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Abstract 

Organic redox-active battery materials are an emerging alternative to their inorganic counterparts 

currently used in the commercialized battery technologies. The main advantages of organic batteries 

are the potential for low-cost manufacturing, tunability of electrochemical properties through 

molecular engineering, and their environmental sustainability. The search for organic electroactive 

materials that could be used for energy storage in mobile and stationary applications is an active 

area of research. Computer simulations are used extensively to improve the understanding of the 

fundamental processes in the existing materials and to accelerate the discovery of new materials 

with improved performance. We will focus on two main types of redox-active organic battery 

materials, i.e. solid-state organic electrode materials and organic electrolytes for redox flow 

batteries. Because organic materials are made of molecular building blocks, the molecular modelling 

methodology is usually the most appropriate to investigate their properties at the electronic and 

atomistic scales. After introducing the fundamentals of computational organic electrochemistry, we 

will survey its most recent applications in organic battery research and outline some of the 

remaining challenges for the development and applications of atomic-scale modelling techniques in 

the organic battery context. 
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Computational chemistry offers a set of tools for atomic-scale simulations of electrochemical 

properties of organic redox-active materials. Molecular modelling is used in the development of 

next-generation organic battery materials for mobile and stationary applications. 

1. INTRODUCTION 

Currently, we are witnessing a rapidly growing demand for various electrochemical energy storage 

solutions. This trend is sustained by the ever-increasing global population with its energy-hungry 

lifestyle and the accompanying environmental concerns. The need for on-demand power supply is 

propelled by the three main application areas: electromobility, portable devices, and stationary 

energy storage. Each of these application areas has different requirements in terms of energy and 

power densities, long-term stability, and acceptable price levels. At present, the lithium-ion 

technology appears as the most versatile for rechargeable batteries.(1–5)  The basic idea is to shuttle 

Li cations between two intercalation materials, typically graphite as the anode and a transition metal 

oxide as the cathode. In recent years, lithium-ion batteries (LIBs) have led to the proliferation of 

powerful electronic devices like smartphones and tablets as well as enabled electric vehicles with 

reasonable driving ranges. LIBs are also used in stationary applications for storing the excess energy 

from renewable but intermittent power sources like solar cells or wind turbines. Another promising 

technology for stationary energy storage is the redox flow battery (RFB).(6,7) The vanadium RFB(8) is 

the most developed technology which has been already commercialized. In RFBs the electroactive 

material is dissolved in a liquid and pumped through an electrochemical cell during the charge-

discharge cycles. Such a design allows to decouple the capacity (determined by the volume of the 

storage tanks) and power (determined by the electrode surface area); therefore, it is particularly 

attractive for large-scale applications. Despite remarkable progress in these technologies, the 

commercialized batteries are typically based on redox-active materials that contain transition metals 

(e.g. Co or V) which can be expensive, toxic, scarce, unethically mined, and sourced in politically 

unstable regions. In light of these disadvantages, there is increasing attention placed on organic 

redox-active materials as the more sustainable alternatives. Compared to their inorganic 

counterparts, organic materials are lightweight, flexible, made of abundant elements, and 

environmentally benign. Due to the enormous size of the chemical space, they have tuneable 



properties and potential for low manufacturing costs. For these reasons, the development of new 

solid-state organic electrode materials (OEMs)(9–16) for traditional encapsulated batteries as well as 

soluble organic materials for RFB electrolytes(17–21) is an active and trending area of research.  

The rate of the discovery of new functional materials depends on how efficiently we can come up 

with new ideas and then test them for specific applications. Both tasks can be greatly facilitated by 

computational modelling of relevant materials and processes. Simulations of fundamental physical 

and chemical processes in known materials lead to a better understanding of their properties and 

allows to formulate new design strategies for materials with improved performance. At the same 

time, simulations are used to predict properties of yet inexistent materials and screen them for their 

potential applications. Both types of simulations are the basis for computational molecular design, 

which has become an essential component of the accelerated discovery of organic battery materials. 

The success of this approach critically relies on the accuracy and efficiency of available 

computational methods and the reliable modelling of organic redox-active materials poses several 

challenges. As the underlying process for electrochemical energy storage is a redox reaction 

involving the exchange of electrons, electronic structure calculations are essential for the prediction 

of relevant properties. Both thermodynamics and kinetics of redox reactions are critical for the 

battery performance as they determine the amount of the stored energy and the available power, 

respectively. The condensed-phase environment of the reactants and products affects the energetics 

of the reaction but also determines the charge and mass transport phenomena in the battery. 

Therefore, capturing the bulk effects of the solvent in RFBs and the solid material in organic 

electrodes is essential for electronic structure and atomistic simulations. Finally, many critical 

electrochemical phenomena happen at the interface between a solid-state electrode and a liquid 

electrolyte, so modelling of such interfaces is another important aspect of simulations. In the 

following, we will give an overview of the state of the art in atomic-scale modelling of organic redox-

active battery materials. After introducing the background theory and methodology for 

computational organic electrochemistry, we will review specific applications in simulations of 

organic materials for RFBs and solid-state electrodes. Finally, we will give our perspective on the 

outstanding challenges and future directions in atomic-scale modelling of organic battery materials.  

