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1. Introduction 
 

The utilization and application of mobile and portable electronic devices in our modern 

society becomes more and more present in our daily life.[1] Additionally, the demand for 

smaller, thinner and sometimes even flexible devices has strongly increased. A new generation 

of portable electronic devices is under current development, such as smart packaging, 

functional smart clothes or the “Internet of Things”, where every small electronic device is 

connected to the internet.[2,3] For all these devices and applications a rechargeable energy 

source is mandatory. Secondary batteries represent one suitable possibility, where the required 

energy can be released independently from a stationary energy source, which is obligatory, in 

particular for mobile devices. 

An additional feature is the combination of secondary batteries with solar cells, the so called 

solar batteries, which in theory enable independent recharging of the secondary battery using 

the power of the sun light, resulting in an independently rechargeable portable electronical 

energy storage device.[4,5] Dependent on the aimed application, battery systems need to meet 

the following demands: High capacity, high cell voltage and a good charge/discharge 

performance as well as safety, low cost, low weight, sustainability and environmental 

friendliness.[6] In particular, small and thin mobile devices (i.e., portable electronics), smart 

packaging or functional textiles require thin, lightweight and flexible battery systems.[7] The 

technology for these systems is already investigated and the concept of batteries is based on a 

simple principle: Two electrodes with different electrochemical potentials are connected by an 

ionically conductive electrolyte.[1] However, current batteries are the limiting part to obtain 

thin, light-weight and flexible devices. Present battery systems such as nickel-metal hydride or 

lithium-ion batteries have conquered the market of energy storage systems mainly due to their 

electrochemical properties such as high capacity and promising charge/discharge stability. 

However, the fabrication of flexible secondary batteries reaches the limits of the current 

systems due to their hard and brittle electrode materials. Additionally, these materials mainly 

consist of sometimes toxic metals, which are produced by mining in a limited availability and 

are difficult to dispose.[8] A promising approach to overcome these drawbacks is the utilization 

of organic compounds as electrode materials. 
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The setup of an organic battery is identical to the common battery setup: It contains two 

electrodes, separated by an ion-conducting electrolyte. In particular, the cathode of organic 

batteries consists of a material, which possess a high redox potential and the anode is built of a 

material featuring a lower redox potential. The potential gap of the active electrode materials 

results in the specific cell voltage of the battery. The electrolyte is an ionically conductive 

material (e.g., a solution of LiClO4 or LiPF6 in acetonitrile or organic carbonates), which 

provides the charge balance (Figure 1.1). During the charging process an external current 

forces the oxidation of the cathode material as well as the reduction of the anode material. The 

ions of the electrolyte rebalance the emerging charges. During discharging, the opposite 

process is taking place, whereas the anode is oxidized and the cathode is reduced.[9] 

 

Figure 1.1: Schematic representation of the setup of an organic battery consisting of cathode, 
anode and electrolyte. 

The utilization of organic compounds as active materials in batteries features many advantages 

such as their production in low-temperature processes, in special cases even from recycled[10] 

or renewable resources, and the materials can be processed by roll-to-roll technologies, 

resulting in high flexibility, low toxicity and low weight.[7] Furthermore, the redox potential of 

the electrode materials and, as a consequence, the cell potential can be tailored by the choice 

of the appropriate redox system. Up to now, numerous different redox-active compounds have 

been applied as active electrode materials, such as stable organic radicals[11,12] or carbonyl 
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compounds.[13] In particular, anthraquinonide structures are of high interest. Due to their two-

electron redox reaction a promising charge to mass ratio is obtained, resulting in comparably 

high theoretical capacities. In general, 1,2-diones possess higher redox potentials than 1,4-

diones. Additionally, the potentials can be tailored by two major strategies. The first approach 

is the introduction of appropriate substituents to influence the redox potential. Thereby, 

electron donating/withdrawing groups such as cyano,[14] chloro,[14] hydroxyl,[15] lithoxy,[16,17] 

fluorinated and non-fluorinated alkyl and alkoxy groups,[15,18–20] thiophene,[21] pyridine,[22] 

pyrazine[22] and lithium resp. sodium salts of carboxylic[23] or sulfonic acids are often used.[24] 

The second procedure is the modification of the redox-active carbonyl group to 

dicyanomethane[25,26] or 1,3-dithiolane groups, whose redox mechanisms are based on one 

two-electron reaction.[27] 

 

Figure 1.2: Schematic overview of the key steps, which are accomplished in this thesis. 

However, the application of organic compounds as active electrode material requires the 

insolubility of all occurring redox states of the active material in the applied electrolytes. The 

most promising and straightforward approach, which is also applied in this thesis, is the 

incorporation of the redox-active units into a polymeric environment, resulting in an insoluble, 

but swellable electro-active material.[28,29] 

The goal of this thesis is the synthesis of new redox-active monomers and polymers as well as 

their electrochemical characterization. The suitable polymers should be used as active material 
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in a composite electrode for organic batteries, which charge/discharge behavior will be 

investigated (Figure 1.2). 

The investigated polymers are based on anthraquinone derivatives, whereby the carbonyl 

groups are transformed to oxidizable or other reducible moieties and their influence will be 

analyzed.  In Chapter 3, anthraquinone derivative are shown, where both carbonyl groups are 

substituted with another reducible moiety (Chapter 3.1) and an oxidizable group (Chapter 3.2). 

The influence of the unsymmetrically substitution of the carbonyl groups on the 

electrochemical behavior is shown in Chapter 4. By the modification of the carbonyl groups 

with both an oxidizable group and a reducible group leads to bipolar compounds with 

interesting electrochemical behavior (Chapter 4.1). The redox potentials of the monomer and 

the polymer can be fine-tuned by a modification of one carbonyl group by another reducible 

group (Chapter 4.2). 
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2. Photo-rechargeable electric energy storage systems 
Parts of this chapter have been published in P1) D. Schmidt, M. D. Hager, U. S. Schubert, 

Adv. Energy Mater. 2016, 6: 1500369. DOI: 10.1002/aenm.201500369. 

As described in Chapter 1, the main challenge of the utilization of renewable energy sources 

such as solar or wind energy is the storage of the generated electricity to compensate the 

fluctuating availability of the energy sources and the actual energy demand. One of the most 

powerful, efficient and environmental friendly energy sources is the sun, which provides 

power in unlimited quantity with no running costs and no waste materials are produced.[30–34] 

Every hour, about 100,000 TW of solar power are received by the earth’s surface, which is 

more power than humans need in an entire year.[35,36] The key technology is the creation of 

independent electrical energy sources by the combination of solar cells and effective energy 

storage systems, e.g., batteries or supercapacitors.[4,34,37–41] Usually, the generated solar energy 

is stored by external batteries, e.g., lithium ion or nickel/metal hydride batteries, which are 

connected to the solar cell(s) by wires.[40,42,43] Unfortunately, due to the relatively long 

distance between both parts the energy storage efficiency is low.[40] One approach to avoid this 

problem is the merging of the photo conversion and the energy storage system in one device. 

Thereby, the stored energy can be released and used all day even if the sun is not 

shining.[31,44,45] Many types of electrochemical storage applications such as rechargeable 

batteries, electrochemical supercapacitors as well as redox flow batteries (RFB) are available, 

which can be combined with charge generation assemblies like dye-sensitized solar cells 

(DSSC) or organic photovoltaics (OPV).[11,45–47] 

A solar rechargeable battery generates electric energy from the sun light, which is directly 

stored by an integrated storage.[48] These devices consist of a photoanode, a counter electrode 

as well as a charge storage electrode (Figure 2.1). Under light illumination of the photoanode, 

the photo active material is excited to form an electron hole pair. The electrons move to the 

charge storage electrode, which will be negatively charged, and are stored in the electrode. 

The holes in the photoanode are counterbalanced by electrons of the counter electrode and the 

device is charged. During the discharging process the electrons move back from the charge 

storage electrode to the counter electrode. A membrane separates the counter electrode from 

the charge storage electrode and provides the counterbalance. 
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Figure 2.1: Schematic representation of the setup of a solar rechargeable battery, consisting of 
a photoanode, in which the charge carriers are generated, a charge storage electrode and a 
counter electrode; both are utilized for energy storage. 

The combination of a supercapacitor and a DSSC is the most frequently investigated hybrid 

device in the field of photo-rechargeable energy storage systems, resulting in an energy-

storable dye-sensitized solar cell (ES-DSSC). Supercapacitors can be utilized for flexible 

electronic systems and are distinguished by high power output densities, high specific 

capacitance, fast charge/discharge rates, as well as long lifetimes.[49–51] DSSCs are very 

efficient, environmental friendly and can be fabricated by roll-to-roll processes, which leads to 

light-weight and flexible devices.[52–54] They are furthermore very powerful even under diffuse 

and low intensity light conditions.[55] A wide range of different materials are suitable for 

capacitor devices. Miyasaka et al. investigated an ES-DSSC with a two-electrode system using 

activated carbon. The energy is in this case directly stored as double-layer charges. In the 

charged state, the photocapacitor achieved a voltage value of 0.45 V and a discharge capacity 

of 75 mC/cm2 due to the incorporation of LiI into the TiO2 layer. Due to the utilization of LiI, 

the values are 15 times higher than the result of the LiI-free ES-DSSC.[56] An improvement 

revealed a lower internal resistance by the utilization of a three-electrode photocapacitor, 

resulting in a five times larger energy output.[57] Carbon nanotubes (CNT) represent other 

important materials for photo chargeable batteries. DSSC with CNT films as counter 



2. Photo-rechargeable electric energy storage systems 
 

14 

electrodes reveal similar high performance (e.g., a specific capacitance of 54 F/g) like 

common platinum electrodes.[58] One representative device utilizing CNTs reached a 

photoelectric conversion efficiency of 6.1%, a specific capacitance of 48 F/g and a storage 

efficiency of about 84% with an entire photoelectric conversion and storage efficiency of 

about 5.12%. The specific capacitance can be increased to 208 F/g by the incorporation of 

poly(aniline) (PANI) into the CNT. However, the overall photoelectric conversion and storage 

efficiency drops to 4.3% due to a lower energy storage efficiency.[40] The described devices 

feature a planar structure and by changing it into a wire shaped structure, the flexibility of the 

ES-DSSC can be enhanced. Peng et al. developed a wire shaped device utilizing CNT/Ti wire 

composites, whereby the Ti wire was modified with perpendicular aligned TiO2 nanotubes on 

the surface and horizontally aligned CNT. These nanotubes offer an effective pathway for the 

charge transport resulting in a photoelectric conversion efficiency of 2.7% and an energy 

storage efficiency of 75.7%.[59] An electric energy wire with energy conversion in the sheath 

and energy storage in the core using aligned CNT achieved a photoelectric conversion and 

storage efficiency of up to 1.8%.[60] Another ES-DSSC wire using a PANI coated stainless 

steel wire as current collector and a Ti wire, covered with TiO2 and the dye N719 (cis-diiso-

thiocyanato-bis(2,2’-bipyridyl-4,4’-dicarboxylato)ruthenium(II)bis(tetrabutylammonium)), as 

photoanode reached an overall efficiency of 2.1%.[44] An ES-DSSC with an efficiency of 3.7% 

was developed utilizing a dye N719 containing photoanode and poly(vinylidene fluoride) 

(PVDF)/ZnO nanowires as counter electrode.[41] A single fiber device only with ZnO 

nanowires and a DSSC, which was immobilized onto a copper mesh achieved an entire energy 

conversion efficiency of only 0.02%, presumably due to the utilization of the copper mesh, 

which suffers from a low transparency resulting in a significant lower absorption and transfer 

of the light to the dye (Figure 2.2).[49] Moreover, WO3 represents another suitable material for 

ES-DSSC due to its unique optical and electrical performance by reversible intercalation of 

alkali metal ions[61] and due to the lower conduction band compared to TiO2.[62] A 

supercapacitor using WO3 coated CNT in combination with a DSSC consisting of a TiN/Ti 

mesh as electro-catalytic electrode where the reduction of I3
- to I- took place achieved a photo-

charge efficiency of up to 69.5%.[63] Furthermore, also organic conjugated polymers have been 

applied as capacitor materials. Segawa et al. published e.g. an ES-DSSC in which the charge-

storage electrode consisted of the conjugated polymer poly(pyrrole), which was coated by 

Nafion®. In combination with a common DSSC, the entire photoelectric conversion efficiency 
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was 3.2% with a maximum discharge capacity of 37.8 mC/cm2 and a stability of about 70 

cycles.[64] Another three-electron system, which used also poly(pyrrole) films on an indium tin 

oxide (ITO) slide as charge storage electrode, achieved charge storage efficiencies of up to 

22%, dependent on the amount of poly(pyrrole).[65] The total photoelectric conversion and 

storage efficiency was about 0.1% using a bifunctional TiO2/poly(3,4-

ethylenedioxythiophene) (PEDOT) photoanode.[39] 

 

Figure 2.2: Schematic configuration of a fiber-based multi-energy device, consisting of a 
nanogenerator, a DSSC and a supercapacitor. Adapted with permission.[49] 

Next to supercapacitors, other energy storage devices are possible such as Redox flow 

batteries (RFB). A RFB consists of two parts of liquid electrolyte (catholyte and anolyte) 

containing one or more dissolved redox-active species. The two segments are connected by an 

ion exchange membrane, which separates the electrolytes to prevent from cross-mixing while 

the counterbalance of the charge carriers can take place.[66–68] The advantages of RFB are high 

lifetime, flexibility, high reliability and the potential to store a large amount of energy.[67–69] 

Gao et al. developed an ES-DSSC, where one part of the RFB consisted of a DSSC. The 

catholyte consisted of a solution of LiI in propylene carbonate (PC) and the dye N719 coated 

TiO2 film was placed on the electrode (photoanode). The anolyte contained Li2WO4 and 

LiClO4 in water and a Pt/Ti mesh was placed as working electrode into the electrolytes. The so 
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constructed three-electrode device reached a voltage of 0.76 V and a discharge capacity of 

0.015 mAh/mL (Figure 2.3).[70] A total energy conversion efficiency of 1.2% was reached by 

changing the anolyte to an aqueous solution of quinoxaline and its derivatives. This device 

revealed a good stability and electrochemical activity.[71] 

A DSSC with an aqueous CH3NH3Br ∙ PbBr2 electrolyte is able to store the generated energy 

with a power conversion efficiency of 8.6% and a faraday efficiency of up to 81.6%.[72] At the 

TiO2 electrode, Pb2+ is reduced to Pb and Pb2+ is oxidized at the Pt electrode resulting in a 

charge storage due to the difference of the redox potentials. A three-electrode DSSC using 

indoline dye-adsorbed TiO2 layer as photo-anode, poly(viologen) as electron storage anode, a 

Pt mesh as cathode and an aqueous solution of 1-oxyl-2,2,6,6-tetramethyl-4-hydroxypiperidine 

(TEMPOL) as electrolyte featured an ES-DSSC with a charge supply after irradiation at a 

voltage of 0.4 V and a discharge capacity of about 75%.[73] 

 

Figure 2.3: Schematic setup and working principle of a solar rechargeable RFB. Reproduced 
with permission.[70] 

An alternative solar cell device represents OPV systems, in particular bulk heterojunction 

(BHJ) solar cells, which are easy to fabricate by roll-to-roll, printing or coating processes 

resulting in low cost, flexible and light-weight devices.[74–78] BHJ solar cells consist of an 

transparent electrode, an hole conducting layer (e.g., PEDOT/poly(styrene sulfonate) (PSS)), 

the active layer as well as a second electrode to collect the charges. The active layer is a bulky 

mixture of a conjugated polymer as donor (e.g., poly(3-hexylthiophene) (P3HT)) and a 
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acceptor material like phenyl-C61-butyric acid methyl ester (PCBM).[79,80] A wire shaped 

combination of BHJ solar cell and capacitor was developed by Peng et al. utilizing a titania 

nanotube-modified Ti wire as core, P3HT/PCBM as active material and a PEDOT/PSS layer 

reached an energy conversion efficiency of up to 1.0%. The energy storage part, consisting of 

CNT and a poly(vinyl alcohol)/H3PO4 electrolyte, achieved a storage efficiency of 65.6%, 

resulting in the entire photoelectric conversion and storage efficiency of up to 0.8%.[81] 

Next to the previous presented systems for photo rechargeable batteries, some other charge 

storage possibilities are available, e.g., solar cells with a battery effect. For instance, a solar 

cell consisting only of the donor material (i.e., first generation cationic cyanine dendrimer), 

was utilized as a photo-rechargeable battery. The battery effect results from charge trapping 

sites within the active layer by an internal charge transfer from the counter anion to the 

cationic cyanine. Using a film with a thickness of 150 nm, the total storage capacity was 

0.20 mAh/g with an output voltage of 0.35 V. A higher film thickness of the active material 

resulted in a higher discharge current due to more trapping sites within the film.[82] 

Additionally, due to high energy densities, air batteries features interesting possibilities for 

photo-rechargeable batteries.[83] The group of Nishide developed a solar-rechargeable air 

battery consisting of a poly(anthraquinone) based anode and a MnO2/carbon composite 

cathode, which catalyze the reduction of oxygen. A boron-dipyrromethene (BODIPY) 

derivative was adsorbed to the anthraquinone polymer to avoid a rapid decrease in the voltage 

under dark due to a back electron transfer from the anthraquinone to the oxygen. The battery 

reached a discharge voltage of 0.63 V, a charging capacity of 166 mAh/g and a capacity of 

143 mAh/g for discharging (72% and 62% of the theoretically capacity, respectively) for over 

50 cycles (Figure 2.4).[84] 

In summary, the main focus of photo-rechargeable energy storage systems is on hybrids of 

DSSC with supercapacitors. However, all devices have, up to now, low efficiencies or 

capacities compared to their inorganic counterparts, due to the focus on the development and 

fabrication of prototypes and, as a consequence, no or less optimization on the overall 

efficiency was performed. Consequently, the mismatch of the different energy conversion and 

storage parts limits the efficiency of the devices. For example, OPV systems, which offer a 

voltage of about 0.8 V, require a corresponding battery with fitting voltage. For this reason, 

the development of new materials, in particular, organic polymers features a high potential due 



2. Photo-rechargeable electric energy storage systems 
 

18 

to relative simple tuning of the redox potentials and, as a consequence, the voltage of the 

storage device. Only the group of Nishide utilized the advantages of organic polymers for the 

development of solar-rechargeable batteries.[73,84] Furthermore, by integration of organic 

battery materials into supercapacitors, the performance of the capacitors can be improved, 

resulting in a fast charging and high capacity device. 

 

Figure 2.4: Schematic setup and working mechanism of a solar rechargeable air battery. 
Reproduced with permission.[84] 
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3. Redox-active polymers for organic batteries 
Parts of this chapter have been or will be published in P2) D. Schmidt, B. Häupler, M. D. 

Hager, U. S. Schubert, J. Polym. Sci., Part A: Polym. Chem. 2016, 54, 1998–2003; P3) B. 

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

Rapid Comm. 2014, 35, 1367-1371. 

Anthraquinone containing polymers are of high interest for organic battery application 

because they feature a redox reaction involving two electrons, which results in a good electron 

to mass ratio and, as a consequence, comparably high theoretical capacities. By modification 

of the redox-active carbonyl groups, the redox potential and consequently the cell potential of 

the battery can be tailored. 

 

3.1.Synthesis and characterization of poly(N,N’-dicyanoanthraquinone diimine) as a 

new redox-active polymer 

The transformation of the carbonyl groups of the anthraquinone into N-cyanoimine moieties, 

which possess stronger electron accepting properties, results in a shift of the redox potential to 

a higher voltage. As a consequence, two novel redox-active monomers were synthesized, 

which can be polymerized by free radical and rhodium-catalyzed polymerization, respectively. 

 

The N,N’-dicyanoanthraquinone diimine (DCAQI) synthesis was performed in a 

straightforward three step procedure according to a modified literature route (Scheme 3.1).[85] 

2-Iodanthraquinone (1) was synthesized from commercially available 2-aminoanthraquinone 

utilizing a p-toluene sulfonic acid supported Sandmeyer reaction. The polymerizable vinyl 

group was introduced by a palladium-catalyzed C-C cross coupling reaction at 2-position. The 

best result was obtained using the Hiyama reaction providing 2-vinylanthraquinone (2) in high 

yield (80%). The carbonyl groups were transformed into N-cyanoimine groups utilizing 

titanium(IV) chloride and bis(trimethylsilyl)-carbodiimide. Monomer 3 could be obtained in 

moderate yields (52%) due to its low stability on silica gel during the purification process.[86] 

Subsequently, 3 was polymerized by free radical polymerization technique with 

azobis(isobutyronitrile) (AIBN) as initiator using different solvents (1,2-dichloroethane, 
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Scheme 3.1: Schematic representation of the synthesis of the monomers 2 and 6 as well as the 
polymers 4 and 7. 

N-methyl-2-pyrrolidone (NMP), dimethylsulfoxide (DMSO), N,N-dimethylformamide (DMF) 

and N,N-dimethylacetamide (DMAc)). The most promising polymers in terms of high molar 

masses were obtained in DMSO with a yield of 77% and a high molar mass (Mn) of 

16,800 g/mol (Table 3.1). All other solvents led to poor yields (up to 40%) and lower Mn 

values (7,300 to 10,400 g/mol), presumably due to chain terminating reactions. Furthermore, 

rhodium-catalyzed polymerization of an ethynyl-based monomer was applied to enable milder 

reaction conditions (e.g., room temperature conditions). Monomer 6 was synthesized from 2-

ethynylanthraquinone 5, which was prepared in a straightforward two-step procedure from the 

commercial available 2-bromoanthraquinone.[84] The carbonyl groups were transformed in a 
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similar manner into N-cyanoimine groups using titanium(IV) chloride and 

bis(trimethylsilyl)carbodiimide in good yield (75%) (Scheme 3.1). However, 6 revealed only 

poor solubility in organic solvents such as dichloromethane and tetrahydrofuran (THF), which 

are commonly used for the rhodium-catalyzed polymerization of phenylacetylene 

derivatives.[87] As a consequence, polar aprotic solvents were used for the rhodium-catalyzed 

polymerization. The utilization of DMF leads to polymers in good yields (63%) but with low 

molar masses (Mn) of around 4,400 g/mol. Utilizing DMSO as solvent, the molar mass (Mn) 

could be increased to 10,900 g/mol. However, the polymerization suffered from lower yield of 

Table 3.1: Selected reaction conditions and analytical data for polymers 4 and 7 prepared by 
the free radical polymerization (FRP) technique and Rh-catalyzed polymerizations, 
respectively. 

Polymer Solvent 
Conc. 

[mol/L] 

Temp. 

[°C] 

Mn
a 

[g/mol] 
Ɖa 

Yield 

[%] 

4a 1,2-Dichloroethane 0.51 70 7,300 1.36 20 

4b NMP 1.00 70 7,700 1.27 7 

4c DMSO 1.00 70 16,800 1.98 77 

4d DMF 1.00 70 10,400 1.40 40 

4e DMAc 1.00 70 8,600 1.28 33 

7a DMF 0.10 50 4,400 1.33 63 

7b DMSO 0.10 50 10,900 3.06 48 

7cb DMF 0.20 50 n/dc n/dc 97 

7db DMSO 0.20 50 n/dc n/dc 90 

7eb 1,2-Dichloroethane 0.10 50 n/dc n/dc 77 

7fb DMSO 0.10 r.t. n/dc n/dc 93 

a Determined by SEC (DMAc, 0.21% LiCl, poly(styrene) standard, RI detector). b Addition of triethylamine 

(0.1 eq.) to the reaction mixture. c SEC measurements could not be performed due to the insolubility of the 

polymers in the mobile phase. 
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around 48%. The addition of 0.1 eq. of triethylamine as co-catalyst and elevated reaction 

temperatures (50 °C) improved the yield to 77% in 1,2-dichloroethane and to 90% and 97% in 

DMSO and DMF, respectively. Thereby, triethylamine dissociates the dimeric rhodium 

catalyst to its active monomeric form, which is increasing the initiation efficiency.[88,89] The 

yield of the polymerization in DMSO at room temperature was only slightly higher (93%). 

However, all poly(phenylacetylene)-based polymers precipitated during the polymerization 

reaction and were completely insoluble in common organic solvents (e.g., methanol, DMF, 

DMSO or DMAc) after purification. Consequently, no detailed analytical investigations could 

be performed. 

The electrochemical behavior of the monomers 3 and 6 as well as of the polymers 4 and 7 was 

investigated by cyclic voltammetry. In particular, the influence of the electrolyte cations on 

the redox potential was examined. For this purpose, solutions of 0.1 M LiClO4 and 0.1 M 

tetrabutylammonium perchlorate (TBAClO4) in DMF were utilized as electrolyte (Figure 3.1). 

