR spectroscopy proved the existence of the radical 
(Figure  1 ) with a  g -value of 2.0038 and the radical concen-
tration could be determined through the spin concentra-
tion to be roughly 70%. This value is in good accordance 
to other reported oxidations of polymeric galvinoles. [  14  ]  
After the oxidations, the molar masses and PDI values 
of all polymers increased due to side reactions caused by 
the formed radicals. The molar masses of the monofunc-
tionalized galvinoxyl after oxidation were in the range 

       Scheme 4.  Schematic representation of the coordination polymerization of ethynyl 
monomers  4  (top) and  5  (bottom). 

       Scheme 3.  Schematic representation of the synthesis of monomer  5 . 
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neutral pH value, the suitable potential window and the 
environment friendliness. As reported in the literature, 
PTMA works best under neutral or even slightly acidic [  23  ]  
and, in contrast, galvinoxyls best under basic condi-
tions. [  12  ]  The constructed battery system showed the 
expected charge–discharge behavior with a capacity of 
38 mA h g −1 , which corresponds to 70% of its theoretical 

the radical content of about 70%. The cycle stability in 
the aqueous electrolyte system was studied in 40 cycles; 
the capacity dropped to 50% or 40%, respectively 
(Table  2 ). Capacity loss may have occurred through 
washing-out of the material. To address this problem, 
more binder could be added to the electrode paste, but 
this also leads to losses in conductivity, and the pos-
sibility of the whole electrode mixture detaching as a 
fi lm from the electrode or problems with processing, 
due to the mixture becoming too rubber like. Another 
reason for the lowering of the capacities can also be the 
presence of trace oxygen, which can oxidize the reduced 
galvinol species and thus reduce the capacity. Never-
theless, these measurements indicate that polyphenyl-
acetylene-based galvinoxyles can be used in aqueous 
electrolytes for ORBs.    

  3.3   .  All-Organic Radical Battery 

 Lastly, an all-organic radical battery consisting of 
( p -ethynylphenyl)hydrogalvinoxyl and PTMA was 
studied. This cell was tested with an aqueous 0.1  M  NaCl 
as electrolyte. This electrolyte was used because of its 

      Figure 2.  Cyclic voltammogramm of  4  (0.1 V s −1 ; 0.1  M  Bu 4 NPF 6  in 
DMF). 

      Figure 3.  Charge and discharge experiment of  4  (top),  5  (bottom). 

 Table 2.   Charge–discharge capacities of polymer half-cells and a full-organic radical battery. 

Polymer/cycle   Charge capacity 
 [mA h g −1 ]   

 Percentage 
of theoretical 

charge capacity 
 [%]   

 Discharge 
capacity 

 [mA h g −1 ]   

 Percentage of 
theoretical 

discharge capacity 
 [%]   

 Effi ciency 
 [%]   

4 – cycle 1  32  60  25  46  77  

4 – cycle 40  26  48  21  39  81  

5 – cycle 1  30  56  17  31  57  

5 – cycle 40  22  41  14  26  63  

All-organic battery  38  69  27  50  72  
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      Figure 4.  Charge–discharge cycles of a battery made from PTMA 
and poly- 4 . 

capacity (Figure  4 ), but again with a lower discharge 
than charge capacity of 27 mA h g −1  (Table  2 ). This 
may be a result of the non-optimal electrolyte and the 
non-stabilized galvinolate anion, the infl uence of the 
polyacetylene as described above or self-discharge phe-
nomena. [  24  ]  To enhance the performance of this cell, it 
is necessary to fi nd conditions in which both the galvi-
nolate anion and the TEMPO are stabilized. This will be 
the target of further studies.    

  4   .  Conclusion 

 Two acetylene-bearing galvinol monomers were synthe-
sized, polymerized using a rhodium catalyst, oxidized, 
and evaluated for their use as anode material for ORBs. 
With the development of new poly(acetylene)s with 
stable radicals to replace metals completely and the use 
of an aqueous electrolyte, ORBs show their potential as 
an environmentally benign energy-storage system. Fur-
thermore, since potentially no metals are needed for this 
type of battery and the possibility of producing organic 
compounds from renewable resources, ORBs are not lim-
ited by the dwindling amounts of expensive lithium and 
other metals commonly used in batteries. The synthesized 
radical polymers showed reversible redox reactions over 
dozens of cycles and are stable under ambient conditions 
for months. The use of an aqueous electrolyte gives the 
possibility of using these cells in biological environments, 
for example, in biochips. The fabricated all-organic radical 
battery represents a fi rst step to the use of synthetic poly-
mers in future devices, also using inkjet printing as a pro-
cessing technique. [  25  ]   
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