2. COMPUTATIONAL ORGANIC ELECTROCHEMISTRY 

In this section, we will briefly outline some of the computational methods dealing with aspects of 

organic materials relevant to electrochemical energy storage. These aspects include 

thermodynamics of electrochemical reactions, protonation state, solubility and stability. The basic 

concepts behind the modelling of organic redox-active materials are illustrated in Figure 1. 

Electrochemical reactions are in general electron transfer processes involving an electroactive 

material which undergoes reduction/oxidation (redox). Organic redox-active compounds can be 

molecules in solution or solid materials such as polymers, glasses, and crystals. In this section, we 

will start by outlining the procedure to compute the perhaps most important property of an 

electroactive material, the standard reduction potential. Next, we will briefly discuss the calculation 

of the acidity constant pKa which determines the protonation state at a given pH and the voltage of 

solid-state intercalation electrodes. This will be followed by a general discussion about the stability 

of redox-active compounds. 



 

Figure 1. Left panel: Quinone-based examples of (electro-)chemical processes in organic redox-active 
materials for aqueous RFBs (top) and solid-sate OEMs (bottom); Middle panel: Basic methods used in 
computational electrochemistry of organic materials; Right panel: Examples of electrochemical properties 
that can be simulated with the discussed methodology. 

The standard reduction potential 𝑈0 of the reaction Ox + e− → Red is defined for the oxidized (Ox) 

and reduced (Red) forms (charge not specified) at standard conditions, i.e. when their activities are 

1. Experimentally, 𝑈0 is obtained by extrapolation first to infinite dilution (zero ionic strength), and 

then to standard concentration 1 M (or pressure 1 atm).(22) 

 𝑈0 =
1

𝑛𝐹
∆𝐺sol

0 − 𝑈SHE. (1) 

It is directly proportional to the standard free energy of reduction ∆𝐺sol
0   computed in the 

environment of the compound (from now on referred to as solution) and referenced against the 

potential of a standard electrochemical reaction such as the standard hydrogen electrode (SHE) or 

an internal reference, i.e. a well-known redox couple computed at the same level of theory.(23) n is 

the number of electrons transferred and F is the Faraday constant. ∆𝐺sol
0 = ∆𝐸sol + ∆𝐺corr, where 

∆𝐸sol = 𝐸sol (Red) − 𝐸sol (Ox)  can be obtained directly(24) as the difference between the 

electronic energies of the reduced and oxidised forms of the compound, both in solution. ∆𝐺corr is 

the difference between the thermal corrections of each form (see below). For computing ∆𝐸sol  and 

∆𝐺corr, any quantum mechanical (QM) electronic structure method is in principle appropriate, but 

density functional theory (DFT) offers the best accuracy at a reasonable cost. The cheapest and 

simplest way to consider the environment’s effects is using implicit solvation models(25,26) (e.g. 

PCM,(27) C-PCM,(28,29) COSMO,(30) SMD(31)) which are implemented in all main quantum 

chemistry codes. These models mimic the electrostatic response of the solvent medium to the 

solute’s electronic density with a polarizable continuum. On the surface of a cavity containing the 

solute, a large number of point charges represent the continuum. The mutual interaction between 

these charges and the electronic density of the solute is included in the self-consistent field 

calculation and 𝐸sol is obtained. The thermal correction 𝐺corr, which includes the zero-point 

vibrational energy as well as vibrational enthalpy and entropic contributions to the free energy, is 

readily obtained by performing a vibrational frequency calculation with any popular QM program. It 



is still a matter of debate whether the frequencies computed within an implicit solvation model are 

accurate,(24,32) therefore it may be a more robust choice to compute them in the gas phase. 

The reduction potential 𝑈 under non-standard conditions depends on the activities or effective 

concentrations 𝑎Red and 𝑎Ox of the redox species, which may differ from unity. The Nernst equation 

describes this deviation from the standard potential(22): 

 𝑈 = 𝑈0 −
𝑅𝑇

𝑛𝐹
𝑙𝑛 (

𝑎Red

𝑎Ox
) (2) 

where R is the gas constant and T is the temperature in K. The non-unitary activities account for the 

ionic strength and for chemical effects such as side reactions, ion pairing, complexation and 

protonation.(22) In aqueous solutions, the protonation state of the reactants and products of a 

redox reaction depends on the pH. Therefore, to properly define the electrochemical reaction at 

given conditions, one has to know the acidity constants of the solutes. For computing the pKa, similar 

calculations as for the reduction potential are required: 

 pKa =
∆𝐺sol

0

𝑅𝑇ln(10)
 (3) 

where ∆𝐺sol
0 = ∆𝐸sol + ∆𝐺corr + ∆𝐺sol

0 (H+) is the free energy of the deprotonation reaction 

AH → A− + H+. ∆𝐺s
0(H+) is the solvation free energy of one proton (care should be taken to use a 

value consistent with that of 𝑈SHE)(22,33) and the other terms are equivalent to those entering eq. 