In the lithium ion based electrolyte, monomer 3 features two reversible one-electron reduction 

steps at E1
1/2 = ‒ 0.63 V and E2

1/2 = ‒ 1.03 V vs. Fc+/Fc. These redox potentials are in good 

agreement with literature reports of the unsubstituted DCAQI (E1
1/2 = ‒ 0.68 V and 

E2
1/2 = ‒ 1.04 V vs. Fc+/Fc)[90] indicating that the vinyl group has no influence on the redox 

behavior of the monomer. Furthermore, the electron acceptance of the N-cyanoimine 

functionality is increased compared to the carbonyl group and the reduction of the monomer to 

the radical anion and to the dianion occurs at a more positive potential compared to 

anthraquinone (E1
1/2 = – 1.19 V and E2

1/2 = – 1.68 V vs. Fc+/Fc).[91] The utilization of 

TBAClO4 as electrolyte salt shifts the redox signals to E1
1/2 = – 0.65 V and E2

1/2 = – 1.16 V vs. 

Fc+/Fc. Monomer 6 exhibits also two reversible reductions at E1
1/2 = – 0.59 V and E2

1/2 = 

– 0.99 V vs. Fc+/Fc utilizing LiClO4 as electrolyte salt, which indicates no significant 

influence of the ethynyl group on the redox behavior. The redox behavior of 6 in TBAClO4 is 

similar to the behavior in LiClO4. The redox signals are located at E1
1/2 = – 0.59 V and 

E2
1/2 = – 1.09 V vs. Fc+/Fc. In general, the shift of the second reduction peak of both 

monomers is slightly influenced by the cation of the electrolyte. This can be explained by the 

stronger coordination of the lithium ions to the N-cyanoimine groups, resulting in a shift of the 

redox potential to more positive values.[21,91] 
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The cyclic voltammogram of polymer 4 in DMF, 0.1 M LiClO4 reveals the expected redox 

signals at E1
1/2 = – 0.60 V and E2

1/2 = – 0.97 V vs. Fc+/Fc, corresponding to the reduction to 

the radical anion and to the dianion, respectively (Figure 3.2 left). However, an additional 

redox signal appears at E3
1/2 = – 1.26 V vs. Fc+/Fc. This signal can be presumably assigned to 

the reduction of the carbonyl group of the N-(10-oxo-anthracen-9(10H)-ylidene)cyanamide 
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Figure 3.1: Normalized cyclic voltammograms of monomer 3 (c = 0.6 mg/mL; black line) and 
6 (c = 1.0 mg/mL; red line) in DMF, 0.1 M LiClO4 (solid line) and TBAClO4 (dashed line), 
respectively, 500 mV/s, 1st and 2nd cycle, WE: glassy carbon, RE: AgNO3/Ag in CH3CN, CE: 
Pt. 

(cf. Chapter 4.2), which is most likely formed by a partial hydrolysis of N-cyanoimine 

moieties to carbonyl groups (Figure 3.2 right). The first redox reaction of this unit is 

presumably overlapped by the signal of the DCAQI unit. However, due to the bad solubility of 

polymer 4, a detailed analysis of its composition and the potential side reactions is not 

possible. However, IR spectroscopy of the monomer and polymer, respectively, indicates a 

hydrolysis of the monomer during polymerization. In spite of the synthesis of poly(DCAQI) 

under milder conditions by using rhodium-catalyzed polymerization, the cyclic voltammogram 

of polymer 7 displays a similar redox behavior and comprises three reduction peaks, indicating 

that the conjugated backbone has no influence on the redox behavior. The redox signals of the 

DCAQI moieties appear at E1
1/2 = – 0.63 V and E2

1/2 = – 0.96 V vs. Fc+/Fc. However, an 
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additional reduction signal at E3
1/2 = – 1.20 V vs. Fc+/Fc occurs similar to polymer 4. This 

indicates that the hydrolysis of the N-cyanoimine moieties either takes place despite milder 

reaction conditions during the polymerization at room temperature or a side reaction occurs 

during the electrochemical redox reaction. IR spectroscopy of the 6 and 7, respectively, 

indicates also a hydrolysis of the monomer during polymerization. However, the redox signals 

are stable and reversible. 

A further investigation of polymer 4 and 7 as electrode material in lithium-organic batteries is 

not meaningful due to their instability. However, monomer 3 and 6 feature interesting 

electrochemical properties. 
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Figure 3.2: Cyclic voltammograms of polymer 4 (c = 0.8 mg/mL) and 7 (c = 1.0 mg/mL) in 
DMF, 0.1 M LiClO4, 500 mV/s, 1st and 2nd cycle, WE: glassy carbon, RE: AgNO3/Ag in 
CH3CN, CE: Pt (left) and the comparison of the cyclic voltammograms of polymer 7 and N-
(10-oxo-anthracen-9(10H)-ylidene)cyanamide (right). 

 

3.2. Poly(exTTF): Utilization of a new redox-active material as cathode material in 

lithium-organic batteries 

π-Extended tetrathiafulvalene systems (e.g., 9,10-di(1,3-dithiol-2-ylidene)-9,10-dihydroanthra-

cene (exTTF)) feature promising structures for electroactive materials, which are oxidizable 

and, therefore, act as good electron donor.[92–94] These compounds possess good electrical and 

optical properties due to the extended π-electron delocalization and, as a consequence, have 

been applied for organic electronics such as molecular wires, artificial photosynthetic systems 



3. Redox-active polymers for organic batteries 
 

25 

or solar cells.[95] For the application of exTTF in organic batteries, a suitable monomer was 

developed by the introduction of a polymerizable group.[96] 

The monomer synthesis starts from commercially available 2-aminoanthraquinone yielding 2-

vinylanthraquinone (2). Subsequently, the carbonyl groups were transformed into 1,3-dithiol-

2-ylidene moieties by Horner-Wadsworth-Emmons reaction resulting in monomer 8 in 51% 

yield (Scheme 3.2), which was polymerized to 9 utilizing free radical polymerization. AIBN 

served as initiator and due to the limited solubility of both monomer and polymer, a limited 

range of polar and aprotic solvent could be used. In detail, the utilization of 1,2-dichloroethane 

led to a low molar mass polymer in poor yields (2,330 g/mol, 37%), which is similar to the 

polymerization behavior of monomer 4. The polymerization in DMF and DMAc revealed a 

higher molar mass (Mn) with 3,090 and 5,360 g/mol, respectively, with a high yield of 73%. 

The best result was obtained in DMSO. The polymer exhibited the highest Mn value of 

6,020 g/mol with a yield of 60%. Compared with the polymerization of 4, the molar masses 

are much lower presumably due to a lower reactivity of monomer 8. The size exclusion 

chromatography (SEC) spectra of the polymers reveal two distributions, which are presumably 

caused by recombination reactions. 

The electrochemical behavior of the monomer was investigated by cyclic voltammetry and a 

solution of 0.1 M LiClO4 in acetonitrile was utilized as electrolyte. The monomer reveals a 

stable and reversible redox signal at E1/2 = ‒ 0.2 V vs. Fc+/Fc, which can be assigned to the 

oxidation of the exTTF units to the dicationic species (Figure 3.3). This redox potential 

displays the large influence of the substitution of the carbonyl groups, whereby an electron

 

Scheme 3.2: Schematic representation of the synthesis of monomer 8 and polymer 9. 
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donating group shifts the redox signal to higher redox potential values compared to electron 

accepting groups like N-cyanoimine groups (cf. Chapter 3.1: E1
1/2 = ‒ 0.6 V and 

E2
1/2 = ‒ 1.0 V vs. Fc+/Fc). The release of the second electron during the oxidization process is 

promoted due to the planar low-energy conformation associated with the rearomatization of 

the oxidized dicationic product.[97] Furthermore, UV-vis-NIR spectroscopy was performed, 

revealing a stable and defined electrochemical process. An isosbestic point, indicating the 

presence of only two species and the high reversibility of the redox process prove the high 

stability of the redox reaction. The electrochemical behavior of the polymer in the solid state 

and also its suitability as electrode material for organic batteries was investigated as composite 

electrode consisting of 9/PVDF/vapor grown carbon fibers (VGCF) 1/1/8 (w/w/w) on a 

graphite sheet. A solution of 0.1 M LiClO4 in dimethoxyethane (DME)/PC 4/1 (v/v) served as 

electrolyte. Cyclic voltammetry revealed a stable and reversible redox reaction at a potential of 

E1/2 = ‒ 0.2 V vs. Fc+/Fc, indicating that the polymeric environment and the carbon material 

have no significant influence on the redox behavior (Figure 3.4). 
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Figure 3.3: Cyclic voltammogram of monomer 8 in CH3CN, 0.1 M LiClO4, at different scan 
rates, 1st cycle, WE: glassy carbon, RE: AgNO3/Ag in CH3CN, CE: Pt. 

As a consequence of the stable redox behavior, a lithium-organic battery was fabricated to 

investigate the charge/discharge properties of polymer 9. For this purpose, a coin cell was 

prepared by sandwiching a composite electrode 9/PVDF/VGCF 1/1/8 (w/w/w) and a lithium 

foil separated by a porous membrane. A solution of 0.1 M LiClO4 in DME/PC 4/1 (v/v) was 
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used as electrolyte. The charge/discharge property revealed a plateau at a cell potential of 

3.5 V for charging and 3.1 V for discharging, which is in line with the redox behavior of the 

composite electrode vs. Li+/Li. The initial capacity of the battery is 108 mAh/g, corresponding 

to 82% of the theoretical capacity. The capacity drops down to 82 mAh/g during the first 20 

cycles (61% of the theoretical capacity), which can be reasoned by the dissolution of low 

molar mass polymer chains into the electrolyte. The charge/discharge capacity remains stable 

for the next 230 cycles with a coulombic efficiency of 99% (Figure 3.4). 

Poly(exTTF) features a redox-active polymer with a high electrochemical stability resulting in 

a good charge/discharge performance. The theoretical capacity is high (132 mAh/g) due to the 

involvement of one two-electron redox reaction. 
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Figure 3.4: Cyclic voltammogram of composite electrode (9/PVDF/VGCF 1/1/8 (w/w/w)) in 
DME/PC 4/1 (v/v), 0.1 M LiClO4, 5 mV/s, 50 cycles, RE: AgNO3/Ag in CH3CN, CE: Pt (left) 
and the charge/discharge cycles of a lithium ion battery of polymer 9 in DME/PC 4/1 (v/v), 
0.1 M LiClO4 (250 cycles, 1C) (right). The cathode is a composite of 9/PVDF/VGCF 1/1/8 
(w/w/w). 
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4. Tuning the redox potential by an unsymmetrical substitution of 

anthraquinone 
Parts of this chapter have been published in P4) D. Schmidt, B. Häupler, C. Friebe, M. D. 

Hager, U. S. Schubert, Polymer 2015, 68, 321–327; P5) D. Schmidt, B. Häupler, C. Stolze, M. 

D. Hager, U. S. Schubert, J. Polym. Sci., Part A: Polym. Chem. 2015, 53, 2517–2523. 

The polymers described in Chapter 3 bear anthraquinones with a complete substitution of the 

carbonyl groups. However, the redox potential and, as a consequence, the voltage of the 

resulting battery can be fine-tuned by unsymmetrical substitution such as the substitution of 

only one carbonyl group or the substitution of both carbonyl groups with different 

substituents. In particular by the second approach by the substitution of the carbonyl groups 

with both an electron donor and an electron acceptor group, the redox potential of both redox 

reactions can be split into two independent redox reactions with a large potential gap. 

 

4.1.  Investigations on redox-active polymers based on 10-(1,3-dithiol-2-

ylidene)anthracen-9(10H)-one derivatives 

In Chapter 3.2 poly(exTTF) is described, consisting of an anthraquinone bearing two electron 

donating 1,3-dithiol-2-ylidene moieties, featuring one two-electron redox reaction with a 

potential at E1/2 = ‒ 0.2 V vs. Fc+/Fc. However, by exchange of one 1,3-dithiol-2-ylidene 

group to an electron accepting moiety, the resulting monomers and polymers feature a bipolar 

redox behavior and can undergo both an oxidation and a reduction reaction. These unique 

electrochemical properties make these polymers suitable as potential electrode materials for 

poleless organic batteries. 

The key intermediate of the monomer synthesis is 3-bromoanthracen-9(10H)-one (10), which 

could be successfully synthesized by a three-step procedure starting from 1,3-dibromobenzene 

and 2-formylbenzoic acid (Scheme 4.1).[98] A direct bromination of 9(10H)-anthracenone at 3-

position led always to a mixture of multibrominated compounds. The bromine group, which is 

in one of the next steps transformed to the desired polymerizable group was introduced in 3-

position to avoid steric hindrance during the polymerization. The 1,3-dithiol-2-ylidene group 



4. Tuning the redox potential by an unsymmetrical substitution of anthraquinone 
 

29 

of 11 was inserted utilizing 2-methylthio-1,3-dithiolium tetrafluoroborate, dissolved in a 

mixture of acetic acid and pyridine 5/1 (v/v). A larger amount of pyridine resulted in longer 

reaction times and in the formation of side products. In the next synthetic step, the 

polymerizable vinyl group was introduced in good yields using the Suzuki cross coupling 

reaction. Subsequently, three different derivatives were synthesized by straightforward one-

step modification of the carbonyl group of 12. The substituents are N-cyanoimine, 

dicyanomethylene as well as thione and possess different electron acceptor strengths, which

 

Scheme 4.1: Schematic representation of the synthesis of monomers 13, 14 and 15. 
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influences the redox potentials. The N-cyanoimine group of monomer 13 was achieved by the 

reaction of 12 with titanium(IV) chloride and bis(trimethylsilyl)carbodiimide in low yields 

(22%). Monomer 14 was obtained by a Knoevenagel condensation using malononitrile, 

pyridine as base and aluminum chloride as well as titanium(IV) chloride as Lewis acid. The 

product was obtained in a very high yield (98%). The thione group of monomer 15 was 

introduced by the utilization of Lawesson's reagent and the product was obtained with a yield 

of 80%. 

All resulting monomers were polymerized using the free radical polymerization with AIBN or 

tert-butyl hydroperoxide (TBHP) as initiator (Scheme 4.2). The analytical data of the 

polymers are summarized in Table 4.1. The polymerization of 12 could be performed in a 

restricted range of solvents (i.e., 1,2-dichloroethane, NMP or DMSO) due to their limited 

solubility. The best results were obtained for 16 in DMSO with a molar mass (Mn) of 

15,600 g/mol, a polydispersity index (Ɖ) value of 2.7 and 92% yield. Chlorinated solvents 

such as 1,2-dichloroethane led to chain-terminating reactions resulting in a lower yield (60%) 

and larger Ɖ value (3.0). As a consequence, all other polymerization reactions were performed 

in DMSO as the monomers 13, 14 and 15 reveal a similar solubility behavior. Polymer 19 was 

obtained in 58% yield and with a high average molar mass (Mn) of 24,300 g/mol (Ɖ = 1.7). 

The average molar mass and the yield of 17 were comparably low (Mn = 6,500 g/mol, Ɖ = 1.3, 

36%), possibly due to steric hindrance of the specious redox unit during the chain growth 

reaction. The AIBN initiated polymerization of monomer 14, which is sterically more 

 

Scheme 4.2: Schematic representation of the synthesis of the polymers 16 to 19. 
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Table 4.1: Selected synthetic and analytical data for polymers 16 to 19 prepared by FRP. 

Polymer Monomer Initiator Solvent 
Mn

a 

[g/mol] 
Ɖa 

Yield 

[%] 

16 12 AIBN 1,2-Dichloroethane 19,000 3.0 60 

16 12 AIBN NMP 10,500 2.3 92 

16 12 AIBN DMSO 15,600 2.7 92 

17 13 AIBN DMSO 6,500 1.3 36 

18 14 TBHP DMSO 23,400 1.7 67 

19 15 AIBN DMSO 24,300 1.7 58 

a Determined by SEC (DMAc, 0.21% LiCl, poly(styrene) standard, RI detector). 

demanding, led only to oligomers with a very low yield. As a consequence, the reaction 

temperature was increased to 130 °C and TBHP was chosen as initiator. Polymer 18 could be 

obtained with a high average molar mass (Mn = 23,400 g/mol, Ɖ = 1.7) and acceptable yield 

(58%). 

The electrochemical properties of all monomers were investigated by cyclic voltammetry 

utilizing a solution of 0.1 M TBAClO4 in acetonitrile as electrolyte (Table 4.2). All monomers, 

except monomer 13, show a reversible oxidation process in the range of E1
1/2 = 0.4 and 

E2
1/2 = 0.5 V vs. Fc+/Fc. This is attributed to the oxidation of the 1,3-dithiol-1-ylidene moiety 

to its radical cation, indicating the electron donating property of the group, which was 

previously shown for monomer 8 (Figure 4.1). The reduction of monomer 12 occurs at the 

most negative redox potential (Ered
1/2 = ‒ 1.8 V vs. Fc+/Fc), due to the poor electron accepting 

properties of the carbonyl group. However, its acceptor ability is decreased compared to 

anthraquinone.[99] Equal to the electrochemical behavior of monomer 3, the electron 

acceptance of the N-cyanoimine functionality is higher compared to the carbonyl group and, 

therefore, the reduction of 13 to the radical anion takes place at higher potential (E1/2 = ‒ 1.5 V 

vs. Fc+/Fc). However, the oxidation of 13 at E1/2 = 0.3 V vs. Fc+/Fc reveals to be partly 

irreversible and an additional irreversible signal occurs at E1/2 = ‒ 0.6 V vs. Fc+/Fc, indicating 

presumably a side reaction of the formed radical cation. The malononitrile group of  
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Table 4.2: Cyclic voltammetric data of monomers 12 to 15 and of polymers 16 to 19. 

Compound Eox
1/2 [V vs. Fc+/Fc] Ered

1/2 [V vs. Fc+/Fc] 

12 0.39 ‒ 1.84 

13 0.32a) ‒ 1.45 

14 0.49 ‒ 1.33; ‒ 1.66 

15 0.49 ‒ 1.33; ‒ 1.64 

16 0.44a) ‒ 1.31 

17 0.37a) ‒ 1.43 

18 0.43a) ‒ 1.39 

19 0.44a) ‒ 1.37; ‒ 1.70 

4b ‒ ‒ 0.60; ‒ 0.97; ‒ 1.26 

9c ‒ 0.15 ‒ 

a Irreversible. b Cf. Chapter 3.1. c Cf. Chapter 3.2. 

14 and the thione group of 15 reveal an even stronger electron accepting property resulting in 

a higher reduction potential of E1/2 = ‒ 1.3 V vs. Fc+/Fc. A further one-electron reduction 

signal occurs at E1/2 = ‒ 1.7 V vs. Fc+/Fc, corresponding presumably to the reduction of the 

aromatic skeleton. Due to the low solubility of the polymers 16 to 19 in acetonitrile, the 

electrochemical investigations were performed in a 0.1 M TBAClO4 solution in DMF as 

electrolyte. However, the electrochemical behavior of the polymers is surprisingly different 

compared to the monomers (Figure 4.2). All polymers feature an irreversible oxidation process 

at about 0.4 V vs. Fc+/Fc, indicating a side reaction of the formed radical cation. The reduction 

processes are all reversible and depend, similar to those of the monomers, in the substitution 

pattern of the acceptor moiety. In detail, the reduction of 16 occurs at a potential of 

E1/2 = ‒ 1.3 V vs. Fc+/Fc. The potential is shifted to higher potentials compared to the results 

of the corresponding monomer. Similar findings are already published in literature.[100] A 

second reduction reaction occurs at the edge of the electrochemical stability of the DMF based
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Figure 4.1: Cyclic voltammogram of the monomers 12 to 15 (c = 1 mg/mL) in CH3CN, 0.1 M 
TBAClO4, 250 mV/s, 1st cycle, WE: glassy carbon, RE: AgNO3/Ag in CH3CN, CE: Pt (solid 
line) and cyclic voltammogram of the monomers 3 and 8 (cf. Chapter 3) (dashed line). 

electrolyte (E1/2 = ‒ 2.1 vs. Fc+/Fc), which can be assigned to the reduction of the anthracene 

core of the monomeric units. In contrast, the redox behavior of 17 is in good agreement with 

monomer 13, (Ered
1/2 = ‒ 1.4 V and Eox

1/2 = 0.4 V vs. Fc+/Fc) indicating, that the polymeric 

backbone has no significant influence on the redox behavior. These results are in line with the 

electrochemical behavior of 18 and 19. The reduction process of 18 occurs at E1/2 = ‒ 1.4 V vs. 

Fc+/Fc and is slightly shifted to lower potential. Similar to 15, the electrochemical behavior of 

19 reveals two one-electron reductions at E1/2 = ‒ 1.4 V and E1/2 = ‒ 1.7 V vs. Fc+/Fc, which 

can be assigned to the reduction of the thione moiety and the aromatic core to the 

corresponding anions. 

In summary, the redox behavior of the monomers and polymers can be tuned by the choice of 

the substituent. In detail, the redox potential of the reduction can be tailored in a broad range 

from ‒ 1.3 to ‒ 1.8 V vs. Fc+/Fc by straightforward one-step modifications of the carbonyl 

group. 
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Figure 4.2: Cyclic voltammograms of the polymers 16 (a), 17 (b), 18 (c) and 19 (d) (red line) 
compared with the corresponding monomer 12 (a), 13 (b), 14 (c) and 15 (d) (black line) in 
DMF (polymers) and acetonitrile (monomers), 0.1 M TBAClO4 at 250 mV/s, 
c(polymer) = 0.5 mg/mL, c(monomer) = 1 mg/mL, cycle 1 to 3, WE: glassy carbon, RE: 
AgNO3/Ag in CH3CN, CE: Pt. 

 

4.2. Application of poly[N-(10-oxo-2-vinylanthracen-9(10H)-ylidene)cyanamide] as 

cathode material for lithium-organic batteries 

The introduction of an electron donating group and an electron accepting group in one 

monomeric unit features a redox-active bipolar system, whose oxidation and reduction 

reaction occurs independently from each other. In this chapter, one electron accepting 

carbonyl group from the anthraquinone unit is exchanged by a stronger electron accepting 

moiety resulting in an unsymmetrically substituted reducible substance. As a consequence, the 

redox behavior is shifted to higher redox potentials but to lower redox potentials compared to 

the di-substituted compound in Chapter 3.1. This leads to a straightforward method for fine-
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tuning the redox behavior. The resulting substance can be utilized as cathode material in a 

lithium-organic battery. 

Monomer 20 was synthesized from 2-vinylanthraquinone (2) by modification of one carbonyl 

group into a N-cyanoimine group utilizing titanium(IV)-chloride and bis(trimethylsilyl)carbo-

diimide (Scheme 4.3). The substitution of only one carbonyl group is preferred due to the 

specific ratio of these educts and 20 was obtained as an isomeric mixture because of the 

similar reactivity of both carbonyl groups. The isomers were not separated as they possess the 

same electrochemical properties. 20 was polymerized using free radical and nitroxide 

mediated polymerization techniques to obtained eight linear (21a to 21h) and two cross-linked 

polymers (21i and 21j). The FRP was performed with AIBN as initiator in a limited range of 

different solvents (i.e., 1,2-dichloroethane, NMP, DMSO, DMF and DMAc) due to the poor 

solubility of 20. The best results were obtained in DMSO with a yield of 54%. However, the 

molar mass was rather low with Mn = 4,500 g/mol (Ɖ = 1.37). The molar masses (Mn) of the 

polymers are also much lower compared to the polymers bearing the di-substituted 

anthraquinone. As a consequence, the reaction temperature was increased to 130 °C, which is 

possible due to the temperature stability of the monomer and, therefore, other initiators were 

chosen. The polymerization reaction with TBHP as initiator led to a low molar mass polymer 

(Mn = 2,600 g/mol) in 33% yield. The average molar mass as well as the yield could be 

increased by the utilization of di-tert-butyl peroxide (DTBP) as initiator (Mn = 5,900 g/mol; 

83%). Additionally, N-tert-butyl-O-[1-[4-(chloromethyl)phenyl]ethyl]-N-(2-methyl-1-phenyl-

propyl)hydroxylamine (CMSt-TIPNO) was chosen as initiator to avoid side products and to 

increase the molar mass of the polymer. As a consequence, polymer 21h was obtained with a 

high average molar mass (Mn) of 10,200 g/mol in 66% yield. However, the SEC measurement 

 

Scheme 4.3: Schematic representation of the synthesis of monomer 20 and polymer 21. 
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Table 4.3: Selected reaction conditions and analytical data for polymers 21 prepared by FRP 
and NMP, respectively. 

Polymer Solvent Initiator 
Temp. 

[°C] 

Mn
a 

[g/mol] 
Ɖa 

Yield 

[%] 

21a 1,2-Dichloroethane AIBN (2mol%) 70 5,800 1.24 4 

21b NMP AIBN (2mol%) 70 5,200 1.23 2 

21c DMSO AIBN (2mol%) 70 4,500 1.37 54 

21d DMF AIBN (2mol%) 70 5,100 1.32 2 

21e DMAc AIBN (2mol%) 70 4,800 1.28 12 

21f DMSO TBHP (5mol%) 130 2,600 1.37 33 

21g DMSO DTBP (5mol%) 130 5,900 2.39 83 

21h DSMO 
CMSt-TIPNO 

(5mol%) 
130 10,200 16.12 66 

21ib DMSO DTBP (5mol%) 130 8,000d 4.57d 83 

21jc DMSO DTBP (5mol%) 130 278,900 d 1.54d 85 

a Determined by SEC (DMAc, 0.21% LiCl, poly(styrene) standard, RI detector). b Cross-linked polymer 

synthesized with divinylbenzene (2 mol%). c Cross-linked polymer synthesized with divinylbenzene (5mol%). d 

SEC measurements were performed with the soluble part of the polymers. 

revealed a multimodal distribution due to a poor control of the polymerization presumably by 

chain transfer to the solvent. Two cross-linked polymers were synthesized with 

divinylbenzene as cross-linker, because of the good solubility of the polymers in standard 

electrolyte solutions, such as ethylene carbonate (EC) and dimethyl carbonate (DMC). The 

obtained polymers are mainly insoluble in organic solvents and, as a consequence, SEC data 

were determined using the soluble part of the polymers, resulting in an average molar mass of 

up to Mn = 278,900 g/mol. However, the average molar mass of polymer 21j could not be 

determined exactly due to the reached exclusion limit of the SEC column. 
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The electrochemical behavior of monomer 20 and polymer 21c were investigated by cyclic 

voltammetry in a solution of 0.1 M LiClO4 in DMF as electrolyte due to the good solubility of 

both the monomer and the polymer (Figure 4.3). Monomer 20 features two reversible and 

stable one-electron reduction processes at E1
1/2 = – 0.9 V and E2

1/2 = – 1.3 V vs. Fc+/Fc. The 

electron acceptance of the N-cyanoimine group is increased compared to carbonyl group and, 

as a consequence, the reduction of the monomer to the radical anion and to the dianion occurs 

at a more positive potential compared to anthraquinone[91] and at a more negative potential 

compared to the DCAQI monomer (cf. Chapter 3.1). The incorporation of the monomer into a 

polymeric environment led to a slight shift of the first reduction signal to E1/2 = – 1.0 V vs. 

Fc+/Fc. The second reduction step is not influenced by the polymeric backbone. The shift of 

the first reduction signal is presumably caused by π-π-stacking of the monomeric units in the 

polymer, which requires a higher energy to break these interactions. The first reduction state is 

negatively charged and due to repulsion of the monomer units, the π-π-stacking interactions 

are revoked and, as a consequence, the second reduction process is comparable to the 

reduction of the monomer. In contrast to polymer 7, no additional redox signal appears, which 

indicates a high stability of the redox-active units. Additionally, the polymer was further 

investigated electrochemically as composite electrode on a graphite sheet as current collector. 

Therefore, the current collector was coated with a slurry of 21/PVDF/multi-walled carbon 

nanotubes (MWCNT) 1/1/8 (w/w/w) utilizing a doctor blading method. The electrode was 

immersed in a solution of 0.1 M LiClO4 in EC/DMC 1/4 (v/v). The cyclic voltammogram of 

the composite electrode revealed a reversible and stable redox reaction at E1/2 = – 1.02 V vs. 

Fc+/Fc, indicating that the carbon material has no significant influence on the reduction 

behavior. However, both reduction signals are coalesced to one broad redox wave, which can 

be assigned to slow kinetics due to slow diffusion processes in the electrode as well as to the 

massive geometrical changes of the redox active units during the redox processes. 

Subsequently, the charge/discharge properties of polymer 21 were further investigated in 

lithium-organic batteries. For this purpose, the high molar mass polymer (21h) as well as both 

cross-linked polymer (21i and 21j) were used due to their insolubility in the applied 

electrolyte. Therefore, coin cells were prepared under inert atmosphere by sandwiching a 

composite electrode 21/PVDF/MWCNT 1/1/8 (w/w/w) and a lithium foil separated by a 

porous membrane. The best results were obtained with a solution of 1 M LiClO4 in EC/DMC 
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Figure 4.3: Normalized cyclic voltammograms of monomer 20 (c = 0.6 mg/mL), polymer 21c 
(c = 0.2 mg/mL) (in DMF, 0.1 M LiClO4, 100 mV/s) and composite electrode 
(21h/PVDF/MWCNT 1/1/8 (w/w/w)) in EC/DMC 1/4 (v/v), 1 M LiClO4, 5 mV/s, 1st cycle, 
WE: glassy carbon, RE: AgNO3/Ag in CH3CN, CE: Pt (solid line) and cyclic voltammograms 
of monomer 3 and polymer 4 (cf. Chapter 3.1) (dashed line). 

1/4 (v/v) as electrolyte. The charge/discharge behavior of all coin cells revealed a plateau at a 

cell potential of 2.3 V for charging and at 2.3 V for discharging, which corresponds to the 

characteristic overpotential of the coin cells (total ohmic resistance of 218 Ω). To investigate 

the influence of the different polymeric environments, the charge/discharge properties of the 

polymers 21h, 21i and 21j were analyzed (Figure 4.4). The highest capacity values were 

obtained at the coin cells containing 21h as active material. The initial capacity is about 

130 mAh/g and drops down to 112 mAh/g (15% capacity loss) after 100 cycles. A further 

swelling of the polymer within the first cycles results in a slight increase of the capacity after 

about 20 cycles. The cross-linked polymer revealed a lower decrease of the capacity after 100 

cycles of only 12% and 6% for polymer 21i and 21j, respectively, due to lower solubility of 

the polymers. However, the initial capacity is low with about 80 mAh/g and 62 mAh/g (31% 

and 26% active material), respectively. Polymer 21h was further investigated in detail, 

because of its high capacity and the good cycling stability (Figure 4.4). The battery exhibits an 

initial capacity of 137 mAh/g (53% material activity), which drops down to 118 mAh/g (45% 

of the theoretical capacity), presumably due to dissolution of shorter polymer chains into the 
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electrolyte or side reaction during the charging/discharging cycles. Furthermore, the influence 

of the charging speed was investigated during the first 80 cycles. At a charge/discharge rate of 

2C, the capacity decreases to 127 mAh/g (5% capacity loss), which decreases by further 18% 

to 94 mAh/g at a cycling speed of 5C. The charging speed is not significantly influenced by 

the charge/discharge speed. However, the discharge potential drops down from 2.33 V (1C) to 

2.10 V (5C). The coulombic efficiency is high with over 96% at all charging speeds. 

The redox behavior of the monomer and the polymer can be fine-tuned by mono-substitution 

of anthraquinone unit. The resulting polymers are applicable for lithium-organic batteries with 

a theoretical capacity of 207 mAh/g and a good cycling stability for 100 cycles. 

0 10 20 30 40 50 60 70 80 90 100
0

20

40

60

80

100

120

140

 21j (charging)
 21j (discharging)

 21h (charging)
 21h (discharging)
 21i (charging)
 21i (discharging)

C
ap

ac
ity

 [m
A

h/
g]

Number of cycles  
0 10 20 30 40 50 60 70 80

0

20

40

60

80

100

120

140

160

 charging
 discharging

C
ap

ac
ity

 [m
A

h/
g]

Number of cycles

1C5C2C1C

0.0

0.2

0.4

0.6

0.8

1.0

Coulombic efficiency

C
ou

lo
m

bi
c 

ef
fic

ie
nc

y 
[%

]

-150 -100 -50 0 50 100 150
1.5

2.0

2.5

3.0

 charging/discharging 1C
 charging/discharging 2C
 charging/discharging 5CE 

[V
]

Capacity [mAh/g]

 

Figure 4.4: Charge/discharge cycles of a lithium organic battery of polymer 21h, 21i and 21j 
in EC/DMC 1/4 (v/v), 1 M LiClO4 (100 cycles, 5C). The anode is lithium metal, the cathode is 
a composite of (21h, 21i or 21j/PVDF/MWCNT 1/1/8 (w/w/w) (left) and charge/discharge 
cycles of a lithium organic battery (80 cycles) of 21h at different C rates in EC/DMC 1/4 (v/v), 
1 M LiClO4. Coulombic efficiency of 80 charge/discharge cycles (blue triangle) (left). First 
charge/discharge curves (potential vs. capacity) at different C rates (insert, left). 
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5. Summary 
 

The development of new materials for energy storage systems plays an increasingly important 

role to compensate the growing demand for portable and flexible electronics. Redox-active 

organic compounds, in particular polymers, represent promising materials featuring many 

advantages such as flexibility, light-weight and being environmental friendly. Moreover, 

organic redox-active polymers can be produced at low temperature procedures from renewable 

or recycled resources and can be processed utilizing efficient and low-cost techniques (e.g., 

printing techniques). Anthraquinone-based polymers represent promising redox-active 

materials for the application in organic batteries or solar-rechargeable electric energy storage 

systems. The redox potential of anthraquinones can be tailored to the desired potential by 

straightforward modification of the carbonyl groups to electron donating or accepting groups 

(i.e., 1,3-dithiol-2-ylidene, N-cyanoimine, N,N-dicyanomethylene and thione group) (Figure 

5.1). Furthermore, a good charge-to-mass ratio is obtained due to the two electrons redox 

behavior, which results in comparably high theoretical capacities from 132 to 207 mAh/g. The 

introduction of low molar mass polymerizable groups, such as vinyl or ethynyl results in 

anthraquinone monomers that can be polymerized by straightforward polymerization 

techniques like free radical and rhodium-catalyzed polymerization, respectively. 

The one-step modification of anthraquinone to the DCAQI system elevates the redox 

potentials to about E1
1/2 = ‒ 0.6 V and E2

1/2 = ‒ 1.0 V vs. Fc+/Fc. Additionally, the 

polymerizable group does not affect the redox potentials. The monomers can be polymerized 

by free radical polymerization and rhodium-catalyzed polymerization, respectively. However, 

the N-cyanoimine groups are partially hydrolyzed presumably during the polymerization step 

and degenerate to carbonyl groups, leading to an additional redox reaction at E3
1/2 = ‒ 1.3 V 

vs. Fc+/Fc. 

Additionally, the redox potentials of the anthraquinone can be fine-tuned by mono-

modification of one carbonyl group to a N-cyanoimine group. The reduction potentials are 

located at E1
1/2 = ‒ 0.9 V and E2

1/2 = ‒ 1.3 V vs. Fc+/Fc, which results in a small increase 

compared to anthraquinone, but in a decrease compared to DCAQI. The resulting polymer 

features a reversible and stable redox behavior, which is not significantly affected by the 
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Figure 5.1: Overview of the investigated redox-active polymers in this thesis with their 
corresponding redox potentials and theoretical capacity. 

polymeric environment. The produced polymers are employed as active material in a 

composite electrode in lithium-organic batteries. These batteries display good cycle stability 

over 100 cycles, which can be further increased by cross-linked polymers. However, the linear 

polymer reveals the highest capacity of 137 mAh/g (53% of the theoretical capacity). The 

capacity of the battery is additionally influenced by the charge/discharge speed, which is 

slightly decreased at higher rates. Nevertheless, the coulombic efficiency remains over 96% 

independent on cycling speed, indicating a stable redox behavior. 

Bipolar monomers and polymers bearing both oxidizable and reducible moieties are of high 

interest due to their potential application as both anode and cathode material in organic 

batteries. An attempt to make a bipolar material starting from anthraquinone is the 

modification of one carbonyl group to an oxidizable moiety. In detail, one carbonyl group of 

the anthraquinone is transformed to a 1,3-dithiol-2-ylidene moiety, which is able to undergo a 

reversible one-electron redox reaction at about 0.4 V vs. Fc+/Fc. The redox potential of the 

reduction can be tailored in a broad range (‒1.3 V to ‒1.8 V vs. Fc+/Fc) by straightforward 

one-step transformation of the second carbonyl group to different redox active moieties, 

resulting in a potential gap in the range of 1.8 V to 2.2 V vs. Fc+/Fc. However, the polymers 

possess limited reversibility of the redox reaction. In particular, after the oxidation of the 1,3-
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dithiol-2-ylidene group, a side reaction presumably of the resulting radical cation with 

neighboring redox-active units occurs. 

The introduction of two oxidizable 1,3-dithiol-2-ylidene groups to the anthracene core leads to 

a compound with one two-electron oxidation reaction at E1/2 = ‒ 0.2 V vs. Fc+/Fc involving 

two electrons forming a dicationic species in one step. The monomer can be polymerized by 

free radical polymerization and the polymeric environment has no influence on the redox 

behavior. Based on the stable and reversible redox behavior, the polymer can be utilized as 

cathode material for lithium-organic batteries revealing a capacity of 82 mAh/g, corresponding 

to 61% of the theoretical capacity. The battery shows a high stability for over 250 

charge/discharge cycles at a constant cell potential of 3.5 V. 

The future plans imply the introduction of a more spacious polymerizable group such as 

norbornene, which leads to a larger distance between the redox-active monomer units within 

the polymer structure and presumably fewer interactions between the units. 

In summary, in this thesis it could be shown that polymers bearing redox-active anthraquinone 

derivatives represent attractive and promising active materials for organic electronics, such as 

organic batteries. The present results contribute to the understanding of the relationship 

between structure and electrochemical behavior and show new perspectives for the 

development of polymers with tailor-made redox potentials for novel redox-active materials in 

organic electronics. 

 



6. Zusammenfassung 
 

43 

6. Zusammenfassung 
 

Die Entwicklung neuer Materialien für Energiespeichersysteme spielt eine wichtige und 

immer größer werdende Rolle um den wachsenden Bedarf an tragbaren und flexiblen 

elektronischen Geräten zu kompensieren. Redoxaktive organische Verbindungen, vor allem 

Polymere, stellen vielversprechende Materialien mit vielen Vorteilen wie Flexibilität, geringes 

Gewicht und Umweltfreundlichkeit dar. Zudem können organische redoxaktive Polymere 

unter Niedrigtemperaturverfahren von erneuerbaren oder recycelten Rohstoffen produziert und 

mittels effizienten und kostengünstigen Techniken (z.B. Drucktechniken) verarbeiten werden. 

Anthrachinon-basierende Polymere stellen vielversprechende redoxaktive Materialien für die 

Verwendung in organischen Sekundärbatterien oder in solar-aufladbaren elektrischen 

Energiespeichersystemen. Das Redoxpotential von Anthrachinonen kann durch direkte 

Modifikation der Carbonylgruppe zu elektronschiebenden oder elektronziehenden Gruppen 

(z.B. 1,3-Dithiol-2-yliden-, N-Cyanoimin-, N,N-Dicyanomethylen- und Thiongruppe) auf das 

gewünschte Potential eingestellt werden (Figure 6.1). Darüber hinaus bieten diese 

Verbindungen durch ihr Zweielektron-Redoxverhalten ein gutes Ladung/Masse-Verhältnis, 

was in vergleichbar hohe theoretische Kapazitäten von 132 bis 207 mAh/g resultiert. Die Ein-

führung einer polymerisierbaren Gruppe mit niedriger molaren Masse, wie Vinyl oder Ethinyl, 

führt zu einem Anthrachinonmonomer, welches durch direkte Polymerisationstechniken wie 

freie radikalische oder Rhodium-katalysierte Polymerisation polymerisiert werden kann. 

Die Einstufen-Modifikation des Anthrachinons zum DCAQI-System erhöht das 

Redoxpotential auf ungefähr E1
1/2 = ‒ 0,6 V und E2

1/2 = ‒ 1,0 V vs. Fc+/Fc. Zusätzlich 

beeinflusst die polymerisierbare Gruppe das Redoxpotential nicht. Das Monomer kann durch 

freie radikalische und Rhodium-katalysierte Polymerisation polymerisiert werden. Die N-

Cyanoimingruppen hydrolisieren jedoch teilweise vermutlich während des 

Polymerisationsschrittes und zerfallen zu Carbonylgruppen, was zu einer zusätzlichen 

Redoxreaktion bei E3
1/2 = ‒ 1,3 V vs. Fc+/Fc führt. 

Weiterhin kann das Redoxpotential des Anthrachinons durch Monomodifikation einer 

Carbonylgruppe zu einer N-Cyanoimingruppe gezielt eingestellt werden. Die Reduktions-
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Figure 6.1: Übersicht der in dieser Arbeit untersuchten redoxaktiven Polymere mit deren 
Redoxpotential und theoretischen Kapazität. 

potentiale liegen bei E1
1/2 = ‒ 0,9 V und E2

1/2 = ‒ 1,3 V vs. Fc+/Fc, was eine leichte Erhöhung 

im Vergleich zum Anthrachinon und eine leichte Abnahme verglichen mit DCAQI bedeutet. 

Das resultierende Polymer weist ein reversibles und stabiles Redoxverhalten auf, welches 

durch die polymere Umgebung nicht signifikant beeinflusst wird. Die hergestellten Polymere 

wurden als aktives Elektrodenmaterial in Lithium-organischen Sekundärbatterien eingesetzt. 

Diese Sekundärbatterien zeigen eine gute Zyklenstabilität auf über 100 Zyklen, welche 

zusätzlich durch die Verwendung quervernetzter Polymere erhöht werden konnte. Jedoch zeigt 

das lineare Polymer die höchste Kapazität mit 137 mAh/g (53% der theoretischen Kapazität). 

Die Kapazität der Sekundärbatterie wird zusätzlich von der Lade/Entlade-Geschwindigkeit 

beeinflusst, welche mit steigender Geschwindigkeit leicht abnimmt. Die Coulomb-Effizienz 

bleibt unabhängig von der Lade/Entlade-Geschwindigkeit bei über 96%, was auf ein stabiles 

Redoxverhalten hinweist. 

Bipolare Monomere und Polymere, welche sowohl eine oxidierbare als auch eine reduzierbare 

Gruppe tragen, sind von hohem Interesse, da sie sowohl als Anoden- als auch als 

Kathodenmaterial in organischen Sekundärbatterien eingesetzt werden können. Ein Ansatz zur 

Herstellung bipolarer Materialien aus Anthrachinonen ist die Modifikation einer reduzierbaren 

Carbonylgruppe zu einer oxidierbaren Gruppe. Im Detail heißt das, dass eine Carbonylgruppe 
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des Anthrachinons in eine 1,3-Dithiol-2-ylidengruppe überführt wurde, welche eine reversible 

Einelektron-Redoxreaktion bei ungefähr 0,4 V vs. Fc+/Fc eingehen kann. Das Redoxpotential 

der Reduktion kann durch direkte Einstufenmodifikationen der zweiten Carbonylgruppe in 

einer breiten Spanne eingestellt werden (‒1,3 V bis ‒1,8 V vs. Fc+/Fc). Dadurch ergibt sich 

eine Potentialspanne von 1,8 V bis 2,2 V vs. Fc+/Fc. Jedoch weisen die Polymere eine 

begrenzte Reversibilität der Redoxreaktion auf. Im Besonderen tritt während der Oxidation der 

1,3-Dithiol-2-ylidengruppe eine Nebenreaktion auf, vermutlich zwischen dem erzeugten 

Radikalkation und den benachbarten redoxaktiven Einheiten. 

Die Einführung von zwei oxidierbaren 1,3-Dithiol-2-ylidengruppen an dem Anthracenkern 

führt zu einer Verbindung, die eine Zweielektronen-Oxidation bei E1/2 = ‒ 0,2 V vs. Fc+/Fc 

eingeht, wobei unter Einbeziehung zweier Elektronen die Dikation-Spezies in einem Schritt 

gebildet wird. Das Monomer kann mittels freier radikalischer Polymerisation hergestellt 

werden und das Redoxverhalten wird nicht von der polymeren Umgebung beeinflusst. 

Basierend auf dem stabilen und reversiblen Redoxverhalten wurde das Polymer als 

Kathodenmaterial für Lithium-organische Sekundärbatterien eingesetzt. Die erhaltene 

Sekundärbatterie erreicht eine Kapazität von 82 mAh/g, was 61% der theoretischen Kapazität 

entspricht. Diese Sekundärbatterie zeigt eine hohe Stabilität auf über 250 Lade/Entlade-Zyklen 

bei einer konstanten Zellspannung von 3,5 V. 

In Zukunft könnten großräumigere polymerisierbare Gruppen wie Norbornene eingefügt 

werden, was zu einem größeren Abstand zwischen den redoxaktiven Monomereinheiten 

innerhalb der Polymerstruktur und dadurch wahrscheinlich zu geringeren Wechselwirkungen 

zwischen den Einheiten führen kann. 

Zusammenfassend konnte in dieser Arbeit gezeigt werden, dass Polymere, welche 

Anthrachinonderivate tragen, attraktive und vielversprechende Aktivmaterialien für 

organische Elektronik wie organische Sekundärbatterien sind. Die vorliegenden Ergebnisse 

tragen zum Verständnis des Zusammenhangs zwischen Struktur und elektrochemischem 

Verhalten bei und zeigen neue Perspektiven für die Entwicklung von Polymeren mit 

maßgeschneiderten Redoxpotentialen für neue redoxaktive Materialien in organischer 

Elektronik. 
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use of solar energy, e.g., solar collectors, 
and concentrated solar thermal systems, 
as well as solar cells. Due to increasing 
manufacturing capacities and lower costs, 
the installed capacities of solar cells has 
grown massively in recent years. In 2012, 
the capacity of installed solar cells rose 
over the level of 100 GW worldwide. [ 10 ]  

 The major drawback of solar power is 
that electricity generation is directly cou-
pled to the availability of the sun (e.g., 
day and night, weather). This depend-
ence of solar energy does not comply with 
the actual energy demand and requires a 
solution. The key technology is the com-
bination of solar cells and effective energy 
storage systems, e.g., batteries or superca-
pacitors, to create independent electrical 
energy sources. [ 8,11–15 ]  Usually, the gen-
erated photovoltaic energy is stored by 

external batteries (e.g., Li ion or nickel/metal hydride batteries), 
which are directly connected to the solar cells by wires. [ 13,16,17 ]  
As a consequence, the relatively long distance between both 
parts lowers the energy storage effi ciency. [ 13 ]  One approach to 
avoid this problem is the integration of the photo conversion 
system and the energy storage part within one device, for an 
effective storage of the excess energy. [ 6,18 ]  The stored energy 
can be released and used throughout the day, and at different 
places, even if the sun is not shining. [ 18,19 ]  Different possi-
bilities for storing large amounts of energy are available, e.g., 
pumped hydroelectric energy storage or compressed air energy 
storage as large-scale, centralized systems. [ 19 ]  Moreover, photo 
generated electricity can be stored as chemical energy. The 
best known system for conversion and storage of solar energy 
as chemical energy is the photosynthesis of plants, algae and 
bacteria, in which organic material and oxygen are generated 
by water and carbon dioxide under sunlight illumination. [ 20 ]  
Water splitting represents an artifi cial way, [ 19,21 ]  where hydrogen 
and oxygen are produced by utilization of photo catalysts [ 22 ]  or 
semiconducting electrodes. [ 23 ]  Photo-electrochemical energy 
can be effi ciently stored by using two vanadium based redox 
couples. [ 24 ]  Other possibilities for storage of solar energy are 
molecular energy storage systems, where new chemical bonds 
are formed; phase change materials, where the energy is stored 
as thermal energy; as well as electrochemical storage sys-
tems. [ 20,25 ]  Many types of electrochemical storage applications 
such as rechargeable batteries (e.g., lithium ion batteries, high-
temperature sodium batteries, or lead acid batteries), organic 
radical batteries, redox fl ow batteries, as well as electrochemical 
supercapacitors are available. [ 4,19,26 ]  

 A solar rechargeable battery uses the solar light to generate 
electric energy, which is directly stored by an integrated storage 

 The global energy demand is increasing at the same time as fossil fuel 
resources are dwindling. Consequently, the search for alternative energy 
sources is a major topic worldwide. Solar energy is one of the most prom-
ising, effective and emission-free energy sources. However, the energy has to 
be stored to compensate the fl uctuating availability of the sun and the actual 
energy demand. Photo-rechargeable electric energy storage systems may 
solve this problem by immediately storing the generated electricity. Different 
combinations of solar cells and storage devices are possible. High effi cien-
cies can be achieved by the combination of dye-sensitized solar cells (DSSC) 
and capacitors. However, other hybrid devices including DSSCs or organic 
photovoltaic systems and redox fl ow batteries, lithium ion batteries and metal 
air batteries are playing an increasing role in this research fi eld. This Progress 
Report reviews the state of the art research of photo-rechargeable batteries 
based on organic solar cells, as well as storage modules. 