(1). R is the gas constant and T is the temperature in K. 

A general proton-coupled electron transfer reaction can be written as OxH𝑥 + 𝑛pH+ + 𝑛ee− →

RedH𝑥+𝑛𝑝
, where 𝑛𝑒 and 𝑛𝑝 are the number of electrons and protons transferred. 𝑛p∆𝐺s

0(H+) 

needs to be added to the ∆𝐺sol
0  term in eq. (1). The Nernst equation (2) becomes dependent on the 

pH of the solution and on the pKa values of OxH = OxH𝑥 and RedH = RedH𝑥+𝑛𝑝
 (number of 

hydrogens not specified for simplicity) and is often expressed in the following form at T = 298 K: 

 𝑈 = 𝑈0 + 0.059
𝑛𝑝

𝑛𝑒
[log (

𝑎OxH

𝑎RedH
) − pH ] (4) 

where pH = − log(𝑎H+) and 𝑎AH = 𝑎A10pKa(AH)−pH with A being Ox or Red. A plot of 𝑈 as a 

function of the pH can be used to construct a Pourbaix diagram such as the one sketched in the top 

right panel of  Figure 1 for a typical quinone. pKa1 and pKa2 concern the first and second protonation 

reactions of the reduced species Red2− + H+ → RedH− and RedH− + H+ → RedH2, while Ox is not 

protonated in the range of pH considered (the pKas of OxH+ and OxH2+ are thought to be ≤ -7 for 

benzoquinone(34)). When pH < pKa1, the slope of the 𝑈 vs pH curve is 0.059 V/pH indicating a 

2e−/2H+ reaction. When pKa1 < pH < pKa2, the slope is 0.0295 V/pH since the reaction is 2e−/1H+, and 

finally at pH > pKa2 𝑈 becomes independent of the pH since the protons and the protonated forms 

do not participate in the 2e− reaction. When all protonation and redox processes are known, the 

Pourbaix diagram serves as a map of the species stable at any given combination of 𝑈 and pH. 

Standard DFT methods such as B3LYP used in combination with implicit solvation usually yield 

reasonably accurate reduction potentials.(35,36) One commonly adopted way to improve the 



accuracy of ∆𝐺sol
0   is to use a thermodynamic cycle, i.e. compute single point gas-phase energies at a 

higher level of theory and add the resulting high-level correction ∆𝐸gas
H − ∆𝐸gas

L  (where H and L 

denote the high and low level of theory) to the ∆𝐺sol
0  computed at the lower level.(22,24,37,38) 

However, even when improving the gas-phase energy difference, the accuracy still depends on that 

of the solvation free energies,(39) and the use of a thermodynamic cycle does not necessarily 

improve accuracy compared to the direct method.(24) Implicit solvation models have evolved and 

improved in recent years and can now efficiently describe solvation effects in a broad range of 

systems including electrode-liquid interfaces and periodic systems.(40)  Implicit solvation models are 

likely to give larger errors for the solvation free energies in some specific situations, e.g. when the 

solute has a large charge and/or there are specific solute-solvent interactions such as water 

molecules or ions coordinating a moiety of the molecule.(40) When this is the case, explicit 

modelling of the solvent can improve the accuracy considerably.(41) In mixed explicit/implicit (or 

cluster-continuum) solvation models, some of the solvent molecules are treated explicitly at the 

same level of theory of the solute (explicit QM solvent).(42–45) The cluster of solute and solvent is 

then embedded in a polarizable continuum which models the long-range electrostatics with 

acceptable accuracy. Cluster-continuum models lead to significant improvement in the accuracy of 

solvation free energies and pKa values with respected to pure continuum models.(45) In fully explicit 

solvation models,(46–48) the solvent outside the QM region is described explicitly by a molecular 

mechanics (MM) classical force field, which can optionally include an approximate treatment of 

polarization effects. Both in mixed and fully explicit models, a single configuration of the solvent 

molecules is not always meaningful: it may be necessary to produce a sample of many configurations 

and perform thermodynamic integration to compute the solvation free energy.(22,46) In both mixed 

and explicit solvation models, the number of solvent molecules which need to be included in the QM 

region to achieve the desired accuracy needs to be determined on a case-by-case basis. In a recent 

example, a method including machine learning has been proposed to compare microsolvation 

structures.(49) 

In solid-state intercalation electrodes, the redox reaction of the active material is coupled with 

insertion of an ion, typically a metal cation, in a vacant site of the solid. Nevertheless, different types 

of electrode materials are currently developed which include other n-type materials operating by 

insertion of e.g., protons or ammonium cations and p-type materials based on reversible anion 

intercalation. Several computational approaches to estimate the available potentials of organic 

insertion electrode materials have been used. At the single-molecule level, redox potentials can be 

calculated from the free energies of the oxidation/reduction as discussed in the beginning of this 