  D. Schmidt, Dr. M. D. Hager, Prof. U. S. Schubert 
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  1.     Introduction 

 Currently, the total energy consumption of the world is about 
1.04 × 10 8  GWh per year. [ 1 ]  But until now, fossil fuels have still 
by far the highest share in the global mix, with 82%. However, 
fossil fuels are not available in unlimited quantities (e.g., “peak 
oil”), and their utilization leads inherently to a production of 
more than 10 gigatons of carbon dioxide every year, which is 
considered to be a greenhouse gas which results in a global 
warming. [ 1,2 ]  As a consequence, alternative electricity genera-
tion from renewable resources plays an increasingly important 
role. [ 3,4 ]  One of the most powerful, effi cient and eco-friendly 
solutions is the usage of solar energy. [ 5–8 ]  The sun represents an 
unlimited and effective energy source, which is available with 
no running costs, and no waste materials are produced. About 
100,000 TW of solar power are received by the earth’s surface 
every hour. This is more power than humans consume in an 
entire year. [ 2,9 ]  Several technologies are already available for the 
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assembly. [ 27 ]  These devices consist of a photoanode, and a 
counter electrode, as well as a charge storage electrode ( Figure    1  ). 
Under light illumination of the photoanode, the photo-active 
material is excited to form an electron–hole pair. The electrons 
move to the charge storage electrode and they are stored in the 
electrode. The holes in the photoanode will be counterbalanced 
by the electrons of the counter electrode, and the device will 
be charged. The electrons move back from the charge storage 
electrode to the counter electrode during the discharging pro-
cess. A membrane separates the counter electrode from the 
charge storage electrode, and provides the counterbalance by 
the cations. 

  In this Progress Report, we provide a brief overview of 
organic-based photo-rechargeable batteries. We focus on the 
recent developments in hybrid devices between charge genera-
tion assemblies like organic photovoltaics, dye-sensitized solar 
cells, or silicon based solar cells, and charge storage devices like 
organic radical batteries, redox fl ow batteries, and lithium ion 
batteries, as well as supercapacitors.  

  2.     Electric Energy Storage Systems Charged by 
Silicon Based Solar Cells 

 The most well-known and established solar cell device is the 
silicon based solar cell. This technology is predominated by 
the utilization of crystalline silicon and achieves the highest 
effi ciencies of about 25% and dominates the fi eld of commer-
cial photovoltaic modules. [ 28–30 ]  However, there are some draw-
backs like infl exibility, high weight and high production costs 
due to the need of a large amount of the expensive raw mate-
rial. Alternative materials such as amorphous silicon or thin 

fi lm technologies using other inorganic materials like CdTe are 
promising approaches to fabricate cheaper and fl exible devises, 
but effi ciencies of these setups are lower compared to the crys-
talline based solar cells. [ 30,31 ]  
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 Figure 1.     Schematic representation of the setup of a solar recharge-
able battery, consisting of a photoanode, in which the charge carriers are 
generated, a charge storage electrode and a counter electrode. Both are 
utilizing for energy storage.
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 Nevertheless, silicon based solar cells are suitable for photo-
rechargeable energy storage systems. A direct conversion and 
storage of solar energy by using photoelectrochemical and 
ferroelectric effects was shown by Jiang et al. The authors 
constructed a device consisting of a transparent electrode, a 
current collector, a LiPF 6  containing electrolyte, ferroelectric 
PVDF particles, which were bound on silicon particles and a 
ferroelectric PVDF membrane. The photo-rechargeable bat-
tery had a charge storage capacity of 37.62 mC cm −2  and after 
eight hours ≈70% of the initial charge was still stored. The 
open-circuit output voltage was 0.47 V, which was stable over 
24 hours. [ 32 ]  

 Other systems based on silicon cells used a common solar 
cell, which was connected to a battery by a wire. Kelly and his 
group used a Li-ion battery with an output voltage of 4.2 V with 
a capacity of 2.35 Ah and an ultra-thin amorphous silicon solar 
cell with an effi ciency of 15%. The connection of both elements 
led to a solar energy to charge effi ciency of 14.5% by utilizing 
a 15-cell battery module. [ 17 ]  The group of Kan discovered that 
the direct charging of a Li-ion battery by a solar cell took longer 
times for charging and the capacity of the battery decreased 
faster than in standard cellular batteries. As a consequence, 
they investigated the additional introduction of supercapacitors. 
This buffer function between the solar cell and the battery, at 
which the energy can be transferred slowly to the battery, pre-
vented the loss of the lifetime as well as the capacity of the bat-
tery signifi cantly. [ 33 ]   

  3.     Electric Energy Storage Systems Charged 
by Dye-Sensitized Solar Cells 

 Due to the still rather high production and installation costs, 
the high energy consumption during production as well as 
the missing fl exibility of silicon based solar cells, alternative 
technologies are required. Dye-sensitized solar cells (DSSC) 
are very prominent, well-understood and suitable systems 
for converting solar light into electric current. They are very 
effi cient, with energy conversion effi ciencies up to 11%, [ 34 ]  
are environmental friendly, can be fabricated by roll-to-roll 
processes and only require simple materials and equipment, 
which leads to a low cost alternative to common silicon based 
solar cells. [ 35 ]  A DSSC consists of a transparent electrode, 
which is covered by a dye coated porous TiO 2  layer. The latter 
electrode and the second electrode (e.g., platinum) are sep-
arated by an electrolyte containing a redox couple (e.g., I 2 /
KI). [ 36,37 ]  The dye on the TiO 2  fi lm absorb the solar energy 
and excited dye molecules are formed. Consequently, elec-
trons are injected into the conduction band of the TiO 2  fi lm 
and are transported towards the transparent electrode. The 
oxidized dye are regenerated to the neutral state by iodine 
anions in the electrolyte, which is reproduced by the reduc-
tion of I 3  −  with the electrons from the counter electrode. [ 38–41 ]  
Due to the low layer thickness of only a few micrometers the 
solar cells are light-weight and fl exible. [ 18,35 ]  DSSC are very 
powerful even under diffuse and low intensity light condi-
tions. [ 36 ]  So called energy-storable dye-sensitized solar cells 
(ES-DSSC) can be produced by the combination of DSSC 
with an electron storable device. 

  3.1.     Supercapacitor-DSSC Hybrids 

 Supercapacitors represent a class of powerful storage device for 
electric energy which are used typically for fl exible electronic 
systems. [ 42 ]  They are distinguished by high power output den-
sities, fast charge/discharge rates, as well as long lifetimes. [ 43 ]  
Compared with conventional battery systems, the capacitance 
is much lower, but the power density is much higher. Further-
more, supercapacitors have a rapid response to the current 
changes, which can compensate for the variation of the solar 
light. [ 5,18,44 ]  Depending on the kind of energy storage, super-
capacitors can be classifi ed in electric double layer capacitors 
(EDLC) and pseudo-capacitors. EDLC consists on two carbon 
based electrode materials which are separated by an insu-
lator and feature a high power density due to large charge 
accumulation. The energy is stored by non-faradaic manner. 
Pseudo-capacitors offer a higher energy density due to a large 
potential window. The electrostatically storage and faradaic 
charge transfer occurs at the electrode/electrolyte interface. [ 45 ]  

 A wide range of different materials are suitable for capacitor 
devices. Miyasaka et al. developed an activated carbon con-
taining ES-DSSC with a two-electrode construction, where the 
energy is directly stored as double-layer charges. The photo-
capacitor achieved a voltage value of 0.45 V in the charged state, 
and a discharge capacity of 75 mC cm −2 , due to the incorpora-
tion of LiI into the TiO 2  layer. These values are 15 times higher 
than the results of a LiI-free ES-DSSC. [ 44 ]  However, this device 
revealed a high internal resistance. As a consequence, the group 
of Miyasaka generated a three-electrode photocapacitor with 
electrodes also covered with activated carbon, which had a fi ve 
times larger energy output than the two-electrode system. [ 46 ]  

 Another important material for photo chargeable capaci-
tors are carbon nanotubes (CNT). DSSC with a CNT fi lm as 
the counter electrode have a similar high performance (e.g., 
a specifi c capacitance of 54 F g −1 ) like the common platinum 
electrodes. Supercapacitors based on electrodes with CNT fi lms 
reveal also good properties, such as a specifi c capacitance of 
54 F g −1 . [ 47 ]  One device using CNT showed a photoelectric con-
version effi ciency of 6.1%, a specifi c capacitance of 48 F g −1  and 
a storage effi ciency of about 84%, with an entire photoelectric 
conversion and storage effi ciency of about 5.12%. By incorpora-
tion of polyaniline (PANI) into the CNT the specifi c capacitance 
increased up to 208 F g −1  whereas the energy storage effi ciency 
dropped to ≈70%, with an overall photoelectric conversion and 
storage effi ciency of about 4.29%. This effect was presumably 
caused by chemical reactions of the CNT-PANI composite 
during the charge/discharge processes. [ 13 ]  To enhance the fl ex-
ibility and lightweight of the ES-DSSC, its planar structure 
has to changed into a wire shape. Such wires can be easily 
woven into textiles or other deformable structures for self-
powering applications, such as medical biomonitoring devices 
or implants, safety and construction gear like illuminated vests 
and wearable electronics. [ 48 ]  Moreover, Peng et al. utilized CNT/
Ti wire composites. The Ti wire was modifi ed with TiO 2  nano-
tubes, whereas one part of the Ti wire was coated with a photo-
active Ru dye (N719— cis -diisothiocyanato- bis (2,2′-bipyridyl-
4,4′-dicarboxylato)ruthenium(II) bis (tetrabutylammonium)), 
and the other part was covered with electrolyte. The wire had 
a thickness of 10 to 30 μm and achieved an entire photoelectric 
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conversion and storage effi ciency of 1.5% (photoelectric conver-
sion effi ciency is 2.2%). [ 6 ]  An improvement of these wire-shaped 
energy conversion and storage device was published in 2014 by 
the same group. [ 49 ]  The Ti wire substrate, modifi ed with per-
pendicularly aligned TiO 2  nanotubes on the surface and hori-
zontally aligned CNT, serve as two electrodes in the fi ber device. 
The nanotubes offer a high performance and an effective 
pathway for the charge transport. The photoelectric conversion 
effi ciency could be increased to 2.73% with an energy storage 
effi ciency of 76%. An electric energy wire with energy conver-
sion in the sheath and energy storage in the core using aligned 
CNT achieved a photoelectric conversion and storage effi ciency 
of up to 1.83%. [ 50 ]  Another integrated energy wire was devel-
oped by Zou and co-workers. The authors used a PANI coated 
stainless steel wire as current collector and a Ti wire, which was 
covered with TiO 2  and the Ru dye N719 as DSSC (photoanode). 
The so-obtained ES-DSSC wire did not need any Pt to obtain 
similar performances, which makes the system much cheaper, 
and the overall effi ciency of the device was 2.12%. [ 18 ]  A higher 
effi ciency of the ES-DSSC of 3.7% was achieved by the group of 
Jiang. They used a common assemble of a DSSC also with the 
dye N719 as photoanode and poly(vinylidene fl uoride) (PVDF)/
ZnO nanowires as counter electrode. [ 14 ]  An ES-DSSC single-
fi ber only with ZnO nanowires, and a DSSC, which was immo-
bilized onto a copper mesh, achieved a specifi c capacitance of 
0.4 to 2 mF cm −2  with a total energy conversion effi ciency of 
only 0.02%. The authors assumed that the low effi ciency is 
due to the utilization of the copper mesh, which features a too 
low transparency, resulting in a signifi cantly lower absorption 
and transfer of the light to the dye ( Figure    2  ). [ 42 ]  Nevertheless, ES-DSSC wires are suitable for fl exible electronics, e.g., in 

textiles. [ 6 ]  
  Another suitable material for ES-DSSC is WO 3 , because of its 

unique optical and electrical performance due to the reversible 
intercalation of alkali metal ions (e.g., Li +  ions). [ 51 ]  Furthermore, 
the conduction band is lower compared to TiO 2 . [ 52 ]  A superca-
pacitor which utilized WO 3  coated CNT as electron storage elec-
trode was constructed by Gao et al. ( Figure    3  ). The photoanode 
was a common DSSC with dye N719, and the electrocatalytic 
electrode consisted of a TiN/Ti mesh where the reduction of 
I 3  −  to I −  took place catalytically. This three-electrode ES-DSSC 
revealed a discharge capacity of 0.124 mAh cm −2 . Compared 
with the discharge capacity of 0.200 mAh cm −2  by the electro-
chemical charge process, the photo-charge effi ciency was up to 
69.5%. [ 53 ]  It is also possible to use WO 3  without CNT as mono-
clinic nanocrystalline (nc-WO 3 ) as well as surface oxidized tung-
sten oxide (so-WO 3-x ). This systems reached an output voltage 
of ≈0.4 V. [ 52 ]  In a two-electron setup, where the charge storage 
electrode (transparent conducting electrode) is connected to the 
photoanode by a WO 3  layer, a capacity of 1.8 C cm −2  could be 
reached. [ 54 ]  

  Moreover, organic conjugated polymers have also been uti-
lized as capacitor materials. Segawa et al. reported an ES-DSSC 
in which the Pt counter electrode and the charge–storage elec-
trode were connected in two integrated, comb-like electrodes. 
The charge–storage electrode consisted of the conjugated 
polymer polypyrrole, which was coated by Nafi on. With a 
common DSSC, the entire photoelectric conversion effi ciency 
was 3.21%, with a maximum discharge capacity of 37.8 mC cm −2  
and a stability of about 70 cycles. [ 55 ]  Another three-electron 
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 Figure 2.     Schematic confi guration of a fi ber-based multi-energy device 
consisting of a nanogenerator, a DSSC and a supercapacitor. Radially 
grown ZnO nanowires are the acting unit of the nanogenerator as well as 
the core of the solar cell and supercapacitor with large surface area. Gra-
phene serve as cylindrical electrode for all three parts. The nanogenerator 
converts mechanical energy into electric energy by the piezoelectric prop-
erty of ZnO, whereby the DSSC converts solar energy into electric energy, 
which is stored by the supercapacitor. Adapted with permission. [ 42 ] 

 Figure 3.     Schematic representation of the setup and the working mech-
anism of an ES-DSSC. The photoanode (A) and the electron storage 
electrode (C) are short-circuited during the charging process. The photo-
generated electrons from the dye N719 injected into the conduction band 
of the TiO 2  under light illumination and were stored in the WO 3  electron 
storage electrode. During the discharging process, the electrocatalytic 
electrode (B) and the electrode C are short-circuited, while the electrode 
A is open circuit. The electrons fl ow to the TiN/Ti mesh, where I 3  −  is cata-
lytically reduced to I − . Reproduced with permission. [ 53 ]  Copyright 2012, 
Electrochemical Society.
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system, which also used polypyrrole fi lms on an indium tin 
oxide (ITO) slide as charge–storage electrode, achieved capaci-
tances up to 1.91 mC cm −2  and charge storage effi ciencies up 
to 22%, depending on the amount of polypyrrole. [ 56 ]  By uti-
lizing a bifunctional TiO 2 /poly(3,4-ethylenedioxythiophene) 
(PEDOT) photoanode, the total photoelectric conversion and 
storage effi ciency was about 0.1%. [ 12 ]  Ho and co-workers used 
PEDOT and poly(3,4-(2′,2′-diethyl)-propylenedioxythiophene) 
(PProDOT-Et 2 ), respectively. The three-electrode device con-
sisted of a DSSC with the dye N719 as photoanode, and two 
polymer coated Pt-electrodes. The specifi c capacitance of the 
PEDOT utilizing ES-DSSC was 0.52 F cm −2 . [ 35 ]  The capacitance 
could be increased to 5.24 F cm −2 , by changing the dye sensi-
tizer to  bis (isothiocyanato)ruthenium(II)- bis -2,2′-bipyridine-4,4′-
dicarboxylic acid (N3-dye). PProDOT-Et 2  increased the specifi c 
capacitance to 6.52 F cm −2  with an energy storage effi ciency of 
about 0.6%. [ 57 ]   

  3.2.     Other Energy Storage Systems 

 Next to supercapacitors as potential energy storage devices 
for ES-DSSC some other alternatives like redox fl ow batteries 
(RFB) or Li-ion batteries are available. 

 A RFB consists of two parts of liquid electrolyte, which 
contains one or more dissolved redox species. The two seg-
ments are connected by a membrane, which separates the 
electrolytes to prevent cross-mixing, while the equalization 
of charge carriers can still take place. [ 58 ]  The electrolytes are 
stored externally and are usually pumped through the cathode 
(catholyte) and anode (anolyte) of the cell. The cell consists 
of an energy converting unit, where the electrical energy is 
reversibly converted to chemical energy (charging) or vice 
versa (discharging). The energy is stored in the electrolyte 
solution. The advantages of this type of battery are fl exibility, 
high lifetimes, high reliability, relatively low operation costs, 
as well as the potential to store a large amount of energy. 
Futhermore, the power and energy output is independent of 
the storage capacity, which offers an independent control of 
the energy and the power, resulting in a high fl exibility of the 
system. [ 59 ]  

 Gao et al. demonstrated an ES-DSSC where one part of the 
RFB consisted of a DSSC. The electrolyte (propylene carbonate) 
containing LiI and the dye (N719) coated TiO 2  fi lm was placed 
on the electrode (photoanode). The other electrolyte tank con-
tained Li 2 WO 4  and LiClO 4  in water. These two electrolytes were 
connected by a lithium-ion-conducting glass ceramic fi lm. A 
Pt/Ti mesh was placed as a working electrode into the elec-
trolytes. The so-constructed three-electrode device reached a 
voltage of 0.76 V and a discharge capacity of 0.015 mA h mL −1  
( Figure    4  ). [ 60 ]  Another solar rechargeable redox fl ow battery 
was invented by changing the anolyte to an aqueous solution 
of quinoxaline and its derivatives. This device revealed a good 
stability and electrochemical activity with a total energy con-
version effi ciency of 1.2%. [ 61 ]  Another RFB-DSSC hybrid was 
described by Yang and coworkers. The authors constructed 
a two-part ES-DSSC where the DSSC part consisted of the 
photoanode containing a dye Z709 ( cis -diisothiocyanato-(2,2′-
bipyridyl-4,4′-dicarboxylic acid)-(2,2′-bipyridyl-4,4′-dinonyl) 

ruthenium(II)) coated TiO 2  layer, a Pt-counter electrode and 
a separator. The RFB part composed of a Pt working elec-
trode and counter electrode as well as a separator. The sepa-
rator isolated the two electrolyte circuit loops (I 2  and LiI for 
the DSSC electrolyte and  bis (pentamethylcyclopentadienyl)-
iron and LiClO 4  for the RFB part). The photo-charge capacity 
and the electrochemical discharge capacity were 108 mA h L −1  
and 66.6 mA h L −1 , respectively. The obtained results indicated 
that 24.9% of the redox species and 61.6% of the photo-charge 
capacity had been used. [ 4 ]  

  Another important and prominent battery type is the lithium 
ion battery, which has a high energy density as well as a long 
lifetime. However, the power density is lower compared to 
supercapacitors. During the charging process, lithium ions 
are reduced to elemental lithium at the anode (e.g., graphite), 
which is stored in the anode by intercalation. At the discharge 
process, the lithium is oxidized to lithium ions, which migrate 
to the cathode (e.g., LiCoO 2 ) and insert into the electrode. [ 62,63 ]  
The major drawback is the formation of lithium dendrites 
during the charging process, which complicates its application 
in secondary batteries. [ 63 ]  

 Wang et al. published a hybrid structure consisting of a 
DSSC and a lithium ion battery. On the Ti electrode, which 
was be used by both parts, TiO 2  nanotubes were immobilized 
on both sides. The voltage of the device reached ≈3 V in about 
eight minutes and the total energy conversion and storage effi -
ciency was 0.82%. [ 64 ]    
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 Figure 4.     a) Schematic setup and working mechanism of a solar 
rechargeable redox fl ow battery, and b) photocharging/discharging curve 
of the solar rechargeable redox fl ow battery. Reproduced with permis-
sion. [ 60 ]  Copyright 2013, The Royal Society of Chemistry.
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  4.     Electric Energy Storage Systems Charged 
by Organic Photovoltaic Devices 

 Organic photovoltaic systems (OPV) represent a low cost, fl ex-
ible and light-weight alternative to other solar cell devices. 
They are easy to fabricate by roll-to-roll as well as by printing 
and coating processes also on fl exible substrates. [ 3,28,65,66 ]  
OPV like bulk heterojunction (BHJ) solar cells consist of a 
transparent electrode, a hole conducting layer (e.g., PEDOT/
poly(styrene sulfonate) (PSS)), and the active layer, as well as 
a second electrode to collect the charges. The active layer is a 
bulky mixture of a conjugated polymer and a acceptor mate-
rial like phenyl-C61-butyric acid methyl ester (PCBM). [ 67 ]  The 
absorption of photons by the donor material lead to a forma-
tion of excitons (electron-hole-pairs). These excitons diffuse 
towards the donor-acceptor interface and dissociate via an 
electron transfer process into the free charge carriers. The 
electrons are transferred to the acceptor due to its higher elec-
tron affi nity and the holes are collected in the donor phase. [ 68 ]  
The highest effi ciency value of OPV systems is currently 
12%. [ 69 ]  

 Srinivasan and co-workers developed a printable device uti-
lizing a BHJ solar cell (poly(3-hexylthiophene (P3HT) with 
PCBM) and a capacitor. This system showed a 43% reduction of 
the internal resistance as compared to the separated wire con-
nected systems. The counter electrode was fabricated with CNT 
coated aluminum layer, and a free-standing CNT network was 
utilized as the charge storage electrode. This device reached a 
capacity of 28 F g −1 . [ 3 ]  

 A wire shaped photo-rechargeable energy storage device was 
investigated by Peng et al. utilizing a titania nanotube-modifi ed 
Ti wire as core. The solar energy conversion part consists of 
a P3HT:PCBM as well as a PEDOT:PSS layer and achieves an 
energy conversion effi ciency of up to 1.01%. The energy storage 
part, consisting of CNT and a poly(vinyl alcohol)/H 3 PO 4  elec-
trolyte, reaches a storage effi ciency of 65.6%. The entire photo-
electric conversion ans storage effi ciency is up to 0.82%. [ 70 ]  

 Other systems using OPV for light to energy conversion are 
fl exible polymer solar batteries, which used separated solar 
cells, and battery devices. The group of Wöhrle constructed 
such a device. The solar cell part contains the active material 
2-methoxy-5-(3′,7′-dimethyloctyloxy)-1,4-phenylene-vinylene 
(MDMO-PPV)/PCBM, which was coated on an ITO fi lm cov-
ering a poly(ethylene terephthalate) foil. The solar cell was con-
nected to a fl exible lithium polymer battery; the battery had a 
nominal capacity of 100 mA h at a weight of 3.3 g with high 
cycle stability. [ 15 ]  

 A fl exible and wearable photo-rechargeable battery utilizing 
an OPV system and a lithium ion battery was investigated by 
Choi and co-workers ( Figure    5  ). The authors coated woven 
polyester yarn with nickel by the electroless deposition method. 
This yarn was covered by the battery active layers consisting 
of the electrode material (Li 4 Ti 5 O 12  or LiFePO 4 ), binder, and 
conductive carbon. The battery was connected to a BHJ solar 
cell system with the active material poly( N -9-hepta-decanyl-
2,7-carbazole- alt -5,5-(4,7-di-2-thienyl-2,1,3-benzo thia di azole)) 
(PCDTBT) and PC 70 BM. The power conversion effi ciency of the 
solar cell on a poly(ethylene naphthalene) substrate was 5.49%. 
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 Figure 5.     a) Setup and photograph of a fl exible polymer solar cell, b) photocharging and discharging circuits of a solar rechargeable textile battery, 
c) photocharging curves of the device in the present and absence of recurring folding/unfolding motions as well as d) demonstration of the fl exible 
solar rechargeable battery by connection of LED bulbs. Reproduced with permission. [ 71 ]  Copyright 2013, American Chemical Society.
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Six solar cells were connected in series to charge the battery, 
which reached a capacity of about 10 mA h. [ 71 ]  

    5.     Different Systems for Solar Rechargeable 
Battery Systems 

 Alongside the previously presented systems for photo-recharge-
able batteries, some other charge storage possibilities are avail-
able, e.g., solar cells with a battery effect. For instance, a solar cell 
consisting only of the donor material (i.e., fi rst generation cationic 
cyanine dendrimer), was utilized as a photo-rechargeable battery. 
The battery effect results from charge trapping sites within the 
active layer by an internal charge transfer from the counter anion 
to the cationic cyanine. A higher fi lm thickness of the active mate-
rial leads to a higher discharge current due to more trapping sites 
within the fi lm. The total storage capacity of a 150 nm thick fi lm 
was 0.20 mA h g −1 , with an output voltage of 0.35 V. [ 72 ]  

 Another system which reveals battery characteristics was pre-
sented by Fujinami et al. The authors constructed a polymer elec-
trolyte bilayer fi lm which was charged by UV light. The layers 
consisted of an anionically conducting poly(ethyl methacrylate)/
tributyl tin halide/tetrabutyl ammonium halide fi lm, in which 
dibutyl ferrocene and octylviologene were incorporated, respec-
tively. The system reached peak current densities of 39 μA cm −2  
(one minute storage) and 24 μA cm −2  (25 hours storage) with 

a photo-induced voltage of 0.37 V. This showed that the photo-
charged separate state could be held for at least 24 hours. [ 73 ]  

 Currently, air batteries are the focus of research, due to 
their high energy densities, which could be obtained by these 
systems. [ 74 ]  Nishide et al. used anthraquinone containing 
polymers as active anode material, and a MnO 2 /carbon com-
posite as cathode catalyst for the reduction of oxygen. A boron-
dipyrromethene (BODIPY) derivative was adsorbed to the anth-
raquinone polymer to avoid a rapid decrease in the voltage 
under dark due to a back electron transfer from the anthraqui-
none to the oxygen. The battery achieved a discharge voltage 
of 0.63 V, a charging capacity of 166 mAh g −1  and a capacity 
of 143 mAh g −1  for discharging (72% and 62% of the theoreti-
cally capacity, respectively) for over 50 cycles ( Figure    6  ). [ 75 ]  An 
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 Figure 6.     a) Schematic representation of structures of the used anthraquinone polymers  1  and  2  as well as the BODIPY dye  3 , b) schematic setup 
and working mechanism of a solar rechargeable air battery, c) photo responses of  V  oc  and short-circuit densities, and d) photo responses of  V  oc  and 
short-circuit densities for a  3 / 2 /ITO photoanode/O 2  cathode battery. Reproduced with permission. [ 75 ]  Copyright 2013, Springer.

  Table 1.    Overview of the number of references regarding the combined 
device types. 

Battery Organic 
radical 
battery

Super-
capacitors

Lithium 
battery

Redox 
fl ow 

battery

Metal air 
battery

Solar cell

Dye sensitized solar cell 0 17 1 3 0

Bulk heterojunction solar cell 0 1 2 0 1

Inorganic solar cell 0 0 2 0 1
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  Table 2.    Overview of the various photo-rechargeable energy storage systems with their characteristics and effi ciencies. 

Solar cell Energy storage device Characteristics Effi ciency Ref.

Silicon based solar cell Ferroelectric storage Utilization of photo electrochemical and ferroelectric effects n/a  [32] 

Lithium ion battery Solar cell is connected to battery by a wire η conversion  = 15%

η storage  = 97%

η = 14.5%

 [17] 

DSSC Supercapacitor Two-electrode setup, with activated carbon n/a  [43] 

Three-electrode setup, with activated carbon n/a  [45] 

Utilization of CNT as counter electrode η conversion  = 6.1%

η storage  = 84%

η = 5.12%

 [13] 

Incorporation of PANI into the CNT η storage ≈ 70%

η = 4.29%

 [13] 

Wire shaped device, utilization of CNT/Ti composites η conversion  = 2.2%

η = 1.5%

 [6] 

Wire shaped device, utilization of Ti modifi ed with perpendicularly 

aligned TiO 2  nanotubes and horizontally aligned CNT
η conversion  = 2.73%

η storage  = 75.7%

 [48] 

Wire shaped device, energy conversion in sheath and 

storage in the core
η = 1.83%  [49] 

PANI coated wire η conversion  = 5.41%

η storage  = 46%

η = 2.12%

 [18] 

PVDF/ZnO nanowires as counter electrode η conversion  = 2.23 to 4.36%  [14] 

η = 3.7%

ZnO nanowire η conversion  = 0.02%  [40] 

WO 3  coated CNT as electron storage electrode, TiN/Ti 

mesh as electrocatalytic electrode
η conversion  = 69.5%  [52] 

Utilization of monoclinic nanocrystalline WO 3  and 

surface oxidized WO 3-x 

n/a  [51] 

WO 3  and TiO 2  coated TCO electrode n/a  [53] 

Polymeric charge storage electrode η conversion  = 3.21%  [54] 

Polypyrrole fi lm on ITO slide as charge storage 

electrode
η conversion  = 0.5 to 1%

η storage  = 22%

 [55] 

TiO 2 /PEDOT photoanode η = 0.1%  [12] 

PProDOT-Et 2  as photoanode η conversion  = 4.37%

η storage  = 0.6%

 [35,56] 

RFB LiI in propylene carbonate and Li 2 WO 4 /LiClO 4  in water as electrolytes n/a  [61] 

Quinoxaline derivatives in water as electrolyte η conversion  = 1.2%  [62] 

LiI and  bis (penta methyl cyclo penta di enyl) iron/LiClO 4  as electrolytes η conversion  = 0.15%

η storage  > 0.6%

 [4] 

Lithium ion battery Ti/TiO 2  electrode η storage  = 41%

η = 0.82%

 [65] 

OPV Supercapacitor P3HT/PCBM as active material for the OPV device, 

CNT coated aluminum as charge storage electrode
η conversion  = 3.39%  [3] 

Wire shaped device with P3HT/PCBM and PEDOT/PSS layers 

as solar cell device and CNT with PVA/H 3 PO 4  electrolyte
η conversion  = 1.01%

η storage  = 65.6%

η = 0.82%

 [71] 

Lithium polymer battery Separated solar cell and battery devices η conversion  = 1.85%  [15] 

Lithium ion battery Wire shaped battery device, connected to BHJ solar cell η conversion  = 5.49%  [72] 

Battery effect Solar cell consists only of donor material (cationic cyanine dendrimer) n/a  [73] 

Continued
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inorganic photo-rechargeable air battery was reported by Akuto 
and Sakurai. The authors constructed a battery with a catalytic 
cathode and a photoanode, which was made of a metal hydride, 
and the photo stable n-type semiconductor SrTiO 3 . The total 
discharge capacity of this system was about 950 mAh g −1 , and 
by increasing the light irradiation time the discharge time rose 
signifi cantly. [ 76 ]  

    6.     Conclusion 

 This report offers a brief overview of organic-based solar 
rechargeable batteries. Currently, only a small number of 
results were published on this emerging fi eld of research 
( Table    1  ). The main focus is on hybrids of DSSCs with super-
capacitors, but other combinations of OPV systems or silicon 
solar cells with RFB, lithium ion batteries or organic radical 
batteries show the high potential of this area of research. 

  An overview of the different solar-rechargeable energy 
storage systems and their effi ciencies is given in  Table    2  . The 
highest effi ciency of 5.12% was reached by the combination of a 
DSSC with a capacitor as energy storage. ES-DSSC wires obtain 
effi ciencies up to 3.7%, and combinations of DSSC with other 
energy storage parts also show good performance. Larger mod-
ules with silicon-based solar cells have capacities up to 2.35 Ah. 
Other combination possibilities, like solar cells with a battery 
effect, or as hybrid with air batteries, are also available. 

  All of these devices have, up to now, lower effi ciencies or 
capacities compared to their inorganic counterparts, because 
the focus is, up to now, on the development and fabrication of 
prototypes and, as a consequence, no or less optimization on 
the overall effi ciency was performed. Consequently, the dif-
ferent energy conversion and storage parts do not match ideally 
for an effi cient electron transfer. The connection of solar cells 
and energy storage parts is very diffi cult, e.g., OPV systems, 
which offer a voltage of about 800 mV, require a corresponding 
battery with fi tting voltage. Furthermore, geometrical restric-
tions limit the effi ciency of the devices. The size of the solar 
cell and the battery, respectively, determines the size of the 
corresponding counterpart, resulting in a possible mismatch. 
The predetermined size limits for instance the capacity of the 
battery. Additionally, it is very diffi cult to improve the capacity 
and the power of the storage parts simultaneously. Some of 
the described photo-rechargeable systems are based on a three-
electrode setup, i.e. one electrode is the photo-active while also 
storing the electrons. Consequently, it is necessary to use mate-
rials, which can be utilized as good active layer for solar cell and 
as good electron storage material at once. The best result could 
be achieved with wire-shaped ES-DSSC using supercapacitors 

for electron storing, up to now, due to a relatively low mis-
match of the different parts. However, supercapacitors can be 
improved by integration of organic radical batteries into the 
capacitor, resulting in a fast charging, high capacity storage 
device. A good possibility to optimize solar-rechargeable bat-
teries is the utilization of a four-electrode setup, whereby the 
solar cell part and the storage part can be improved separately. 
In spite of lots of optimization requirements, solar-rechargeable 
energy storage systems have a high potential for effi cient and 
direct storage of solar energy due to lots of advantages com-
pared with common inorganic devices. In contrast to silicon 
based solar cells, which production is high expensive due to 
high material costs and high material demand, the production 
of OPV devices can be easily scales up by roll-to-roll processes, 
which makes the fabrication more effi cient and decrease the 
costs signifi cantly. [ 28,65 ]  RFB can store more energy by simply 
increasing the electrolyte amounts. Concerning the lifetime of 
photo-rechargeable energy storage devices, no data are avail-
able, up to now, but the different solar cells and storage devices 
reveal high lifetime potentials. [ 77 ]  A wide range of potential 
applications are available, such as electric wires for functional 
clothes and textiles, as well as portable devices for mobile 
phones or laptops. OPV systems, combined with supercapaci-
tors or lithium ion batteries are printable and fl exible, and can 
be used as wearable solar batteries. Low power applications like 
smart packaging are well-suited for these systems. As a con-
sequence, solar-rechargeable batteries provide powerful elec-
tronics for daily life applications.  
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ABSTRACT: Redox-active anthraquinone based polymers are

synthesized by the introduction of a polymerizable vinyl and

ethynyl group, respectively, resulting in redox-active mono-

mers, which electrochemical behaviors are tailored by the

modification of the keto groups to N-cyanoimine moieties.

These monomers can be polymerized by free radical polymer-

ization and Rh-catalyzed polymerization methods, respectively.

The resulting polymers are obtained in molar masses (Mn) of

4,400 to 16,800 g mol21 as well as high yields of up to 97%.

The monomers and polymers are furthermore electrochemi-

cally characterized by cyclic voltammetry. The monomers

exhibit two one-electron redox reactions at about 20.6 and

21.0 V versus Fc1/Fc. The N-cyanoimine units are, however,

partially hydrolyzed during the polymerization step or during

the electrochemical measurements and degenerate to carbonyl

groups, resulting in a new reduction signal at 21.26 V versus

Fc1/Fc. VC 2016 Wiley Periodicals, Inc. J. Polym. Sci., Part A:

Polym. Chem. 2016, 00, 000–000

KEYWORDS: electrochemistry; polymer synthesis; redox poly-

mers; synthesis

INTRODUCTION The application of organic redox-active com-
pounds, in particular polymers, as active materials in organic
secondary batteries draw significant interest during the last
decade.1,2 In contrast to inorganic structures, organic materi-
als feature several advantages such as high flexibility,3 low
toxicity,4 and are producible in low-temperature processes
from, in the best case, recycled5 or renewable resources.6

Furthermore, the redox potential can be adjusted by the uti-
lization of the available organic redox-active structures and
fine-tuned by the introduction of functional substituents. Up
to now, different redox-active compounds have been applied
as active materials in organic batteries, such as stable
organic radicals7,8 or carbonyl compounds.9 Quinonide struc-
tures are of high interest. Due to the involvement of two
electrons in the redox reaction a good charge to mass ratio
is obtained, resulting in comparably high theoretical capaci-
ties. In general, 1,2-diones possess higher potential than 1,4-
diones and their redox potentials can be tailored by two
major strategies. The first approach is the introduction of
appropriate substituents to influence the redox potential, in
particular electron donating/withdrawing groups such as
cyano,10 chloro,10 hydroxy,11 lithoxy,12,13 fluorinated and

nonfluorinated alkyl and alkoxy groups,11,14–16 thiophene,17

pyridine,18 pyrazine,18 and lithium resp. sodium salts of car-
boxylic,19 or sulfonic acids.20 The second procedure is to
modify the redox-active carbonyl groups to dicyanome-
thane21,22 or 1,3-dithiolane groups, whose redox mechanism
are based on one two-electron reaction.23,24 The transforma-
tion of the carbonyl groups of the anthraquinone to N-cya-
noimine groups, which possess stronger electron accepting
properties, leading to higher reduction potentials of the com-
pound.25 However, for the application as active material in
organic batteries, insolubility of all occurring redox states of
the active material is required in the applied electrolytes,
which mostly consist of an electrochemically inert salt and
an organic solvent. The most promising and straightforward
approach is the incorporation of the redox-active units into a
polymeric environment, resulting in an insoluble, but swel-
lable electroactive material.26,27

In this contribution, we describe the synthesis and the elec-
trochemical characterization of a new redox-active monomer
based on N,N0-dicyanoanthraquinone diimine (DCAQI). The
monomers could be incorporated into a polymeric environ-
ment by free radical polymerization and Rh-catalyzed

Additional Supporting Information may be found in the online version of this article.

VC 2016 Wiley Periodicals, Inc.
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polymerization of the introduced vinyl and ethynyl substi-
tuted monomers, respectively. In contrast to a previously
published patent,28 the polymerization procedures as well as
the electrochemical performance of the compounds in solu-
tion are investigated in more detail. Furthermore, new
insights in the electrochemical behavior in different electro-
lytes of both monomer and polymer could be revealed.

EXPERIMENTAL

Materials
All solvents were dried according to standard procedures.
All starting materials were purchased from commercial sour-
ces and were used as obtained unless otherwise noted. 2,20-
Azobis(iso-butyronitrile) (AIBN) was recrystallized from
methanol prior to use.

2-Vinylanthraquinone (1)29 and 2-ethynylanthraquinone
(4)30 were synthesized according to literature procedures.
Unless otherwise noted, all reactions were performed under
argon atmosphere.

Characterization
The reactions were monitored by TLC on 0.2 mm Merck
silica gel plates (60 F254). Flash column chromatography
was performed on silica gel 60 (Merck). 1H and 13C NMR
spectra were recorded on a Bruker Avance I (400 and 250
MHz) spectrometer at 298 K. Chemical shifts are reported in
parts per million (ppm, d scale) relative to the residual sig-
nal of the deuterated solvent. Elemental analyses were
carried out using a Vario ELIII-Elementar Euro and an EA-
HekaTech. Mass spectrometry was performed using a Finni-
gan MAT SSQ 710 with EI ionization. ESI-Q-TOF MS measure-
ments (positive ion mode) were carried out using a
micrOTOF mass spectrometer from Bruker Daltonics
equipped with an automatic syringe pump by KD Scientific
for sample injection. The standard electrospray ion (ESI)
source was used to generate the ions and the instrument
was calibrated in the m/z range 50–3000 using an internal
calibration standard (Tunemix solution) from Agilent. Sam-
ples with concentrations ranging from 1 to 10 mg mL21

were injected using a constant flow (3 mL min21) of sample
solution. Data and HRMS calculations were processed via the
Bruker Data Analysis software version 4.0. Cyclic voltamme-
try experiments were performed using a Biologic VMP 3
potentiostat at room temperature under argon atmosphere.
A three electrode setup was utilized (WE: glassy carbon, RE:
AgNO3/Ag in CH3CN, CE: Pt). The redox couple Fc1/Fc was
used as internal standard after each measurement. Size-
exclusion chromatography was performed on an Agilent
1200 series system (degasser: PSS, pump: G1310A, autosam-
pler: G1329A, oven: Techlab, DAD detector: G1315D, RI
detector: G1362A, eluent: DMAc1 0.21% LiCl, 1 mL min21,
temperature: 40 8C, column: PSS GRAM guard/1000/30 Å).

Synthesis
N,N0-(2-Vinyl-Anthracene-9,10-Diylidene)Dicyanamide (2)
1 (1.5 g, 6.4 mmol) was dissolved in chloroform (45 mL).
Titanium(IV) chloride (3.5 mL, 32.0 mmol) followed by bis-

(trimethylsilyl)carbodiimide (14.5 mL, 42.6 mmol) was
added at 0 8C. The solution was stirred at 60 8C for 4 h.
After cooling to room temperature, the mixture was cast into
ice water and the crude product was extracted with
dichloromethane (3 3 100 mL). The combined organic
phases were washed with water (2 3 100 mL) and dried
over magnesium sulfate. The solvent was removed under
reduced pressure and the crude product was purified by
flash column chromatography (silica gel 60; dichlorome-
thane) to obtain 0.9 g (3.3 mmol, 52%) as yellow powder.
The product-a mixture of E/Z isomers-was stored under
argon atmosphere at 220 8C. 1H NMR (400 MHz, CD2Cl2, d):
9.50–8.10 (br, 4H; Ar H), 7.86 (s, 3H, Ar H), 6.87 (m, 1H;
vinyl), 6.10 (d, J5 18 Hz, 1H; vinyl), 5.62 (d, J5 11 Hz, 1H;
vinyl); 13C NMR (75 MHz, CD2Cl2, d): 172.2 (C@N), 171.4
(C@N), 144.2, 135.2, 135.0, 132.2, 128.6, 128.0, 125.4, 120.3,
114.2, 114.1; EIMS (m/z (%)): 282 (100) [M1], 255 (52)
[M12vinyl], 229 (11) [M12vinyl2CN], 175 (12)
[M12vinyl22 NCN]; HRMS (ESI, m/z): [2 M1Na]1 calcd.
for C18H10N4: 587.1703; found: 587.1700. Anal. calcd. for
C18H10N4: C 76.58, H 3.57, N 19.85; found: C 76.31, H 3.55,
N 20.10.

General Procedure of Polymerization of 2
A flask was charged with 2 (50 mg, 0.2 mmol), AIBN (0.01
mmol, 5 mol%) and solvent (for detailed information see
Table 1). The reaction mixture was degassed by the freeze–
pump–thaw method and was stirred at 70 8C for 20 h. Sub-
sequently, the mixture was cooled to room temperature and
the polymer was precipitated twice in cold acetone (20 mL
each) and collected by centrifugation. The obtained brown
powder was dried under vacuum. The polymers were stored
under argon atmosphere at 220 8C. 1H NMR (400 MHz,
DMSO-d6, d): 9.55–6.38 (br, 7H; Ar H), 1.82–0.64 (br, 3H).

N,N0-(2-Ethynyl-Anthracene-9,10-Diylidene)
Dicyanamide (5)
4 (100 mg, 0.4 mmol) was dissolved in chloroform (7 mL).
Titanium(IV) chloride (0.24 mL, 2.2 mmol) followed by bis-
(trimethylsilyl)carbodiimide (0.98 mL, 4.3 mmol) was added
at 0 8C. The solution was stirred at 50 8C for 4 h. After cool-
ing to room temperature, the mixture was cast into ice water
and the crude product was extracted with dichloromethane
(3 3 20 mL). The combined organic phases were washed
with water (2 3 20 mL) and dried over magnesium sulfate.
The solvent was removed under reduced pressure and the
crude product was purified by gel filtration (silica gel 60;
dichloromethane) to obtain 91 mg (0.3 mmol, 75%) as yel-
low powder. The product was stored under argon atmos-
phere at 5 8C. 1H NMR (400 MHz, CD2Cl2, d): 9.58 to 8.09
(br, 4H; Ar H), 7.92 (s, 3H, Ar H), 3.54 (s, 1H; ethynyl); 13C
NMR: Not possible due to low solubility; EIMS (m/z (%)):
280 (100) [M1], 253 (12) [M12HCN], 175 (4)
[M12ethynyl22 NCN]; HRMS (ESI, m/z): [M1H]1 calcd. for
C18H8N4: 281.0821; found: 281.0816.
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General Procedure of Rh-Catalyzed Polymerization of 5
A degassed solution of 5 (30 mg, 0.1 mmol) and triethyl-
amine in 0.4 mL (0.20M) and 0.9 mL (0.10M) of the solvent,
respectively, was added to a degassed solution of [Rh(2,5-
norbornadiene)Cl]2 (0.005 mmol, 5 mol%) in 0.1 mL of the

same solvent (for detailed information see Table 1). The
reaction mixture was stirred at room temperature (6f) and
50 8C (6a–6e), respectively, for 20 h. Subsequently, the mix-
ture was cooled to room temperature and the polymer was
precipitated twice in cold acetonitrile (20 mL each) and was

SCHEME 1 Schematic representation of the synthesis of monomer 2 (a) and polymer 3 (a) as well as of monomer 5 (b) and poly-

mer 6 (b).

TABLE 1 Selected Analytical Data for Polymers 3 and 6 Prepared by the Free Radical Polymerization (FRP) Technique and Rh-

Catalyzed Polymerizations, Respectively.

Polymer Solvent

Concentration

(mol L21)

Temperature

(8C)

Mn
a (g

mol21) PDIa
Yield

(%)

3a 1,2-Dichloroethane 0.51 70 7,300 1.36 20

3b NMP 1.00 70 7,700 1.27 7

3c DMSO 1.00 70 16,800 1.98 77

3d DMF 1.00 70 10,400 1.40 40

3e DMAc 1.00 70 8,600 1.28 33

6a DMF 0.10 50 4,400 1.33 63

6b DMSO 0.10 50 10,900 3.06 48

6cb DMF 0.20 50 n/dc n/dc 97

6db DMSO 0.20 50 n/dc n/dc 90

6eb 1,2-Dichloroethane 0.10 50 n/dc n/dc 77

6fb DMSO 0.10 r.t. n/dc n/dc 93

a Determined by SEC (DMAc, 0.21% LiCl, polystyrene standard, RI

detector).
b Addition of triethylamine (0.1 eq.) to the reaction mixture.

c SEC measurements could not be performed due to the insolubility of

the polymers in the mobile phase (DMAc, 0.21% LiCl).
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collected by centrifugation. The obtained brown powder was
dried under vacuum. The polymers were stored under argon
atmosphere at 5 8C. 1H NMR (250 MHz, DMF-d7, d): 10.17–
7.67 (br, 7H; Ar H), 5.78 (s, 1H).

RESULTS AND DISCUSSION

Synthesis of Monomers and Polymers
The preparation of monomer 2 was carried out from 2-
vinylanthraquinone 1 as shown in Scheme 1, which can be
straightforwardly obtained in a two-step procedure from the
commercially available 2-aminoanthraquinone.29 Subse-
quently, the carbonyl groups were transformed into N-cya-
noimine groups utilizing titanium(IV) chloride and
bis(trimethylsilyl)carbodiimide. Monomer 2 could only be
obtained in moderate yields due to its low stability on silica
gel during the purification procedure.31 Subsequently, 2 was
polymerized under different conditions using the free radical
polymerization technique and five polymers (3a to 3e) with
different molar masses were obtained (Table 1). The poly-
merization step is important to enhance the electrochemical
performance of the organic material in organic electronics,
which is dependent on the insolubility of the redox-active
material in the electrolyte. Oligomers and low molar mass
polymers feature a better solubility, leading to a strong
decay of the electrochemical performance in the solid state.
As a consequence, high molar mass polymers with a low
poly-dispersity index are preferred. The free radical polymer-
ization was performed with AIBN as initiator and due to the
low solubility of 2 in the selected solvents [1,2-dichloro-
ethane, N-methyl-2-pyrrolidone (NMP), dimethylsulfoxide
(DMSO), N,N-dimethylformamide (DMF) and N,N-dimethyl-
acetamide (DMAc)]. The obtained polymers were investi-
gated by size exclusion chromatography (SEC) and revealed
in all cases a monomodal distribution. The analytical data of
the polymers are summarized in Table 1. The most promis-
ing polymers in terms of high molar masses were obtained
in DMSO with a yield of 77% and a high molar mass of
16,800 g mol21. All other solvents led to poor yields (up to
40%) and lower molar masses (7300 to 10,400 g mol21),
presumably due to chain terminating reactions.

The ethynyl-based monomer 5 was synthesized from 2-
ethynylanthraquinone 4, which could be prepared in a
straightforward two-step procedure from the commercial
available 2-bromoanthraquinone.30 The carbonyl groups

were transformed in a similar manner into N-cyanoimine
groups using titanium(IV) chloride and bis(trimethylsilyl)
carbodiimide. Monomer 5 could be obtained in a good yield
of 75% and features good solubility in polar aprotic solvents
like DMF and 1,2-dichloroethane, which were used for the
Rh-catalyzed polymerization.32,33 The use of DMF leads to
the polymers in promising yields (63%) but with low molar
masses (Mn) of around 4,400 g mol21, according to SEC (PS
standard). Utilizing DMSO as solvent increased the molar
mass (Mn) to 10,900 g mol21. However, the polymerization
suffered from a lower yield of around 48%. By addition of
0.1 eq. of trimethylamine as cocatalyst, which acts as pro-
moter to dissociate the Rh-dimer complex to its monomeric
form and increases the initiation efficiency,34,35 the yield
could be increased to 77% in 1,2-dichloroethane and to 90
and 97% using DMSO and DMF, respectively, at a reaction
temperature of 50 8C. Under milder conditions at room tem-
perature and in DMSO, the yield of the polymerization was
slightly lower (93%). However, all poly(acetylene)-based
polymers precipitated during the polymerization reaction
and were completely insoluble in common organic solvents
like methanol, DMF, DMSO, or DMAc. Consequently, no
detailed analytical investigations could be performed.