Section. Such calculated absolute potentials are then typically referenced against a metal electrode, 

e.g. Li/Li+, Na/Na+, or Mg/Mg+, depending on which metal ion is being intercalated. However, 

molecular references like the ferrocene couple (Fc0/Fc+) are also used. The advantage of the latter is 

that their absolute redox potentials can be calculated with the same methodology, leading to the 

cancellation of systematic errors when comparing calculated voltages. The approach based on 

calculations of ionization potentials/electron affinities (sometimes also referred to as HOMO/LUMO 

energies) does not take into account the energetics of material-ion interactions. While staying at the 

molecular level of calculations, the potential with respect to the metal electrode can be calculated 

for metal-ion materials also from the molecular model 



 𝑈 = −
𝐸(𝑂𝐸𝑀 ∙ 𝑚𝑀) − 𝐸(𝑂𝐸𝑀) − 𝑚𝐸(𝑀) − 𝑚𝐸𝑐𝑜ℎ(𝑀)

𝑛𝑚𝐹
 (5) 

where 𝐸(𝑂𝐸𝑀 ∙ 𝑚𝑀) is the energy of the OEM’s molecular model with 𝑚 coordinated metal atoms 

𝑀,  𝐸(𝑂𝐸𝑀) the energy of the molecule only, 𝐸(𝑀) the energy of the free metal atom, 𝐸𝑐𝑜ℎ(𝑀) the 

cohesion energy of the metal electrode, 𝑛 is the charge of the cation, and 𝐹 is the Faraday constant. 

In addition to the maximum voltage, this method gives additional information about its state-of-

charge dependence and microscopic insights into electronic structure of the complex and the 

binding sites of the ions. Analogously, molecular cluster calculations can be used to calculate the 

absolute redox potentials of p-type materials based on anion insertion. 

Beyond molecular calculations, the voltage of insertion electrode materials can be computed using 

periodic DFT calculations by calculating total energies at two different states of charge, 

corresponding to different concentrations of the intercalated ions. For a metal-ion OEM that during 

the charge or discharge cycles takes up ions M+ ions to reach their final concentration x, the 

corresponding voltage can be estimated as 

 𝑈 = −
𝐸(𝑀𝑥𝑂𝐸𝑀) − 𝐸(𝑂𝐸𝑀) − 𝑥𝐸𝑏𝑢𝑙𝑘(𝑀)

𝑛𝑥𝐹
 (6) 

where  𝑀𝑥𝑂𝐸𝑀 is now a solid-state material model with the concentration of cations 𝑥, and 

𝐸𝑏𝑢𝑙𝑘(𝑀) is the energy of metal 𝑀 per single atom. Contrary to the molecular model, the solid-state 

approach takes into account the condensed-phase environment at the atomistic level and, in 

general, predicts higher voltages that are also closer to the experimental values. The approximations 

in Eqs. (5) and (6) neglect the zero-point vibrations and thermal contributions to the free energy of 

the reaction, which for solids are normally small compared to the electronic terms. Nevertheless, if 

there is a significant change in vibrational modes of molecular building blocks after the redox 

reaction, these contributions to the free energy may become important. In molecular calculations, 

they can be accounted for through harmonic vibrational analysis and model partition functions for 

translational, rotational, and vibrational degrees of freedom. 

The stability of a redox-active compound depends on its ability to resist degradation reactions which 

can be due to many factors such as light, heat and unwanted (electro)chemical reactions with other 

components of the storage device. Various reactivity indices based on DFT can in principle be used 

to predict reactivity,(50) but often the most relevant degradation processes are known (51) and the 

thermodynamic stability can be estimated by computing the energies of all possible degradation 

products.(52,53) When more detailed knowledge of the degradation mechanism is desired, the 

reaction barriers and consequently the kinetic rates can be estimated by computing the energies of 

the relevant transition states.(54,55)  

3. ORGANIC REDOX FLOW BATTERY MATERIALS 

Organic molecules are good candidates for RFB electrolytes thanks to the abundance and low cost of 

raw materials and the possibility of tailoring their properties through molecular engineering. 

Moreover, they tend to have faster electrochemical reaction kinetics compared to metal ions.(56,57) 

The most important classes of redox-active organic molecules are the carbonyls (especially 

quinones), nitroxide radicals such as 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO), and aromatic 



heterocycles such as viologens, pyrazines and pyrimidines. In the vast chemical space of organic 

molecules, it is challenging to find redox couples which satisfy all requirements for an RFB. Firstly, 

the molecules need to have reversible redox processes at suitable potentials giving the highest 

possible voltage within the electrochemical stability window of the solvent. Good solubility in all 

redox forms is equally important to achieve high energy density. Finally, the redox-active 

compounds should be stable, i.e. have chemical decomposition rates sufficiently low to keep 

capacity fade below 0.1 %/day.(51) In this section, we will summarize how computational chemistry 

has supported and guided the search for better organic active materials for RFBs. 