Electrochemical Performance
The electrochemical behavior of monomers 2 and 5 as well
as of polymers 3 and 6 was investigated by cyclic voltamme-
try. In particular, the influence of the electrolyte cations on
the redox potential was examined (Table 2). Due to the solu-
bility of both the monomers and polymers and the large sta-
ble electrochemical operational window, DMF was chosen as
solvent and a solution of 0.1M lithium perchlorate and 0.1M
tetrabutylammonium perchlorate (TBAClO4), respectively, in
DMF was utilized as electrolyte (Fig. 1). The results are sum-
marized in Table 2. In 0.1M lithium perchlorate in DMF the
monomer 2 features two reversible one-electron reduction
steps at E11/2520.63 and E21/2521.03 V versus Fc1/Fc at

FIGURE 1 Normalized cyclic voltammograms of monomer 2

(c50.6 mg mL21) and 5 (c5 1.0 mg mL21) in DMF, 0.1M LiClO4

and TBAClO4, respectively, 500 mV s21, 1st and 2nd cycle, WE:

glassy carbon, RE: AgNO3/Ag in CH3CN, CE: Pt. [Color figure

can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

TABLE 2 Cyclic Voltammetric Data of Monomer 2 and 5

Compound E (V vs. Fc1/Fc) E (V vs. Fc1/Fc)

Monomer 2 20.63a 21.03a

20.65b 21.16b

Monomer 5 20.59a 20.99a

20.59b 21.09b

a In DMF, 0.1M LiClO4, 500 mV s21.
b In DMF, 0.1M TBAClO4, 500 mV s21.
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a scan rate of 500 mV s21. These redox potentials are in
good agreements with literature reports of related small
molecules36 and, as a consequence, the vinyl group has no
influence on the redox behavior of the monomer. The elec-
tron acceptance of the N-cyanoimine functionality is
increased compared to the keto group and, therefore, the
reduction of the monomer to the radical anion and to the
dianion occurs at a more positive potential compared to
anthraquinone (E11/2521.19 V and E21/2521.68 V vs.
Fc1/Fc)37 as well as to the monofunctionalized N-(10-oxo-2-
vinylanthracen-9(10H)-ylidene)cyanamide (E11/2520.88 V
and E21/2521.31 V vs. Fc1/Fc).29 The utilization of TBAClO4

as electrolyte salt shifts the redox signals to E11/2520.65
and E21/2521.16 V vs. Fc1/Fc at a scan rate of 500 mV s21.
Monomer 5 exhibits also two reversible redox potentials at
E11/2520.59 and E21/2520.99 V vs. Fc1/Fc (500 mV s21

scan rate) utilizing LiClO4 as electrolyte salt, which indicates
no significant influence of the ethynyl group on the redox
behavior. The redox behavior of monomer 5 in TBAClO4 is
similar to the behavior in LiClO4. The redox signals are
located at E11/2520.59 and E21/2521.09 V vs. Fc1/Fc at a
scan rate of 500 mV s21. The shift of the second reduction
peak of both monomers is slightly influenced by the cation
of the electrolyte. Due to the stronger coordination of the
lithium ions to the N-cyano-imine groups, the redox potential
is shifted to more positive values.17,37

However, the cyclic voltammogram of polymer 3 in DMF,
0.1M LiClO4 reveals at a scan rate of 500 mV s21 the expected
redox signals at E11/2520.60 V and E21/2520.97 V vs.
Fc1/Fc, corresponding to the reduction to the radical anion
and to the dianion, respectively (Fig. 2). However, an addi-
tional redox signal appears at E31/2521.26 V vs. Fc1/Fc.
This signal can be presumably assigned to the reduction of

the carbonyl group of the N-(10-oxo-anthracen-9(10H)-ylide-
ne)cyanamide,29 which is most likely formed by a partial
hydrolysis of N-cyanoimine moieties to carbonyl groups (Fig.
3). However, it is not quite clear if the monomeric units
hydrolyze during the polymerization reaction or during the
electrochemically induced reduction. The first redox reaction
of this unit is presumably overlapped by the signal of the
DCAQI unit. However, due to the low solubility of polymer 3,
a detailed analysis of its composition and degradation is not
possible. However, IR spectroscopy of the monomer and poly-
mer, respectively, indicates a hydrolysis of the monomer dur-
ing polymerization (see Supporting Information for further
details). As a consequence, Rh-catalyzed polymerization was
applied to enable milder reaction conditions (e.g., at room
temperature) and the catalyst features a high functional group
tolerance even in polar aprotic solvents. To examine the for-
mation of the carbonyl groups during the polymerization, the
Rh-catalyst polymerization was applied to monomer 5. The
cyclic voltammogram of polymer 6 displays a similar redox
behavior and comprises three reduction peaks, indicating that
the conjugated backbone has no influence on the redox behav-
ior. The redox signals of the N,N0-dicyanoimine anthraquinone
moieties appear at E11/2520.63 V and E21/2520.96 V vs.
Fc1/Fc. However, an additional reduction signal at E31/
2521.20 V vs. Fc1/Fc occurs similar to the polymer with the
saturated backbone. IR spectroscopy of the 5 and 6, respec-
tively, indicates also a hydrolysis of the monomer during poly-
merization (see Supporting Information for further details).
This evidence that the hydrolysis of the N-cyanoimine moi-
eties takes place despite milder reaction conditions during the
polymerization at room temperature. The poor solubility of
polymer 6 makes a detailed analysis impossible. However, the
redox signals are stable and reversible, but at equal mass
loadings the peak area of the redox reactions of the conju-
gated polymer is slightly larger indicating improved electron
transport within the polymer chain.

FIGURE 2 Normalized cyclic voltammograms of polymer 3

(c50.8 mg mL21) and 6 (c5 1.0 mg mL21) in DMF, 0.1M

LiClO4, 500 mV s21, 1st and 2nd cycle, WE: glassy carbon, RE:

AgNO3/Ag in CH3CN, CE: Pt. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]

FIGURE 3 Comparison of the cyclic voltammograms of poly-

mer 6 and N-(10-oxo-anthracen-9(10H)-ylidene)cyanamide.

[Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]
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CONCLUSIONS

Two new redox-active N,N’-dicyanoimine anthraquinone
based polymers were synthesized by modification of the car-
bonyl groups to N-cyanoimine groups. The monomer was
synthesized in a two-step procedure comprising the intro-
duction of the polymerizable group via Pd-catalyzed cross-
coupling reactions and the transformation of the carbonyl
groups. In this particular case, polymerizable vinyl and
ethynyl groups were applied. The monomers were investi-
gated by cyclic voltammetry and both possess two stable
and reversible one-electron redox reactions at about 20.6
and 21.0 V vs. Fc1/Fc, which are not significantly affected
by the polymerizable group. The redox potentials of the
monomers are located at higher potentials compared to the
potentials of anthraquinone and N-(10-oxo-2-vinyl-anthra-
cen-9(10H)-ylidene)cyanamide. The polymerization was car-
ried out utilizing the free radical and the Rh-catalyzed
polymerization technique, respectively, and led to redox-
active polymers with average molar masses (Mn) of 4,400 to
16,800 g mol21 in high yields (up to 97%). However, the N-
cyanoimine units were partially hydrolyzed presumably dur-
ing the polymerization step leading to carbonyl groups. As a
consequence, the new reduction signal at 21.26 V vs. Fc1/Fc
appeared. However, the synthesized compounds are useful
for possible applications like organic energy storage systems.
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FIGURE S1 Size exclusion chromatograms of the polymers 3a to 3e and 6a to 6b. Eluent: DMAc, 0.21% 
LiCl, polystyrene standard, RI detector. 
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FIGURE S2 Cyclic voltammograms of monomer 2 in DMF, 0.1 M LiClO4, at different scan rates (WE: GC; 
RE: AgNO3/Ag, in CH3CN, CE: Pt), c = 0.6 mg mL-1, 1st and 2nd cycle. 
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FIGURE S3 Cyclic voltammograms of monomer 2 in DMF, 0.1 M TBAClO4, at different scan rates (WE: GC; 
RE: AgNO3/Ag, in CH3CN, CE: Pt), c = 0.6 mg mL-1, 1st and 2nd cycle. 
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FIGURE S4 Cyclic voltammograms of monomer 5 in DMF, 0.1 M LiClO4, at different scan rates (WE: GC; 
RE: AgNO3/Ag, in CH3CN, CE: Pt), c = 1.00 mg mL-1, 1st and 2nd cycle. 
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FIGURE S5 Cyclic voltammograms of monomer 5 in DMF, 0.1 M TBAClO4, at different scan rates (WE: GC; 
RE: AgNO3/Ag, in CH3CN, CE: Pt), c = 1.00 mg mL-1, 1st and 2nd cycle. 
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FIGURE S6 Cyclic voltammograms of polymer 3 in DMF, 0.1 M LiClO4, at different scan rates (WE: GC; RE: 
AgNO3/Ag, in CH3CN, CE: Pt), c = 0.80 mg mL-1, 1st and 2nd cycle. 
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FIGURE S7 Cyclic voltammograms of polymer 6 in DMF, 0.1 M LiClO4, at different scan rates (WE: GC; RE: 
AgNO3/Ag, in CH3CN, CE: Pt), c = 1.00 mg mL-1, 1st and 2nd cycle 
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FIGURE S8: 1H-NMR spectra of monomer 2 (400 MHz, CD2Cl2). 

10 9 8 7 6 5 4 3 2 1 0

 [ppm]
 

FIGURE S9: 1H-NMR spectra of polymer 3 (400 MHz, DMSO-d6). 
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FIGURE S10: 1H-NMR spectra of monomer 5 (300 MHz, CD2Cl2). 
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FIGURE S 11: 1H-NMR spectra of polymer 6 (250 MHz, DMF-d7). 
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FIGURE S12: IR spectra of monomer 2 and polymer 3. 
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FIGURE S13: IR spectra of monomer 5 and polymer 6. 
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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     

  B. Häupler, R. Burges, Dr. C. Friebe, T. Janoschka, 
D. Schmidt, Dr. A. Wild, Prof. U. S. Schubert 
 Laboratory of Organic and Macromolecular Chemistry  ,  
 Friedrich Schiller University Jena   ,   Humboldtstr. 10,    07743    
 Jena  ,   Germany   
 Fax: (+)49 3641 948202 
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 Jena Center for Soft Matter (JCSM)  ,   Friedrich Schiller 
University Jena   ,   Philosophenweg 7  ,  07743     Jena  ,   Germany   

  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 ).    

Macromol. Rapid Commun. 2014,  35,  1367−1371
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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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a b s t r a c t

Redox-active materials based on a 10-(1,3-dithiol-2-ylidene)anthracen-9(10H)one core were synthesized
by the introduction of a polymerizable vinyl group in 3-position, resulting in a redox-active monomer,
which possess both electron donating and electron accepting properties. The electron accepting prop-
erties can be tailored by straightforward one-step modifications of the carbonyl functionality to
N-cyanoimine, dicyanomethylene or thione moieties, respectively, leading to bipolar compounds. These
monomers can be polymerized by free radical polymerization. The resulting polymers could be obtained
with molar masses of 6,500 to 24,300 g/mol as well as yields of up to 92% and were examined with 1H
NMR and SEC. Their electrochemical behavior reveals reversible reductions comparable with the redox
properties of the corresponding monomers. After further optimization, these materials could become
potentially interesting for applications in organic batteries.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Organic redox-active compounds, in particular polymers,
attracted increasing interest as active material in organic elec-
tronics like secondary batteries, semiconductors or organic metals
during the last decades [1,2]. In contrast to inorganic structures,
organic materials reveal several advantages such as high flexibility
[3], low toxicity as well as low temperature synthesis from, in the
best case, recycled [4] or renewable resources [5]. Additionally, the
redox potential of organic compounds can be tuned by tailor-made
structures using different redox-active systems, which are readily
available due to the great diversity of organic chemistry [1,6].

Promising structures for electroactive materials in organic
electronics are benzoquinonides bearing one or more 1,3-dithiol-2-
ylidene moieties, which are oxidizable and, therefore, act as a good
electron donors [7]. The most prominent examples are (p-
extended) tetrathiafulvalenes (exTTF) having a two-electron
oxidation [8]. This compound class possesses good electrical
properties due to the extended p-electron delocalization. However,

for several applications such as organic memory devices or organic
batteries, bipolar materials that can be both reversibly oxidized and
reduced are of high interest, as they can be applied as both anode
and cathode active material in an organic battery, for example [9].
One promising approach towards these bipolar compounds is
replacing one of the 1,3-dithiol-2-ylidene groups by an electron
acceptor group. Only a limited number of these unsymmetrical
structures have been described so far and none of these structures
has a polymerizable group or has been integrated into a polymeric
backbone [10e12]. The first compounds were developed by
Gompper [13] and the anthraquinonide series was later studied by
Bryce and Moore [12,14]. Additionally, other pushepull systems
bearing 1,3-dithiol-2-ylidene structures have been described [15],
which are stabilized by the aromatization of the benzoquinonide
ring [12].

However, in several applications in organic electronics, the
redox-active structure needs to be insoluble in the surrounding
electrolyte, which normally consists of a salt dissolved in an organic
solvent. Themost promising approach to gain insolubility but redox
activity is the incorporation of the redox-active unit into a poly-
meric backbone, resulting in an insoluble but swellable electro-
active material.

In this contribution, we describe the synthesis and electro-
chemical characterization of new redox-active polymers based on

* Corresponding author. Laboratory of Organic and Macromolecular Chemistry
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the 9,10-anthracenediylidene core bearing a 1,3-dithiol-2-ylidene
ring as electron donor unit and a ketone, N-cyanoimine, dicyano-
methylene or thione groups as electron acceptor unit. The com-
pounds were polymerized by free radical polymerization through
the introduced vinyl group.

2. Experimental section

2.1. Materials

Tetrahydrofuran and toluene were dried with a PureSolv-EN™
Solvent Purification System (Innovative Technology). All other
solvents were dried according to standard procedures.

All starting materials were purchased from commercial sources
and were used as obtained unless otherwise noted. 2,20-Azobi-
s(iso-butyronitrile) (AIBN) was recrystallized from methanol prior
to use. 3-Bromoanthracen-9(10H)-one (1) [16] and 2-methyl-1,3-
dithiolium tetrafluoroborate [17] were synthesized according to
literature procedures. Unless otherwise noted, all reactions were
performed under inert argon atmosphere. Reactions were moni-
tored 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, d scale) relative to the residual signal of the
deuterated solvent. Elemental analyses were carried out using a
Vario ELIIIeElementar Euro and an EAeHekaTech. Infrared spec-
troscopy was performed using a Thermo Electron Nicolet FT-IR
Avatar 370 DTGS. Cyclic voltammetry experiments were per-
formed using a Biologic VMP 3 potentiostat at room temperature
under argon atmosphere. A three-electrode setup was utilized
(WE: glassy carbon, RE: AgNO3/Ag in CH3CN, CE: Pt). The redox
couple Fcþ/Fc was used as internal standard after each measure-
ment. UV-vis-NIR spectroelectrochemical experiments were car-
ried out in a quartz cuvette containing the respective electrolyte
solution, a platinum grid working electrode, a platinum wire
auxiliary electrode, and a AgNO3/Ag reference electrode. The po-
tential was controlled using a Metrohm Autolab PGSTAT30
potentiostat. The redox process was monitored using a Perki-
nElmer Lambda 750 UV-vis spectrophotometer and considered
complete when there was no further spectral change. 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: DMAcþ 0.21% LiCl, 1 mL/min, temperature: 40 �C,
column: PSS GRAM guard/1000/30 Å).

2.2. Monomer synthesis

2.2.1. 3-Bromo-10-(1,3-dithiol-2-ylidene)anthracen-9(10H)-one (2)
A flask was charged with 3-bromoanthracen-9(10H)-one (2.9 g,

10.6 mmol) and 2-methylthio-1,3-dithiolium tetrafluoroborate
(12.96 g, 54.9 mmol). Acetic acid (130 mL), followed by pyridine
(26 mL) were added and the mixture was stirred for 30 min at
120 �C. The solution was cooled to room temperature and the
formed precipitate was filtered off. Subsequently, the solid was
washed with water and dried to yield 3.1 g (8.3 mmol, 78%) as or-
ange powder. 1H NMR (300 MHz, CD2Cl2, d): 8.21 (dd, J ¼ 8 Hz, 1H,
Ar H), 8.10 (m, 2H; Ar H), 7.99 (d, J ¼ 8 Hz, 1H; Ar H), 7.70 (m, 1H, Ar
H), 7.56 (dd, J¼ 7 Hz, 1H, Ar H), 7.45 (m,1H, Ar H), 6.58 (s, 2H, SCH);
13C NMR: Not possible due to the low solubility; EIMS m/z (%): 374
(100) [Mþ þ 2], 372 (100) [Mþ], 294 (5) [Mþ�Br þ H], 163 (14);
HRMS (ESI) m/z: [M]þ calcd for C17H9BrOS2, 371.9273; found,
371.9278.

2.2.2. 3-Vinyl-10-(1,3-dithiol-2-ylidene)anthracen-9(10H)-one (3)
A closed flask was charged with 2 (0.75 g, 2.0 mmol), 4,4,5,5-

tetramethyl-2-vinyl-1,3,2-dioxaborolane (0.40 g, 2.6 mmol), tet-
raoctylammonium bromide (0.22 g, 0.4 mmol), tetrakis
(triphenylphosphine)palladium(0) (115 mg, 0.1 mmol, 5 mol%),
potassium carbonate (0.83 g, 6 mmol), 2,6-di-tert-butyl-4-
methylphenol (0.02 g, 0.1 mmol), toluene (9.7 mL), THF (7.5 mL)
and water (3.9 mL). The mixture was purged with argon for 20 min
and stirred for 15 h at 120 �C. Subsequently, the reaction mixture
was cooled to room temperature andwater was added. Themixture
was extracted with dichloromethane (3 � 20 mL). All collected
organic phases were washed with water (3 � 20 mL), dried over
magnesium sulfate, filtered and the solvent was evaporated under
reduced pressure. The crude product was purified by column
chromatography (silica gel 60; dichloromethane) to obtain 0.50 g
(1.6 mmol, 78%) as orange powder. 1H NMR (300 MHz, CD2Cl2, d):
8.20 (m, 2H, Ar H), 7.98 (m, 2H; Ar H), 7.68 (t, J ¼ 8 Hz, 1H; Ar H),
7.45 (m, 2H, Ar H), 6.89 (m, 1H, CH vinyl), 6.54 (s, 2H, SCH), 5.98 (d,
J ¼ 18 Hz, 1H, CH2 vinyl), 5.49 (d, J ¼ 11 Hz, 1H, CH2 vinyl); 13C NMR
(75 MHz, CD2Cl2, d): 183.0 (C]O), 146.4, 141.2, 140.2, 139.7, 136.7,
132.1, 131.0, 130.2, 127.7, 127.2, 126.8, 126.5, 124.6, 124.3, 118.6, 118.5,
117.8, 117.3; EIMSm/z (%): 321 (100) [Mþ þ H], 294 (64) [Mþ � CH]
CH2], 189 (100) [C14H5Oþ]; HRMS (ESI) m/z: [2M þ Na]þ calcd for
C19H12OS2, 663.0551; found, 663.0528.

2.2.3. N-(3-vinyl-10-(1,3-dithiol-2-ylidene)-anthracen-9(10H)-
ylidene)cyanamide (4)

3 (100 mg, 0.31 mmol) was dissolved in chloroform (15 mL).
Titanium(IV) chloride (0.12 mL, 1.1 mmol) followed by bis
(trimethylsilyl)carbodiimide (0.21 mL, 0.9 mmol) was added and
themixturewas stirred under reflux for 96 hwith periodic addition
of additional bis(trimethylsilyl)carbodiimide (2.5 mL, 11.0 mmol).
The reaction mixture was allowed to cool to room temperature and
water (10 mL) was added. Subsequently, the mixture was extracted
with dichloromethane (3 � 25 mL). The combined organic phases
were washed with water (3 � 25 mL), dried over magnesium sul-
fate, filtered and the solvent was removed under reduced pressure.
The crude product was purified by column chromatography (silica
gel 60; dichloromethane:n-hexane, 2:1) to obtain 24 mg
(0.07 mmol, 22%) of a purple solid. 1H NMR (300 MHz, CD2Cl2, d):
8.99 to 8.12 (br, 1H, Ar H), 8.12 to 7.76 (br, 2H; Ar H), 7.70 (m, 1H; Ar
H), 7.57 to 7.09 (br, 3H, Ar H), 6.88 (m, 1H, CH vinyl), 6.60 (s, 2H,
SCH), 6.01 (d, J ¼ 18 Hz, 1H, CH2 vinyl), 5.53 (d, J ¼ 11 Hz, 1H, CH2
vinyl); 13C NMR: Not possible due to low solubility; EIMS m/z (%):
344 (100) [Mþ], 317 (18) [Mþ � C2H3], 291 (5) [Mþ � C2H3CN]. 214
(18), 189 (5) [Mþ � C2H3CN � C2H3S2]; HRMS (ESI) m/z: [M þ Na]þ

calcd for C20H12N2S2, 367.0334; found, 367.0320.

2.2.4. 2-(3-Vinyl-10-(1,3-dithiol-2-ylidene)anthracen-9(10H)-
ylidene)malononitrile (5)

Compound 3 (300 mg, 0.94 mmol), malononitrile (620 mg,
9.4 mmol) and aluminum(III) chloride (620 mg, 4.68 mmol) were
dissolved in chloroform (20 mL) and then pyridine (0.25 mL,
3.12mmol) was added. The reactionmixturewas stirred at 80 �C for
5 h. Subsequently, titanium(IV) chloride (0.5 mL, 4.7 mmol) was
added and the mixture was heated to 80 �C for 15 h. The reaction
mixture was cooled to room temperature and water was added.
Subsequently, the mixture was extracted with dichloromethane
(3 � 25 mL) and the organic phase was dried over magnesium
sulfate and filtered. The solvent was removed under reduced
pressure and the crude product was purified by column chroma-
tography (silica gel 60; dichloromethane) to obtain 340 mg
(0.92 mmol, 98%) of the purple solid. 1H NMR (300 MHz, CD2Cl2, d):
8.11 (t, J¼ 8 Hz, 2H, Ar H), 7.99 (m, 2H; Ar H), 7.61 (t, J¼ 8 Hz,1H; Ar
H), 7.43 (m, 2H, Ar H), 6.84 (m, 1H, CH vinyl), 6.56 (s, 2H, SCH), 5.96
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(d, J ¼ 18 Hz, 1H, CH2 vinyl), 5.48 (d, J ¼ 11 Hz, 1H, CH2 vinyl); 13C
NMR (75 MHz, CD2Cl2, d): 162.2 (C]O), 146.4, 141.0, 136.7, 136.2,
136.2, 131.7, 127.2, 126.8, 126.7, 125.8, 124.5, 123.4, 118.8, 118.7, 118.3,
117.7, 115.5, 77.3; EIMS m/z (%): 368 (100) [Mþ], 342 (12)
[Mþ � CH]CH2 þ H], 305 (4) [Mþ � C(CN)2 þ H], 265 (23)
[M � C3H3S2]; HRMS (ESI) m/z: [M þ H]þ calcd for C22H12N2S2,
369.0515; found, 369.0502.

2.2.5. 3-Vinyl-10-(1,3-dithiol-2-ylidene)anthracen-9(10H)-thione
(6)

A flask was charged with 3 (100 mg, 0.31 mmol), Lawesson's
reagent (189 mg, 0.47 mmol) and toluene (20 mL). The reaction
mixture was stirred at 80 �C for 2 h. The mixture was cooled to
room temperature and passed through a silica gel plug. The solvent
was removed under reduced pressure and the crude product was
purified by column chromatography (silica gel 60; dichlor-
omethane:n-hexane, 1:1) to obtain 84 mg (0.25 mmol, 80%) of the
blue/violet solid. 1H NMR (300 MHz, CD2Cl2, d): 8.54 (t, J ¼ 12 Hz,
2H, Ar H), 7.96 (m, 2H; Ar H), 7.69 (m, 1H; Ar H), 7.39 (m, 2H, Ar H),
6.87 (m, 1H, CH vinyl), 6.59 (s, 2H, SCH), 6.00 (d, J ¼ 18 Hz, 1H, CH2
vinyl), 5.51 (d, J ¼ 11 Hz, 1H, CH2 vinyl); 13C NMR (75 MHz, CD2Cl2,
d): 215.3 (C]O), 147.6, 140.9, 238.9, 238.3, 136.7, 136.1, 134.0, 133.5,
131.8, 129.9, 129.3, 127.0, 125.7, 124.7, 123.5, 119.4, 119.2, 117.4; EIMS
m/z (%): 336 (100) [Mþ], 277 (10) [Mþ � C2H3S], 234 (9)
[Mþ � C3H2S2þ]; HRMS (ESI) m/z: [M þ H]þ calcd for C19H12S3,
336.0095; found, 336.0085.

2.3. Polymer synthesis

2.3.1. General procedure of polymerization
A flask was charged with the monomer, the initiator and a sol-

vent. The reaction mixture was purged with argon for 15 min and
heated for 21 h. Subsequently, the mixture was allowed to cool to
room temperature and the polymer was precipitated in acetone.
The product was purified by reprecipitation from dichloromethane
into methanol.