Although a fully organic non-aqueous RFB was first reported in 2011,(58) in recent years aqueous 

RFBs have received significantly more attention, probably due to their higher safety and lower cost. 

Already in the first report of a metal-free organic-inorganic aqueous RFB by Aziz and co-workers, DFT 

calculations were used to predict how different substitution patterns would affect the redox 

potentials and solvation free energies of a sulfonated anthraquinone.(59) The predicted change in 

the redox potential of one of the substituted compounds, which would increase the cell voltage, was 

confirmed experimentally. In the same year, the performance of an all-organic aqueous RFB was 

studied in detail by Yang et al. who found a good correlation between experimental and calculated 

redox potentials of sulfonated anthraquinones and benzoquinones.(57) The electrochemistry of 

quinones has been extensively studied from a computational perspective.(35,37,60–64) In particular, 

Hammes-Schiffer and co-workers benchmarked calculations of the redox potentials and pKa values 

of a large number of quinones and found that hydrogen bonding, halogen substituents, charged 

substituents, and/or sterically bulky substituents can cause deviations from the expected linear 

relationship between the potentials of the 1e− (in acetonitrile) and 2e−/2H+ (in acidic aqueous 

solution) redox processes.(36) TEMPO derivatives have also been found to be promising for 

RFBs,(65) often in combination with viologens,(66–69) but to our knowledge, only the 

electrochemical properties of some viologens have been studied computationally.(70–72) Ding et al. 

combined DFT calculations and experiments to understand the relationships between electronic 

structure and electrochemical properties of a series of quinones employed as the catholyte in a non-

aqueous flow battery with metallic Li as the anode.(73) Aziz and co-workers, who in the meanwhile 

had developed alkaline aqueous RFBs based on anthraquinone derivatives and ferricyanide,(74) later 

proposed as candidates for negolytes the alloxazine family inspired by vitamin B2, using DFT 

calculations to predict the properties of its hydroxyl-substituted derivatives.(75) A similar DFT-based 

prediction of the properties of substituted benzoquinones was included in a later study.(76) Kwon et 

al. used computed orbital energies to support their discussion of the electrochemical stability of 

non-aqueous RFB electrolytes based on a phenazine and a fluorenone.(77) Bachman et al. 

performed a systematic computational study on anthraquinone derivatives for RFB applications.(78) 

They showed how the redox potentials are affected by coordination with components of Li salts and 

how they can be tuned by electron-withdrawing and -donating substituents as well as by changing 

the number of aromatic rings and keto groups. Moreover, they found that alkoxy substitution 

increases the solvation free energy in acetonitrile solvent, proposing it as a possible way to improve 

the solubility. Finally, they predicted that anthraquinone anions are relatively stable with regards to 

some bond-breaking reactions. Kim et al. compared experimental and computed redox potentials of 

a set of anthraquinone derivatives. They noted that DFT with implicit solvation has reasonable 

accuracy, except for some outliers where the interaction with water has to be modelled explicitly to 

correct the error.(41) 



In the last 6 years it became clear that since relatively inexpensive DFT calculations have acceptable 

predicting power, computational high-throughput screening of candidate molecules could speed up 

the development of new active materials for energy storage, including RFBs.(70,79–81) This strategy 

consists in starting from a large pool of candidate structures and then down-selecting according to a 

“funnel” composed of successive tiers. At each tier, the candidates not satisfying constraints on a 

certain property are discarded, while the good ones make it to the next tier. For RFB electrolytes, it 

has been suggested to compute redox potential, solubility and stability in the first three tiers,(70,79) 

but this choice of properties can be modified according to the specific goal of the study. 

An accurate calculation of solubility requires knowledge of the sublimation energy and molar volume 

of the crystal and the solvation free energy. Since only the latter is easily computable while the first 

two are unknown for most compounds (especially if they are novel), the solvation free energy is 

often used as a qualitative metric of solubility.(70,79,81) However, it would be desirable to achieve 

more reliable predictions of (especially) aqueous solubility. To this end, many predictive models 

based on experimental data sets or molecular descriptors have been developed(82,83) and were 

employed in some RFB studies.(80,84) A very promising method for predicting aqueous solubility of 

RFB candidates in high-throughput screening approaches was developed by Aspuru-Guzik and co-

workers.(85) Tabor et al. addressed the problem of durability of quinones in water with a thorough 

investigation of the relationship between reduction potential and thermodynamic stability.(53) By 

performing a virtual screening of a library comprising more than 105 quinone derivatives, they found 

that almost all quinones with reduction potential higher than 0.95 V vs. SHE are susceptible to 

Michael addition. This is one of the reasons why it is challenging to find quinones suitable as 

posolyte. Our group has recently performed a systematic computational study to understand how 

two redox-active units on the same molecule affect its properties.(84) Such a double redox molecule 

with sufficient separation ∆𝑈 between its two potentials  would make it possible to build a 

symmetric RFB, i.e. with the same electrolyte in both tanks, a concept with multiple advantages (86) 

illustrated in Figure 2a. We found that the electronic interaction between redox units and 

intramolecular hydrogen bonding (Figure 2b) can significantly increase ∆𝑈 compared to molecules of 

the same size but with only one of the redox units (Figure 2c). The double redox design is also likely 

to increase solubility compared to the single redox reference. The properties can then be further 

tuned by adding substituents. These insights are valuable for guiding the design of organic 

electrolytes for symmetric RFBs.  



 

Figure 2. a) A molecule with two redox units, active at potentials U1 and U2, can act both as posolyte and 
negolyte in a symmetric RFB whose theoretical voltage is ΔU = U2 − U1. b) Intramolecular hydrogen bonds 
stabilise the reduced protonated form of double quinones and therefore increase its ΔU compared to the 
conformer without hydrogen bonds. c) The redox potentials of molecules with two redox units (coloured 
squares) are compared to the potentials of two separate molecules with only one of the redox units (grey 
dots). Adapted with permission from Fornari et al. ACS Materials Lett. 2020, 2, 3, 239-246. Copyright 2020 
American Chemical Society. 

 

4. ORGANIC ELECTRODE MATERIALS 

Organic electrodes are a viable alternative to their inorganic counterparts for lithium-ion and post-

lithium battery technologies. An OEM is a multifunctional solid material that undergoes a reversible 

redox reaction but is also able to transport electrons and ions to the redox centres. Therefore, the 

list of requirements for an efficient OEM includes high specific energy, high electronic and ionic 

conductivity, low solubility, fast and reversible redox reaction, and high electrochemical 

stability.(14,16) Several electrode design concepts have been developed, including small-molecule 

crystalline materials,(87) organic frameworks,(88,89) and disordered polymeric materials.(11,12) 

Regardless of their morphology, OEMs are made from molecular building blocks that can be 

reversibly reduced or oxidized. Similar as for RFBs, several types of electroactive moieties have been 

proposed and tested for this purpose.(12–14,16) The typical OEM materials include organic radicals, 

carbonyl, cyano, and azo compounds, phenazine derivatives, and molecules with multiple carbon 

bonds. For each of these classes of compounds, molecular engineering can be used to tune the 

electrochemical properties.(90) The viable strategies are e.g. functionalizing with electron-donating 

or electron-withdrawing groups to shift redox potentials, changing the π-electron conjugation 

pattern and the relative positions of electroactive groups, controlling dihedral angles between redox 



units, increasing the number of active sites in the material, introducing heteroatoms, and attaching 

highly polar groups to prevent dissolution in organic solvents.  

Considering the vastness of the chemical space resulting from the possible molecular design 

strategies as well as the complexity of the physicochemical processes in OEMs, atomic-scale 

simulations have been widely used to gain detailed mechanistic insights and accelerate the design of 

novel materials.(91–93) As in most functional materials, the basic properties of OEMs result from an 

interplay between the microscopic morphology and the electronic structure. Therefore, any atomic-

scale simulation starts with choosing the atomistic model of the material and the electronic 

structure method. For the latter, the methods of choice are not surprisingly DFT or semiempirical 

methods as a compromise between accuracy and efficiency. The choice of the material model is far 

less trivial as the arrangement of molecular units and their mutual interactions depend on whether 

the OEM is crystalline, glassy, or polymeric. Therefore, the minimal reasonable model will depend on 

the specific properties targeted with computer simulations. Redox potentials are to a large extent 

determined by the electronic structure of the individual molecular units, so in many cases, DFT 

calculations on a single-molecule level can give valuable insights. This approach has been exploited 

in simulations supporting experimental work and aiming at providing additional mechanistic 

insights.(94–99) Single-molecule calculations have also proven helpful in formulating structure-

property relationships for OEMs (100–104) and direct in silico screening for new molecular 

precursors.(105,106) Typically, such calculations are aiming foremost at the prediction of redox 

potentials using the computational electrochemistry methodology outlined in Section 2, but other 

thermodynamic properties like binding energies with ions or acidity constants can also be calculated. 

The modelling of such properties involves standard molecular DFT calculations, typically using 

Gaussian basis sets, hybrid exchange-correlation functionals, and implicit solvation models. 

However, single-molecule models have also been used to study the adsorption of organic redox-

active molecules on surfaces like pristine and doped graphene monolayers.(107,108) The premise 

for such investigations in that stronger binding to the conducting substrate would result in lower 

solubility of an OEM and overall good electronic conductivity in the composite material. Such 

calculations of adsorbed molecules are typically done using DFT with periodic boundary conditions 

to account for the band structure of the substrate and avoid the finite-size effects. Because DFT 

calculations with hybrid functionals become very expensive in periodic electronic structure codes, 

GGA-level functionals are used. At the same time, a dispersion correction needs to be added to 

properly account for the van der Waals interactions between the surface and the adsorbate. 