2.3.2. Poly[3-vinyl-10-(1,3-dithiol-2-ylidene)anthracen-9(10H)-
one] (P1)

From monomer 3 (50 mg, 0.16 mmol), AIBN (1.28 mg, 7.8 mmol,
5 mol%) and 1,2-dichloroethane (0.6 mL) at 70 �C. Polymer P1 was
obtained as dark orange solid (30 mg, 60%). 1H NMR (300 MHz,
DMF-d7, d): 7.96 to 5.68 (br, 9H, Ar H), 2.31 to 0.64 (br, 3H).

2.3.3. Poly[3-vinyl-10-(1,3-dithiol-2-ylidene)anthracen-9(10H)-
one] (P2)

From monomer 3 (50 mg, 0.16 mmol), AIBN (1.28 mg, 7.8 mmol,
5 mol%) and NMP (0.16 mL) at 70 �C. Polymer P2 was obtained as
dark orange solid (46 mg, 92%). 1H NMR (300MHz, DMF-d7, d): 7.94
to 5.68 (br, 9H, Ar H), 2.32 to 0.66 (br, 3H).

2.3.4. Poly[3-vinyl-10-(1,3-dithiol-2-ylidene)anthracen-9(10H)-
one] (P3)

From monomer 3 (50 mg, 0.16 mmol), AIBN (1.28 mg, 7.8 mmol,
5 mol%) and DMSO (0.5 mL) at 70 �C. Polymer P3 was obtained as
dark orange solid (49 mg, 98%). 1H NMR (300MHz, DMF-d7, d): 7.95
to 5.69 (br, 9H, Ar H), 2.30 to 0.65 (br, 3H).

2.3.5. Poly[N-(3-vinyl-10-(1,3-dithiol-2-ylidene)-anthracen-
9(10H)-ylidene)cyanamide] (P4)

Frommonomer 4 (22 mg, 0.06 mmol), AIBN (0.52 mg, 3.2 mmol,
5 mol%) and DMSO (0.4 mL) at 70 �C. Polymer P4 was obtained as
dark purple solid (8 mg, 36%). 1H NMR (300 MHz, DMF-d7, d): 7.98
to 5.49 (br, 9H, Ar H), 2.47 to 1.65 (br, 3H).

2.3.6. Poly[2-(3-vinyl-10-(1,3-dithiol-2-ylidene)anthracen-9(10H)-
ylidene)malononitrile] (P5)

From monomer 5 (30 mg, 0.08 mmol), 5.5 M solution of tert-
butyl hydroperoxide in decane (0.75 mL, 4.1 mmol, 5 mol%) and
DMSO (0.22 mL) at 130 �C. Polymer P5 was obtained as dark purple
solid (20 mg, 67%). 1H NMR (300 MHz, DMF-d7, d): 7.97 to 5.53 (br,
9H, Ar H), 2.51 to 1.40 (br, 3H).

2.3.7. Poly[3-vinyl-10-(1,3-dithiol-2-ylidene)anthracen-9(10H)-
thione] (P6)

From monomer 6 (60 mg, 0.18 mmol), AIBN (1.46 mg, 8.9 mmol,
5 mol%) and DMSO (0.2 mL) at 70 �C. Polymer P6 was obtained as
dark blue solid (35mg, 58%). 1H NMR (300MHz, DMF-d7, d): 7.93 to
5.43 (br, 9H, Ar H), 2.51 to 1.20 (br, 3H).

3. Results and discussion

3.1. Synthesis of the monomers

The monomer synthesis is depicted in Scheme 1 and started
from 3-bromoanthracen-9(10H)-one (1). The bromine substituent
and later the polymerizable group is introduced in 3-position to
avoid steric hindrance during the polymerization. 1 was synthe-
sized in a three-step synthetic route [16], because a direct bromi-
nation of the 9(10H)-anthracenone at 3-position led to a mixture
of multibrominated compounds. To introduce the 1,3-dithio-
2-ylidene group, 1 and 2-methylthio-1,3-dithiolium tetra-
fluoroborate were dissolved in a mixture of acetic acid and pyridine
(5:1) and heated for 30 min. A higher ratio of pyridine results in
longer reaction times and side products are formed. The product 2
could be obtained in high purity after precipitation and was used
for the next reaction step without any further purification. Due to
the bromine substituent, different polymerizable groups such as
acetylene, norbornene or vinyl can be introduced by Pd-catalyzed
CeC cross coupling reactions. The vinyl group was selected to
obtain a styrene derivative, which can be polymerized by
straightforward free radical polymerization techniques. It was
introduced by a Pd-catalyzed Suzuki cross coupling reaction, which
yields monomer 3. Subsequently, three different derivatives were
synthesized utilizing a one-step modification of the carbonyl group
of 3. The substituents are in detail N-cyanoimine, dicyano-
methylene as well as thione and possess different electron acceptor
strengths, which influences the redox potentials. Therefore, the
electrochemical behavior of this substance class can be tuned to
obtain tailored properties for specific applications. The N-cyanoi-
mine group of monomer 4 was achieved by the reaction of 3 with
titanium(IV) chloride and bis(trimethylsilyl)carbodiimide in mod-
erate yields. Monomer 5 was obtained by a Knoevenagel conden-
sation using malononitrile and pyridine as base. Aluminum
chloride as well as titanium(IV) chloride was used as Lewis acid and
the product could be obtained in a very high yield (98%). The thione
group of monomer 6 was introduced by the utilization of Law-
esson's reagent. The product was achieved after a reaction time of
2 h with a yield of 80%.

3.2. Synthesis of the polymers

All resulting monomers were polymerized using the free radical
polymerization technique with 2,20-azobis(2-methylpropionitrile)
(AIBN) or tert-butyl hydroperoxide as initiator (Scheme 2). The
analytical data of the polymers are summarized in Table 1. The
polymerization of 3 could be performed in a limited range of sol-
vents (i.e. 1,2-dichloroethane, N-methyl-2-pyrrolidone (NMP) or
dimethylsulfoxide (DMSO)) due to the limited solubility of 3. The
best results were obtained for P3 in DMSO with a molar mass of
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Mn ¼ 15,600 g/mol, a PDI value of 2.7 and 92% yield. Chlorinated
solvents such as 1,2-dichloroethane led to chain-terminating re-
actions resulting in a lower yield (60%) and larger PDI value (3.0). As
a consequence, all other polymerization reactions were performed
in DMSO as the monomers 4, 5 and 6 reveal similar solubility
properties. Polymer P6 could be obtained with a 58% yield and a
high molar mass (Mn) of 24,300 g/mol (PDI ¼ 1.7) using 5 mol%
AIBN as initiator. The molar mass and the yield of P4 were
comparably low (Mn ¼ 6,500 g/mol, PDI¼ 1.3, 36%), possibly due to
steric hindrance of the specious redox unit during the chain-
growth reaction. The polymerization of monomer 5, which is ste-
rically more demanding, was initiated with AIBN at 70 �C and led

only to oligomers with a very low yield. As a consequence for a
successful polymerization of 5, the reaction temperature was
increased to 130 �C and tert-butyl hydroperoxide was chosen as
suitable initiator. Polymer P5 could be obtained with a high molar
mass (Mn ¼ 23,400 g/mol, PDI¼ 1.7) and acceptable yield (58%). All
polymers were investigated by SEC and revealed a distinct mono-
disperse distribution (Fig. 1). Furthermore, all polymers were
analyzed by FT-IR spectroscopy. Comparison of the spectra of the
polymers and the corresponding monomers (Fig. S1) revealed no
significant changes. This indicates that no side reactions took place
during the polymer synthesis and the functional moieties are
attached to the polymer backbone.

3.3. Electrochemistry

The electrochemical behavior of all monomers was investigated
by cyclic voltammetry using a solution of 0.1 M tetra-N-butyl-
ammonium perchlorate (TBAClO4) in acetonitrile as electrolyte. The
results are summarized in Table 2. All monomers, except monomer
4, show a reversible redox process attributed to the oxidation of the
1,3-dithiol-2-ylidenemoiety forming a radical cation in the range of
0.39 and 0.49 V vs. Fcþ/Fc (Fig. 2).

The reduction of monomer 3 occurs at the most negative redox
potential, due to its poor electron accepting properties. It reveals a
reversible one-electron redox reaction at �1.84 V vs. Fcþ/Fc, which
is in good agreement with literature reports [11]. However,
compared to anthraquinone, its acceptor ability is decreased [18].

Scheme 1. Schematic representation of the synthesis of the monomers 3 to 6.

Scheme 2. Schematic representation of the synthesis of the polymers P1 to P6.

Table 1
Selected analytical data of the polymers prepared by free radical polymerization.

Polymer Monomer Initiator Solvent Mn
a [g/mol] Mw

a [g/mol] PDIa Yield [%]

P1 3 AIBN 1,2-Dichloroethane 19,000 56,000 3.0 60
P2 3 AIBN NMP 10,500 23,900 2.3 92
P3 3 AIBN DMSO 15,600 42,800 2.7 92
P4 4 AIBN DMSO 6,500 8,600 1.3 36
P5 5 tBuOOH DMSO 23,400 40,700 1.7 67
P6 6 AIBN DMSO 24,300 40,800 1.7 58

a Determined by SEC (DMAc, 0.21% LiCl, PS standard, RI detector).
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The electron acceptance of theN-cyanoimine functionality is higher
compared to the keto group and, therefore, the reduction of
monomer 4 to the radical anion occurs at higher potential (�1.45 V
vs. Fcþ/Fc), which is in line with recent results from Batsanov et al.
[12]. In contrast to their findings, the oxidation of monomer 4
(0.32 V vs. Fcþ/Fc) revealed to be partly irreversible and an addi-
tional irreversible signal occurs at �0.57 V vs. Fcþ/Fc, indicating

presumably a side reaction of the formed radical cation. The
malononitrile group of monomer 5 and the thione group of
monomer 6 are even better electron acceptors resulting in a higher
reduction potential of �1.33 V vs. Fcþ/Fc. The results are conform to
recent literature examples [19]. Furthermore, a second one-
electron reduction step occurs at around �1.65 V vs. Fcþ/Fc, cor-
responding presumably to the reduction of the aromatic skeleton,
which is comparable with the results from literature and similar to
the reduction potential of anthracene [11].

The low solubility of the polymers P3 to P6 in acetonitrile
directed us to investigate their electrochemical behavior in DMF-
based electrolytes (0.1 M TBAClO4); this behavior is surprisingly
different compared to the monomers (Fig. 3). All polymers feature
an irreversible oxidation process at ca. 0.4 V vs. Fcþ/Fc. indicating a
side reaction of the formed radical cation. The reduction processes
of the polymers are all reversible and depend, similarly to those of
the monomers, on the substitution pattern of the acceptor moiety.
In detail, the reduction of polymer P3 occurs at a potential
of �1.31 V vs. Fcþ/Fc, which is shifted to higher potential compared
to the reduction potential of the corresponding monomer (Fig. 3a).
Similar findings are presented in literature [20]. Another reduction
reaction occurs at the edge of the electrochemical stability of the
DMF-based electrolyte (�2.1 V vs. Fcþ/Fc), which is most likely
attributed to the reduction of the aromatic anthracene core of the
monomer unit. In contrast, the electrochemical behavior of P4 is in
good agreement with monomer 4: A one-electron reduction
at �1.43 V vs. Fcþ/Fc and an irreversible oxidation at 0.37 V vs. Fcþ/
Fc, indicating that the polymeric backbone has only a negligible
influence on the electron-accepting redox behavior (Fig. 3b). These
findings are in line with the electrochemical behavior of P5 and P6.
The reductions of P5 are slightly shifted to lower potentials. The
reduction of the dicyanomethylene group occurs at �1.39 V vs. Fcþ/
Fc while the reduction of the aromatic system occursmost probably
outside of the stability window of the used electrolyte (Fig. 3c).
Similar to monomer 6, the electrochemical behavior of P6 reveals
two one-electron reductions at �1.37 and �1.70 V vs. Fcþ/Fc, which
can be assigned to the reduction of the thione functionality and the
aromatic system, respectively, to the corresponding anions
(Fig. 3d). Additionally, UV-vis-NIR spectroelectrochemical studies
on the polymers were performed. The oxidation process of P3
revealed to be nearly reversible. During the oxidation, the absorp-
tion at 470 and 360 nm decreases; after re-reduction of the com-
pound the original spectrum is restored almost completely. The
reduction process shows no significant change in the UV-vis-NIR
spectrum (Fig. S10). The oxidation of P4 reveals an irreversible
redox behavior. The absorption band at 550 nm decreases signifi-
cantly during oxidation and the initial spectrum could not be
restored after re-reduction. The reduction reveals a shift of the
absorption band at 550 nm to lower wavelengths and the rise of a
second absorption at 360 nm after; the re-oxidation showed a
nearly reversible redox behavior (Fig. S11). During the oxidation of
P5, the absorption intensity at 550 nm decreases and the absorp-
tion band at 350 nm shows a slight, hypsochromic shift; the original
spectrum could be observed after re-reduction. The reduction of
the polymer reveals also a decrease of the absorption bands at 550
and 340 nm, while a third band is formed at 420 nm. Isosbestic
points are present at 396 and 500 nm, indicating the presence of
only two species. The re-oxidation reveals closely the original
spectrum (Fig. S12). During the oxidation of P6, the absorption band
at 550 nm decreases, while the absorption band at 340 nm in-
creases significantly; the initial spectrum could not be restored
after re-reduction of the polymer. During reduction, the absorption
bands at 550 and 340 nm decrease and the original spectrum is not
restored after re-oxidation. During the second reduction, the ab-
sorption at 550 and 340 nm decreases further and the absorption

Fig. 1. Size-exclusion chromatogram of the polymers. Eluent: DMAc, 0.21% LiCl,
polystyrene (PS) standard, RI detector.

Table 2
Cyclic voltammetric data for monomers 3 to 6 and for polymers P3 to P6.

Compound Eox [V] Ered [V]

3 0.39 �1.84
4 0.32a �1.45
5 0.49 �1.33; �1.66
6 0.49 �1.33; �1.64
P3 0.44a �1.31
P4 0.37a �1.43
P5 0.43a �1.39
P6 0.44a �1.37; �1.70

a Irreversible.

Fig. 2. Cyclic voltammograms of the monomers in acetonitrile, 0.1 M TBAClO4 at a scan
rate of 250 mV/s, c(monomer) ¼ 1 mg/mL, 1st cycle.
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band at 550 nm is shifted to lower wavelengths (Fig. S13). These
findings suggest that the radical ions, formed by oxidation/reduc-
tion, undergo a side reaction such as dimerization or irreversible
intermolecular sulfuresulfur bond formation between neighbored
1,3-dithiol-2-ylidene units during the oxidation [21].

4. Conclusions

In summary, a synthetic route towards redox-active bipolar
monomers based on the 10-(1,3-dithiol-2-ylidene)anthracen-
9(10H)one was developed. The polymerizable group can be altered
as desired and is introduced in a straightforward manner via Pd-
catalyzed cross coupling reactions. In this particular case, a vinyl
group was applied, which can by polymerized by the free radical
polymerization technique. The electron donating behavior of the
monomers relies on the 1,3-dithiol-2-ylidene group, which is able
to undergo a reversible one-electron redox reaction at around 0.4 V
vs. Fcþ/Fc. The redox potential of the reduction can be tailored in a
broad range (�1.33 to �1.84 V vs. Fcþ/Fc) by straightforward one-
step modifications of the carbonyl functionality of the 10-(1,3-
dithiol-2-ylidene)anthracen-9(10H)one to N-cyanoimine, dicyano-
methylene or thione enabling bipolarmaterials with a potential gap
in the range of 1.8 to 2.2 V vs. Fcþ/Fc. These monomers were
polymerized through the vinyl group applying the free radical
polymerization technique, leading to redox-active materials with
average molar masses in the range of 6,500 to 24,300 g/mol. The
reduction processes of these materials are still reversible in
solution as shown by cyclic voltammetry. However, limited
reversibility is revealed, in particular after oxidation of the 1,3-
dithiol-2-ylidene moiety, indicating a side reaction most probably
with neighboring redox-active units in the polymeric environment.
UV-vis-NIR spectroelectrochemistry measurements reveal partly
stable redox process of the polymers. However, the results reflect

only the redox behavior of the polymers in solution and can be
different in the solid state, e.g., as electrode material. The future
plans imply the introduction of a more spacious polymerizable
group, such as norbornene, leading to less dense polymer struc-
tures and fewer interactions between the redox-active units.
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Figure S1. IR spectra of a) 3 and P3, b) 4 and P4, c) 5 and P5 and d) 6 and P6. 
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Figure S2. Cyclic voltammograms of monomer 3 in acetonitrile, 0.1 M TBAClO4 at different 
scan rates (WE: GC; RE: AgNO3/Ag, in CH3CN; CE: Pt), c = 1 mg/mL, 1st and 2nd cycle. 
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Figure S3. Cyclic voltammograms of monomer 4 in acetonitrile, 0.1 M TBAClO4 at different 
scan rates (WE: GC; RE: AgNO3/Ag, in CH3CN; CE: Pt) , c = 1 mg/mL, 1st and 2nd cycle. 
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Figure S4. Cyclic voltammograms of monomer 5 in acetonitrile, 0.1 M TBAClO4 at different 
scan rates (WE: GC; RE: AgNO3/Ag, in CH3CN; CE: Pt) , c = 1 mg/mL, 1st and 2nd cycle. 
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Figure S5. Cyclic voltammograms of monomer 6 in acetonitrile, 0.1 M TBAClO4 at different 
scan rates (WE: GC; RE: AgNO3/Ag, in CH3CN; CE: Pt) , c = 1 mg/mL, 1st and 2nd cycle. 
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Figure S6. Cyclic voltammograms of polymer P3 in DMF, 0.1 M TBAClO4 at different scan 
rates (WE: GC; RE: AgNO3/Ag, in CH3CN; CE: Pt), c = 0.5 mg/mL, 1st and 2nd cycle. 

 

-2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0
-0.010

-0.005

0.000

0.005

0.010

I [
m

A
]

E [V] vs. Fc+/Fc

 500 mV/s
 250 mV/s
 100 mV/s
 50 mV/s

 
Figure S7. Cyclic voltammograms of polymer P4 in DMF, 0.1 M TBAClO4 at different scan 
rates (WE: GC; RE: AgNO3/Ag, in CH3CN; CE: Pt), c = 0.5 mg/mL, 1st and 2nd cycle. 
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Figure S8. Cyclic voltammograms of polymer P5 in DMF, 0.1 M TBAClO4 at different scan 
rates (WE: GC; RE: AgNO3/Ag, in CH3CN; CE: Pt), c = 0.5 mg/mL, 1st and 2nd cycle. 
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Figure S9. Cyclic voltammograms of polymer P6 in DMF, 0.1 M TBAClO4 at different scan 
rates (WE: GC; RE: AgNO3/Ag, in CH3CN; CE: Pt), c = 0.5 mg/mL, 1st and 2nd cycle. 
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Figure S10. UV-vis-NIR spectroelectrochemistry of P3 (DMF, 0.1 M TBAClO4. RE: 
AgNO3/Ag = 0.08 V vs. Fc+/Fc). 
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Figure S11. UV-vis-NIR spectroelectrochemistry of P4 (DMF, 0.1 M TBAClO4. RE: 
AgNO3/Ag = 0.08 V vs. Fc+/Fc). 
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Figure S12. UV-vis-NIR spectroelectrochemistry of P5 (DMF, 0.1 M TBAClO4. RE: 
AgNO3/Ag = 0.08 V vs. Fc+/Fc). 
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Figure S13. UV-vis-NIR spectroelectrochemistry of P6 (DMF, 0.1 M TBAClO4. RE: 
AgNO3/Ag = 0.08 V vs. Fc+/Fc). 
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ABSTRACT: Redox-active polymers draw significant attention

as active material in secondary batteries during the last dec-

ade. A new anthraquinone-based redox-active monomer was

designed, which electrochemical behavior was tailored by

mono-modification of one keto group. The monomer exhibits

two one-electron redox reactions and has a low molar mass,

resulting in a high theoretical capacity of 207 mAh/g. The poly-

merization of the monomer was optimized by variation of sol-

vent and initiator. Moreover, the electrochemical behavior was

studied using cyclic voltammetry and the polymer was used as

active material in a composite electrode in lithium organic bat-

teries. The polymer reveals a cell potential of 2.3 V and a

promising capacity of 137 mAh/g. During the first 100 cycles,

the capacity drops to 85% of the initial value. The influence of

the charging speed on the charging/discharging properties of

the batteries was further investigated. VC 2015 Wiley Periodicals,

Inc. J. Polym. Sci., Part A: Polym. Chem. 2015, 53, 2517–2523

KEYWORDS: electrochemistry; organic batteries; redox poly-

mers; synthesis

INTRODUCTION The application of redox-active organic com-
pounds, in particular polymers, in secondary batteries,
such as lithium or sodium-ion batteries, draw significant
attention during the last decade.1,2 In contrast to inor-
ganic materials, which are usually applied in secondary
batteries, organic structures feature several distinct
advantages such as being flexible,3 low-toxic, and are
producible in low-temperature processes in special cases
from recycled4 or renewable resources.5 Moreover, their
redox-potential can be tailored by the choice of the
appropriate redox system; up to now numerous different
redox-active compounds have been applied as active
electrode materials, such as stable organic radicals6,7 or
carbonyl compounds.8 Quinonide structures are of partic-
ular interest, because they undergo a redox reaction
involving two electrons and possess a comparably low
molar mass, resulting in high theoretical capacities. Two
major strategies have been developed to tailor the redox
potential of quinones (Fig. 1); they can be categorized
into two major approaches: Group I consists of quinones,
whose redox-potential is tuned by the introduction of
appropriate substituents. In general, 1,2-diones possess

higher potential than 1,4-diones and their redox potential
can be further tailored by the addition of electron pushing/
withdrawing substituents such as cyano,9 chloro,9 hydroxy,10

lithoxy,11,12 fluorinated, and non-fluorinated alkyl and alkoxy
groups,10,13–15 thiophene,16 pyridine,17 pyrazine,17 lithium
resp. sodium salts of carboxylic18 or sulfonic acids.19 Group
II represents compounds with modified redox core, such as
tetracyanoanthraquinone dimethanes20,21 or (p-extended)
tetrathiafuvalene systems, whose redox mechanism is based
on one two-electron reaction.22,23 However, the major draw-
back in the application of small quinonide molecules as
active electrode material is their solubility in common
organic electrolytes, which leads to a rapid capacity
decrease within the first charge/discharge cycles. Special
battery setups with crystalline electrodes or quasi-solid
electrolytes enable battery systems with small quinonide
molecules, but their setup end electrolytes are very com-
plex.9,24,25 A simple and promising approach to overcome
these decisive disadvantages is the incorporation of the
redox-active unit into a polymeric backbone, resulting in an
insoluble, but swellable material that remains electro-active
in the solid state.26,27

Additional Supporting Information may be found in the online version of this article.

VC 2015 Wiley Periodicals, Inc.

WWW.MATERIALSVIEWS.COM JOURNAL OF POLYMER SCIENCE, PART A: POLYMER CHEMISTRY 2015, 53, 2517–2523 2517

JOURNAL OF
POLYMER SCIENCE WWW.POLYMERCHEMISTRY.ORG ARTICLE



To further extend these approaches we decided to incorpo-
rate a mono-modified anthraquinone, where one keto group
is replaced by a N-cyanoimine group and utilize the resulting
polymer as active cathode material in a lithium-organic bat-
tery. This electro-active structure reveals a redox reaction at
2.3 V versus Li1/Li involving two electrons and could be
integrated into a polymeric environment by free radical poly-
merization of the introduced vinyl group.

EXPERIMENTAL

Materials
Tetrahydrofuran and toluene were dried with a PureSolv-
ENTM Solvent Purification System (Innovative Technology).
All other solvents were dried according to standard proce-
dures. All starting materials were purchased from commer-
cial sources and were used as obtained unless otherwise
noted. 2,20-Azobis(iso-butyronitrile) (AIBN) was recrystallized
from methanol prior to use. 2-Iodoanthraquinone (1) and 2-
vinylanthraquinone (2) were synthesized according to litera-
ture procedures.22 Unless otherwise noted, all reactions
were performed under inert argon atmosphere.

Characterization
The 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, d scale) relative to the residual signal of the deuter-
ated solvent. Elemental analyses were carried out using a
Vario ELIII–Elementar Euro and an EA–HekaTech. Cyclic vol-
tammetry experiments were performed using a Biologic
VMP 3 potentiostat at room temperature under argon
atmosphere. A three-electrode setup was utilized (WE:
glassy carbon, RE: AgNO3/Ag in CH3CN, CE: Pt). The redox

couple Fc1/Fc was used as internal standard after each
measurement. Electrochemical impedance spectroscopy was
carried out 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 detec-
tor: G1315D, RI detector: G1362A, eluent: DMAc1 0.21%
LiCl, 1 mL/min, temperature: 40 8C, column: PSS GRAM
guard/1000/30 Å).