To go beyond the simple single-molecular-unit model one has to consider the effects of chemical 

bonding between the units as well as intermolecular interactions that are present in the solid state. 

This naturally makes the modelling more complicated but enables studying material properties that 

are manifested at slightly larger length and time scales, e.g. intermolecular interactions, charge 

transport properties, and storage of multiple charges. For example, a cluster model of crystalline 

OEMs allowed to gain some interesting mechanistic insights like the lack of metal atom ionization in 

sodium benzene tricarboxylate.(109) For polymeric OEMs, the natural step beyond monomer 

calculations is to consider oligomers. Such models are still easily tractable with DFT and allow to 

investigate some of the direct effects of interactions between covalently bonded monomers. Chen 

and Manzhos studied oligomer models of pristine and functionalized polyaniline which is a 

conducting polymer with potential applications as an organic cathode.(110) Going beyond the 

monomers enabled calculating voltages as a function of the degree of oxidation (state of charge), 



and a qualitative agreement with experiments was achieved. Araujo et al. calculated the 

electrochemical properties of polypyridine and polythiophene and the infinite chain limit by 

extrapolating the result of oligomers of varying length.(111) In our work, we studied dimers of 

directly linked 1,4-polyanthraquinone (14PAQ) which is an OEM with very good electrochemical 

properties.(112) Despite nearly orthogonal arrangement of neighbouring monomers, 14PAQ shows 

reasonably high conductivity, on par with organic semiconductors specifically designed for this 

purpose. By a combination of DFT-based calculations of charge transfer integrals and ab initio 

molecular dynamics, we have shown that the favourable transport properties are a consequence of 

the lone pair-π interactions between neighbouring monomers (Figure 3a). This unexplored 

conjugation mechanism results in a remarkable resilience of electronic couplings to the dynamic 

disorder (Figure 3b) and opens new possibilities for the rational design of conducting OEMs. 

 

Figure 3. a) LUMO of a 1,4-linked anthraquinone dimer. A considerable overlap between the oxygen’s lone pair 
and the π system of the other monomer is visible. b) Electron (top) and hole (bottom) transfer integrals as a 
function of the dihedral angle between monomers, along the dihedral rotation coordinate (continuous lines) 
and at snapshots from an ab initio MD simulation (points). The distributions of the MD data are shown in the 
side panels. Charge transfer integrals were calculated as couplings between orbitals (JHOMO,LUMO) and between 
charge-localized diabatic states (JCDFT-CI). The latter method was found to be more reliable. Adapted from: 
Fornari, R. P. and de Silva, P. Chem. Eur. J. 2019, 25, 14651–14658. Reproduced with permission of John Wiley 
and Sons. 

The biggest challenge in the modelling of polymer OEMs is accounting for the effects of long-range 

disorder and intermolecular interactions between molecular units in adjacent polymer strands. 

Reasonable models capturing these effects become too large to be treated solely at the ab initio 

level, which is particularly true when sampling of different conformations becomes necessary. To 

model the disordered morphology of polymer OEMs and its effect on their electrochemical 

properties, a combination of classical molecular dynamics (MD) and electronic structure calculations 



can be used. This multiscale approach was exploited by Kemper et al. to investigate the relation 

between the atomistic morphology of a radical-based polymer OEM and its charge transport 

properties.(113,114) The computational workflow involved force-field parametrization, MD 

simulations of a system composed of almost 2500 monomer units, and quantum-mechanical 

calculations of electronic parameters present in the Marcus rate for the electron hopping between 

neighbouring monomers. The same group used a similar methodology to study the effects of OEM’s 

swelling due to the solvent incorporation and binding of anions as a function of the state of charge 

of the battery.(115) Classical MD simulations have been also used by Chen et al. to simulate the 

morphology of polyaniline represented by a cell comprising 5 chains composed of 10 monomers 

each.(95) In the same work, the authors performed semiempirical DFTB electronic structure 

calculations to estimate the voltages as a function of the state of charge of the material. The model 

included explicit solvent molecules and salt ions. 

While the disordered morphology affects the electrochemical properties of polymer OEMs, the 

molecular aggregation effects are also important in crystalline materials. However, thanks to the 

symmetry and relatively small unit cells, simulations of crystalline OEMs are somewhat easier. For 

such materials, periodic DFT can be used to model on an equal footing the morphology and the 

electronic properties.(116–125) To predict the crystal structure of OEMs, multi-level methods(126) 

and evolutionary algorithms(120,121,124,125) have been employed. From the technical point of 

view, calculations of electrochemical properties of crystalline organic electrodes do not differ 

significantly from the modelling of inorganic electrode materials, and typically involve GGA-level 

calculations of the materials at different levels of ion intercalation (see eq. (6)). Because molecular 

crystals are held together by weak intermolecular forces, the use of dispersion corrections or van der 

Waals correlation functionals is indispensable. The solid-state modelling usually focusses on 

calculations of voltages which can differ from those based on molecular calculations even by 1 V as 

demonstrated for tetracyanides.(119,127) Other relevant properties include band gaps and energy 

barriers for ion hopping. Small band gaps are favourable for higher electronic conductivities as they 

promote a higher concentration of charge carriers, typically polarons in OEMs. Similarly, small 

barriers for ion hopping make the diffusion of ions easier, thereby increasing the available power 

rating and decreasing the charging time of an OEM.  