Synthesis of Monomer
N-(10-oxo-vinylanthracen-9-(10H)-ylidene)cyanamide (3)
2 (3.0 g, 12.8 mmol) was dissolved in chloroform (60 mL).
Titanium(IV) chloride (1.4 mL, 12.8 mmol) followed by
bis(trimethylsilyl)carbodiimide (6.4 mL, 28.2 mmol) was
added and the mixture was stirred at 60 8C for 15 h. After
cooling to room temperature, the mixture was cast into satu-
rated ammonium chloride solution (50 mL) and the crude
product was extracted with dichloromethane (3 3 50 mL).
The combined organic phases were dried over magnesium
sulfate and the solvent was removed under reduced pres-
sure. The crude product was purified by column chromatog-
raphy (silica gel 60; dichloromethane) followed by a second
column chromatography (silica gel 60; dichloromethane:n-
hexane, 3:1) to obtain 1.7 g (6.7 mmol, 52%) as ocher pow-
der. 1H NMR (300 MHz, CD2Cl2, d): 9.75 to 8.02 (br, 4H; Ar
H), 7.87 (m, 2H, Ar H), 6.91 (m, 1H; vinyl), 6.10 (m, 1H;
vinyl), 5.59 (m, 1H; vinyl); 13C NMR (75 MHz, CD2Cl2, d):
182.2 (C5O), 181.7 (C5O), 172.1 (C5N), 171.4 (C5N),
144.4, 143.8, 135.4, 135.1, 134.7, 134.6, 134.5, 132.8, 132.4,
131.7, 128.2, 127.6, 127.4, 125.7, 125.1, 119.6, 119.2, 114.5
(C�N), 114.4 (C�N); EIMS [m/z (%)]: 258 (100) [M1], 331
(23) [M12CN1H], 203 (19) [C16H11

1], 176 (13) [C14H8
1],

76 (27) [C6H4
1]; HRMS (ESI, m/z): [M1Na]1 calcd. for

C17H10N2O: 281.0685; found: 281.0687.

FIGURE 1 Schematic representation of discharge potentials and theoretical capacities of quinone derivatives applied as active

cathode material in Li-organic batteries. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.

com.]
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Synthesis of Polymers
General Procedure of Polymerization of 3
A flask was charged with 3 (50 mg, 0.2 mmol), initiator,
divinylbenzene (for 4i and 4j), and solvent (for detailed
information see Table 1). The reaction mixture was degassed
by the freeze-pump-thaw method and heated to 70 and
130 8C, respectively. Subsequently, the mixture was allowed
to cool to room temperature and the polymer was precipi-
tated in acetone twice and was collected by centrifugation.
The product as an ocher powder was dried under vacuum.
1H NMR (300 MHz, DMSO-d6, d): 8.79–6.16 (br, 7H; Ar H),
1.96–0.69 (br, 3H).

Preparation of Composite Electrodes
A solution of polymer 4 and poly(vinylidenefluoride) (PVDF;
Sigma Aldrich) as binder in N-methyl-2-pyrrolidone (NMP)
(cpolymer5 10 mg/mL) was added to multi-walled carbon
nanotubes (MWCNT; Sigma Aldrich) as conducting additives
(ratio: polymer/PVDF/MWCNT, 1/1/8, w/w/w). These mate-
rials were mixed in a mortar for 10 min and the slurry was
coated on graphite foil and aluminum foil, respectively,
applying a doctor blade method. Subsequently, NMP was
removed by heating the electrodes at 80 8C for 20 h.

Preparation of the Coin Cells
The coin cells (type 2032) were manufactured under argon
atmosphere. Suitable round composite electrodes on aluminum
foil (15 mm diameter) were cut with a MTI Corporation Preci-
sion Disc Cutter T-0.6. The amount of active material on the
electrodes was determined on the basis of the weight of the
dried electrodes. The electrode, utilized as cathode, was placed
into the bottom cell case and separated from the lithium anode
by a porous polypropylene membrane (Celgard, MTI Corpora-
tion). A stainless steel spacer (diameter: 15.5 mm, thickness:
0.3 mm, MTI corporation) and a stainless steel wave spring
(diameter: 14.5 mm, thickness: 5 mm) were placed on top of
the lithium anode. The cell was filled with electrolyte and the
top cell case was placed onto the electrode. Subsequently, the

cell was sealed with an electric crimper machine (MTI Corpo-
ration MSK-100D). Electrochemical measurements were per-
formed 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 the polymer in the electrode.

RESULTS AND DISCUSSION

Synthesis of Monomer and Polymers
The synthetic route of polymer 4 is depicted in Scheme 1
starting from commercially available 2-aminoanthraquinone,
which was transformed to 2-iodoanthraquinone 1 by a p-tol-
uene sulfonic acid supported Sandmeyer reaction.22 Different
polymerizable groups such as acetylene, norbornene, or vinyl
can be introduced by subsequent palladium catalyzed C–C
cross-coupling reactions due to the iodine substituent. The
vinyl group was introduced by a palladium catalyzed Hiyama
cross-coupling reaction in high yield22 to obtain monomer 3,
which can be polymerized by metal catalyst free radical
polymerization techniques. Subsequently, one of the carbonyl
groups was transformed into a N-cyanoimine group using
titanium (IV) chloride and bis(trimethylsilyl)carbodiimide.
Monomer 3 could be achieved in moderate yields as an iso-
meric mixture due to similar reactivity of both carbonyl
groups. The isomers were not separated because both iso-
mers reveal similar electrochemical properties. Monomer 3
was polymerized using the free radical and the nitroxide
mediated polymerization (NMP) technique to obtain eight
linear (4a to 4h) and two cross-linked polymers (4i and 4j).
The polymerization step is important to enhance the charge/
discharge stability of the organic material, which is depend-
ent on the non-solubility of the active material in the electro-
lyte. Oligomers and small chain polymers reveal a better
solubility, which lead to a capacity decay during the first
charge/discharge cycles of the battery. As a consequence,

TABLE 1 Selected Analytical Data for Polymers 4 Prepared by Free Radical Polymerization and NMP, Respectively

Polymer Solvent

Concentration

(mol/L) Initiator

Temperature

(8C)

Mn
a

(g/mol) PDIa
Yield

(%)

4a 1,2-Dichloromethane 1.00 AIBN (2 mol%) 70 5,800 1.24 4

4b NMP 1.00 AIBN (2 mol%) 70 5,200 1.23 2

4c DMSO 1.00 AIBN (2 mol%) 70 4,500 1.37 54

4d DMF 1.00 AIBN (2 mol%) 70 5,100 1.328 2

4e DMAc 1.00 AIBN (2 mol%) 70 4,800 1.28 12

4f DMSO 1.05 TBHP (5 mol%) 130 2,600 1.37 33

4g DMSO 1.05 DTBP (5 mol%) 130 5,900 2.39 83

4h DSMO 1.05 CMSt-TIPNO (5 mol%) 130 10,200 16.12 66

4ib DMSO 1.05 DTBP (5 mol%) 130 8,000d 4.57d 83

4jc DMSO 1.05 DTBP (5 mol%) 130 278,900d 1.54d 85

a Determined by SEC (DMAc, 0.21% LiCl, polystyrene standard, RI

detector).
b Cross-linked polymer synthesized with divinylbenzene (2 mol%).

c Cross-linked polymer synthesized with divinylbenzene (5 mol%).
d SEC measurements were performed with the soluble part of the

polymers.
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high molar mass polymers without low molar mass oligom-
ers are preferred. An alternative approach is the utilization
of cross-linked polymers, which possess a low solubility in
the electrolyte. However, this can lead to a completely insol-
uble material, which complicates the electrode processing
and results in a low material activity in the battery. The ana-
lytical data of the polymers is summarized in Table 1. All
polymers were investigated by size-exclusion chromatogra-
phy (SEC). The linear polymers synthesized by free radical
polymerization reveal a monomodal distribution. The free
radical polymerization was performed with AIBN as initiator
in a limited range of different solvents [i.e., 1,2-dichloro-
ethane, N-methyl-2-pyrrolidone (NMP), dimethylsulfoxide
(DMSO), N,N-dimethylformamide (DMF), and N,N-dimethyla-
cetamide (DMAc)] due to the poor solubility of 3. The best
results were obtained in DMSO with a yield of 54%. All
other solvents led to very poor yield (2–12%) and low molar
masses (4,500 to 5,800 g/mol), presumably due to steric
hindrance of the N-cyanoimine group and chain terminating
reactions. As a consequence, the reaction temperature was
increased to 130 8C and, therefore, other initiators were cho-
sen. The polymerization with tert-butyl hydroperoxide
(TBHP) as initiator led to a polymer with a very low molar
mass of 2,600 g/mol (PDI5 1.37) in 33% yield. The molar
mass as well as the yield could be increased to 5,900 g/mol
and 83%, respectively, by the utilization of di-tert-butyl per-
oxide (DTBP) as initiator. However, the PDI value increased
to 2.39. Additionally, nitroxide mediated polymerization with
the initiator N-tert-butyl-O-[1-[4-(chloromethyl)phenyl]ethyl]-
N-(2-methyl-1-phenylpropyl)hydroxylamine (CMSt-TIPNO)
was performed to avoid side reactions as well as to increase
thereby the molar mass. 4h was achieved in moderate yields
and a high molar mass (Mn5 10,200 g/mol, PDI5 16.1,
66%). However, the SEC measurement revealed a multimodal
distribution due to a poor control of the polymerization

presumably by chain transfer to the solvent, which has no
influence on the redox behavior of the polymer. Because of
the good solubility of the polymers in standard electrolyte
solutions for lithium organic batteries, such as ethylene
carbonate/dimethyl carbonate 1/4 (v/v), two cross-linked
polymers were synthesized with divinylbenzene as cross-
linker. The polymerizations were performed with tert-butyl
peroxide as initiator in DMSO with 2 and 5 mol% divinyl-
benzene, respectively, resulting in mainly insoluble polymers.
The SEC data were determined using the soluble part of the
polymers, which revealed a molar mass (Mn) of about
8,000 g/mol for the polymer, cross-linked with 2 mol%

SCHEME 1 Schematic representation of the synthesis of monomer 3 and polymer 4.

FIGURE 2 Normalized cyclic voltammograms of monomer 3

(c50.6 mg/mL), polymer 4c (c50.2 mg/mL) (in DMF, 0.1 M

LiClO4, 100 mV/s), and composite electrode (4h/PVDF/MWCNT

1/1/8 (w/w/w)) in EC/DMC 1/4 (v/v), 1 M LiClO4, 5 mV/s, 1st

cycle, WE: glassy carbon, RE: AgNO3/Ag in CH3CN, CE: Pt.

[Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]
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divinylbenzene. As expected, the molar mass distribution of
the polymer is very broad (PDI5 4.57). The second cross-
linked polymer (5 mol% divinylbenzene) achieved a higher
molar mass of about 280,000 g/mol (PDI5 1.54). The molar
mass of the polymer could not be determined exactly due to
the exclusion limit of the SEC column. The yields of both
cross-linked polymers are high with over 80%.

Electrochemical Performances
The electrochemical behavior of monomer 3 and polymer 4c
was investigated by cyclic voltammetry and, therefore, a solu-
tion of 0.1 M lithium perchlorate in DMF was utilized as elec-
trolyte due to the good solubility of both the monomer and
the polymer (Fig. 2). The results are summarized in Table 2.
The monomer 3 features two reversible one-electron reduc-
tion steps at 20.88 and 21.31 V versus Fc1/Fc. The electron
acceptance of the N-cyanoimine functionality is increased
compared to the keto group and, therefore, the reduction of
the monomer to the radical anion and to the dianion occurs
at a more positive potential compared to anthraquinone
(E11/25 –1.2 V and E21/25 –1.7 V vs. Fc1/Fc).18 Furthermore,
due to the incorporation of only one N-cyanoimine group, the
reduction potentials are even lower compared to the difunc-
tionalized N,N0-dicyano-9,10-anthraquinonediimine (E11/25 –
0.68 V and E21/25 –1.04 V vs. Fc1/Fc).28 The peak splits of
both reduction steps are in the range of 74 to 120 mV and
decrease with slower scan rates. The incorporation of the
monomer in a polymeric environment led to a slight shift of
the first reduction potential to 20.99 V versus Fc1/Fc. The
second reduction step is not influenced by the polymeric
backbone (E1=25 –1.31 V vs. Fc1/Fc). The shift of the first
reduction potential is presumably due to p-p-stacking of the
monomeric units in the polymer, which requires a higher
energy to break these interactions. The first reduction state is
negatively charged and due to repulsion of the monomer
units, the p–p stacking interactions are revoked and, as a con-
sequence, the second reduction step is comparable to the
reduction of the monomer. The reduction processes are
reversible and stable and their peak splits are also low and
decrease with lower scan rates. Additionally, the polymer was
further investigated electrochemically as composite electrode
on a graphite sheet as current collector (Fig. 2, Table 2). An
electrode slurry of 4/PVDF/MWCNT 1/1/8 (w/w/w) was
spread onto the current collector by a doctor blading method
and was dried at 80 8C. The electrode was immersed in a

solution of 0.1 M LiClO4 in ethylene carbonate/dimethyl car-
bonate (EC/DMC) 1/4 (v/v) and cyclic voltammetry revealed
a stable and reversible reduction wave at 21.02 V vs. Fc1/Fc,
which proved that the carbon material has no significant
influence on the reduction potential. However, both reduction
signals are coalesced to one broad redox wave and a large
peak-to-peak separation of 0.53 V at 10 mV/s was observed;
that can be assigned to slow kinetics due to slow diffusion
processes in the electrode, comparable low conductivity of
the composite film as well as to the massive geometrical
changes of the redox active units during the redox processes.
The peak split decreases with lower scan rates.

Coin Cell Studies
Encouraged by the suitable redox activity of polymer 4, lith-
ium organic batteries were constructed to investigate the
charge/discharge properties of the polymers. For this pur-
pose, the high molar mass polymer (4h) as well as both
cross-linked polymers (4i and j) were used due to their high
insolubility in the used electrolyte. The coin cells were pre-
pared under inert atmosphere by sandwiching a composite
electrode 4/PVDF/MWCNT 1/1/8 (w/w/w) and a lithium
foil separated by a porous membrane. Different solvents
(e.g., EC, DMC, diethyl carbonate, ionic liquids and their mix-
tures) were tested as electrolytes. The best results were
obtained with a solution of 1 M LiClO4 in EC/DMC 1/4 (v/v)
and, as a consequence, all further studies were carried out
with this electrolyte. Self-discharge behavior was investi-
gated by OCV measurements and no significant decrease in
the battery’s state of charge could be observed within 13
days. The charge/discharge properties of all cells revealed a
plateau at a cell potential of 2.33 V for charging and at
2.28 V for discharging, which corresponds to the characteris-
tic overpotential of the coin cell. An electrochemical im-
pedance spectroscopy measurement was carried out to

TABLE 2 Cyclic Voltammetric Data of Monomer 3, Polymer 4,

and the Composite Electrode

Compound

E1
1=2

(V vs. Fc1/Fc)

E2
1=2

(V vs. Fc1/Fc)

Monomer 3a 20.88 21.31

Polymer 4a 20.99 21.31

Composite electrodeb 21.02

a In DMF, 0.1 M LiClO4, 100 mV/s.
b Composite: 4/PVDF/MWCNT 1/1/8 (w/w/w); in EC/DMC 1/4 (v/v), 1 M

LiClO4, 5 mV/s.

FIGURE 3 Charge/discharge cycles of a lithium organic battery

of polymer 4h, 4i, and 4j in EC/DMC 1/4 (v/v), 1 M LiClO4 (100

cycles, 5C). The anode is lithium metal, the cathode is a com-

posite of (4h, 4i, or 4j/PVDF/MWCNT 1/1/8 (w/w/w). [Color fig-

ure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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investigate the overpotential in detail, resulting in a total
ohmic resistance of 218 X (see Supporting Information for
further details). To analyze the influence of the different
polymeric environments, the charge/discharge behavior of
the polymers 4h, 4i and 4j were investigated (Fig. 3). The
polymers revealed a stable charge/discharge behavior. The
coin cell with polymer 4h had an initial capacity of about
130 mAh/g, which drops down to 112 mAh/g, 15% capacity
loss after 100 cycles. A further swelling of the polymer
within the first cycles results in a slight increase of the
capacity after about 20 cycles. Due to the lower solubility of
the cross-linked polymers in the electrolyte, these cells
showed a decrease of the capacity of only 12% and 6% for
polymer 4i and 4j, respectively, after 100 cycles. However,
the initial capacity is low with about 80 and 62 mAh/g (31
and 26% active material), respectively. Based on the highest
capacity and the good cycle stability, polymer 4h was further
investigated in detail (Fig. 4). At the first charge/discharge
cycle, the battery exhibits a capacity of 137 mAh/g, which
corresponds to 53% of the theoretical capacity. Within 100
cycles the capacity drops to 118 mAh/g corresponding to
45% of the theoretical capacity. The influence of the charging
speed was investigated during the first 80 cycles. The
capacity decreases by 5% to 127 mAh/g at a charging speed
of 2C and at a charging speed of 5C, the capacity drops by
further 18% to 94 mAh/g. The coulombic efficiency is over
96% at all charging speeds. The charging cell potential is not
significantly influenced by the charging speed. However, the
discharging potential drops from 2.33 V (1C) to 2.10 V (5C).

CONCLUSIONS

A new anthraquinone-based monomer was synthesized and
due to the mono-modification the redox behavior of the
monomer can be tailored. The monomer was polymerized

using free radical polymerization and nitroxide mediated
polymerization techniques. The polymerization was opti-
mized to yield 4 in high molar masses as well as in high
yields, which allow its application in lithium organic bat-
teries. The electrochemical behavior of both monomer and
polymers was investigated by cyclic voltammetry. The mono-
mer possesses two reversible one-electron reductions at
20.88 and 21.31 V versus Fc1/Fc, that is shifted to 20.99
and 21.31 V versus Fc1/Fc after incorporation of the mono-
mer into an polymeric environment. The polymeric backbone
as well as the conducting and binding materials revealed no
significant influence on the electrochemical behavior and, as
a consequence, the polymers were employed as active mate-
rial in a composite electrode for lithium organic batteries. In
contrast to the monomer, the polymers showed good cycle
stability over 100 cycles. The cross-linked polymers revealed
the highest cycle stability but low potential activity. The high
molar mass linear polymer revealed the most promising
capacity of 137 mAh/g, which corresponds 53% of the theo-
retical capacity. Furthermore, the influence of the charging
speed on the performance of the battery was investigated
and exhibited a slight decrease of the capacity with higher
charging speed rates of up to 5C.
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Poly[N-(10-oxo-2-vinylanthracen-9(10H)-ylidene)cyanamide] as a novel cathode material for Li-organic 
batteries 
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FIGURE S1 Size exclusion chromatograms of the polymers 4a to 4j. Eluent: DMAc, 0.21% LiCl, polysty-
rene standard, RI detector. 
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FIGURE S2 Cyclic voltammograms of monomer 3 in DMF, 0.1 M LiClO4 at different scan rates (WE: GC; 
RE: AgNO3/Ag, in CH3CN, CE: Pt), c = 0.6 mg mL-1, 1st and 2nd cycle. 

 

TABLE S1 Peak split of the cyclic voltammograms of monomer 3 in DMF 0.1 M LiClO4. 

Scan rate 
 (mV s-1) 

Peak split [  = -0.88 V vs. 
Fc+/Fc] (mV) 

Peak split [  = -1.31 V vs. 
Fc+/Fc] (mV) 

500 110 120 

100 84 87 

50 75 82 

25 74 78 

 



 

3 

-2.0 -1.5 -1.0 -0.5 0.0
-0.015

-0.010

-0.005

0.000

0.005

0.010

I [
m

A
]

E [V] vs. Fc+/Fc

 500 mV/s
 100 mV/s
 50 mV/s
 25 mV/s

 

FIGURE S3 Cyclic voltammograms of polymer 4c in DMF, 0.1 M LiClO4 at different scan rates (WE: GC; 
RE: AgNO3/Ag, in CH3CN, CE: Pt), c = 0.2 mg mL-1, 1st and 2nd cycle. 

 

TABLE S2 Peak split of the cyclic voltammograms of polymer 4c in DMF 0.1 M LiClO4. 

Scan rate 
 (mV s-1) 

Peak split [  = -0.99 V vs. 
Fc+/Fc] (mV) 

Peak split [  = -1.31 V vs. 
Fc+/Fc] (mV) 

500 94 101 

100 76 82 

50 76 79 

25 81 77 
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FIGURE S4 Cyclic voltammograms of composite electrode (4h/PVDF/MWCNT 1/1/8 (w/w/w)) in EC/DMC 
1/4 (v/v), 1 M LiClO4 at different scan rates (WE: GC; RE: AgNO3/Ag, in CH3CN, CE: Pt), c = 0.2 mg mL-1, 1st 
cycle. 

 

TABLE S3 Peak split of the cyclic voltammograms of composite electrode (4h/PVDF/MWCNT 1/1/8 
(w/w/w)) in EC/DMC 1/4 (v/v), 1 M LiClO4. 

Scan rate 
 (mV s-1) 

Peak split (mV) 

10 530 

5 350 

2 210 

1 160 
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FIGURE S5 Charge/discharge cycles of a lithium organic battery of polymer 4c in EC/DMC 1/4 (v/v), 1 M 
LiClO4 (100 cycles, 5C). The anode is lithium metal, the cathode is a composite of 4c/PVDF/carbon mate-
rial 1/1/8 (w/w/w). The carbon material is MWCNT (red), vapor grown carbon fibers (green) and carbon 
black (Super P, blue). 
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FIGURE S6 Open-circuit voltage of the lithium organic battery of polymer 4h, 4i and 4j in EC/DMC 1/4 
(v/v), 1 M LiClO4 at room temperature. 



 

6 

Electrochemical impedance spectroscopy (EIS) 

The potential difference between the plateaus corresponds to the characteristic overpotential of the 
coin cell. The overpotential during charge/discharge is defined as the difference between the measured 
potential and the equilibrium potential at a certain state of charge of the battery. It represents the inner 
resistance of the coin cell. However, due to a certain amount of self-discharge it is difficult and accom-
panied by a significant error to determine the overpotential and the corresponding ohmic resistance 
from the charge/discharge experiments. Therefore, impedance measurements have been performed in 
a frequency range from 600 kHz to 500 mHz. Two half circles were observed, where the first one is seen 
at the highest frequencies and is small compared to the second one (Figure S7). The second half circle 
ends up in a straight line. This is the typical behavior of a Randles circuit, which can be represented by a 
capacitance in parallel to a series circuit of an ohmic resistance and a Warburg impedanceS1. The capaci-
tance describes the double layer capacitance, the ohmic resistance corresponds to the charge transfer 
kinetics and the Warburg element describes the mass transfer at one electrode. Since the coin cell con-
sists of two different types of electrodes it is reasonable to assume two Randles circuits in series to de-
scribe the processes at both electrodes. On that basis, an equivalent circuit for the system was chosen 
as shown in Figure S7b. Instead of a pure capacitance, a constant phase element (CPE) was chosen 
which accounts for an imperfect capacitor. Imperfections may arise from several sources, such as non-
uniform electrode film properties, which are very likely due to the preparation procedure of the compo-
site electrodesS2. The single series resistance in the equivalent circuit represents the ohmic resistance of 
the electrolyte and electronic periphery (i.e. wires, connectors, etc.). The equivalent circuit was fitted to 
the experimental data (Figure S7a). Table S4 shows the fit parameters. The total ohmic resistance caus-
ing the observed overpotential in the charging/discharging experiments is the sum of all ohmic contribu-
tions, which results in (218 ± 19) Ω. Since the Warburg coefficient of the second circuit is zero, it can be 
marked that mass transfer overpotential can be neglected for one electrode. The charge transfer re-
sistance of the second electrode is small compared to the first. It is very likely that the small values can 
be attributed to the lithium half-cell of the coin cell. Thus, the polymer composite electrode gives the 
main contribution to the overpotential of the battery. Similar impedance behavior has already been 
reported for other polymer composite electrodes.S3,S4 

 

TABLE S4 Fit parameters of the EIS. 

Parameter Fit value 

RS 17.37 Ω 

Q0,CPE1 18.98 μF s(n – 1) 

nCPE1 0.764 

R1 196.80 Ω 

sW1 173.8 Ω s-1/2 

Q0,CPE2 1.056 μF s(n – 1) 

nCPE2 0.978 

R2 3.276 Ω 

sW2 0 Ω s-1/2 

  



 

7 

0 50 100 150 200 250 300
-20

0

20

40

60

80

100

120

140

a)
 experimental data
 fitted data

-Im
(Z

) [
]

Re(Z) [ ]

 

FIGURE S7 Electrochemical impedance spectroscopy data of a lithium organic battery of polymer 4h in 
EC/DMC 1/4 (v/v), 1 M LiClO4 (a) and the equivalent circuit (b) used to fit the experimental data. 
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FIGURE S 8 SEM picture of a composite electrode (4h/PVDF/MWCNT 1/1/8 (w/w/w)). 
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