5. CONCLUSION 

With the increasing focus on sustainable energy technologies computational studies of organic 

redox-active battery materials are becoming more and more common in the scientific literature. In 

this focus article, we reviewed the state of the art in modelling of organic redox flow battery and 

organic electrode materials. The picture emerging from this survey is that so far these modelling 

activities rely predominantly on well-established tools of computational electrochemistry, which we 

briefly discussed in Section 2. The most important figure of merit for redox-active materials is of 

course the reduction potential. The protocols based of DFT calculations, both molecular and 

periodic, offer a reasonably high accuracy at a modest computational cost. Nevertheless, the routine 

use of standard implicit solvation models appears as a weak spot in these workflows. The inaccurate 

description of solute-solvent hydrogen bonding, often present in aqueous RFBs, is one of the 

identified caveats.(32,41) The accuracy of these models also deteriorates with the increasing charge 

of the solute,(128) generating an imbalance in the description of molecules with different oxidation 

states. These issues become particularly grave for multiply charged anions, for which the electronic 



structure calculations often fail to converge as the additional electrons are not stabilized sufficiently. 

In these cases, cluster-continuum approaches may be the next best choice as they can offer a 

considerable improvement of accuracy, although they require more human work to determine the 

ideal number and placement of explicit solvent molecules. (45) That being said, the recent progress 

in the development of continuum and quantum embedding solvation models is likely to overcome 

some of these limitations.(129) Methods which improve the performance of implicit solvation 

models(130,131) will allow the modelling of ever larger molecules and clusters; continuum 

embedding methods are rapidly evolving and make it possible to model electrochemical properties 

of electrode-electrolyte interfaces,(40) and now even charged species in periodic systems.(132) 

Therefore, we expect to see their more widespread applications to organic battery materials in the 

near future. While solvation free energies calculated with implicit solvents are often used as proxies 

for solubility, these are actually very poor predictors of the latter. Considering the importance of 

solubility for both RFB materials and OEMs, we anticipate that in the coming years more research 

will focus on its direct estimation. The strategies currently being explored are chemoinformatic 

models fitted to experimental data,(82,83) statistical-mechanics-based methods like COSMO-

RS,(133) and explicit calculations of crystal structures and sublimation free energies.(134) While 

organic materials have numerous advantages, perhaps the biggest disadvantage is their relatively 

low stability due to the undesired parasitic reactions. When the potential degradation reaction is 

known, standard computational chemistry tools can be used to assess its thermodynamic 

susceptibility and even calculate the reaction rate.(54,55) However, in the case of multiple 

competing and a priori unknown reactions, computational modelling of a material’s stability 

becomes a challenge. On this front, we expect that further development of algorithms for 

automated exploration of complex reaction networks (135–137) will bring a breakthrough in the 

near future. 

While more or less automated calculations of redox potentials, solubilities, and stabilities will remain 

the main elements of computational discovery of new organic battery materials, focused studies of 

more complex processes are also becoming increasingly important. Such processes are often 

associated with phenomena occurring at a larger scale than single molecule, e.g. electronic and ionic 

transport in the bulk and across interfaces. The fully atomistic models that are able to represent 

them are either too large, especially for disordered materials like polymer OEMs, or statistical 

sampling of the configuration space is not practically feasible. Therefore, we anticipate further 

development of multiscale modelling techniques targeted specifically at electrochemical properties 

of battery materials.(138) This includes combining electronic structure and atomistic modelling 

methodology that has already been explored in the form of consecutive MD and DFT steps (113) or 

hybrid QM/MM simulations.(46,47) Refinement and extensions of these approaches will enable 

more accurate calculations of electrochemical properties that depend on the structure and dynamics 

of the molecular environment of redox centres. Multiscale free energy calculations including explicit 

solvation should offer a much more robust approach to the modelling of electrochemically relevant 

reactions and physical processes. The atomistic simulations could be also used to parameterize 

mesoscopic models based on kinetic Monte Carlo simulations.(139–142) These in turn could be used 

to study the relation between OEMs’ morphology and electronic/ionic conductivity, thereby giving 

direct insights into the available capacity and power density. At the same time, multiscale modelling 

techniques could enable studies of electrochemical processes at the interfaces, e.g. between the 



electrode and the dissolved organic RFB material, allowing for modelling of electrochemical and 

mass transport processes in the dielectric double layer. 
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