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Abstract 

There is a variety of applications for azobenzenes (AB) that can be traced back to 

mainly three properties: Their bright coloration, their reversible photoisomerization, and 

their redox chemistry. These inherent properties are the foundation for most of AB use 

cases, ranging from simple dye stuff to photopharmacology. An additional topic that 

emerged in the recent years is their application in energy storage materials.  

On one hand, the reversible isomerization from the stable (E)-isomer to the metastable 

(Z)-isomer can be used in molecular solar thermal energy storage (MOST). Hereby, 

the energy difference between both isomers is stored upon irradiation, and is released 

as useable heat during back isomerization. Ideally, a MOST candidate should show 

efficient isomerization under solar irradiation, possess a thermal half-life that is suitable 

for the intent storage application, and demonstrate a large energy density. We 

established a 2,6-difluoro substituted AB for MOST as a thermally stable switch, that 

can be charged with green light. One of the most important features of this AB is the 

low viscosity resulting in an easy to handle, pumpable, and storable liquid MOST 

material. Due to the low molecular weight of this compound, it shows the highest 

energy density in comparison to known liquid ABs. We were able to prepare efficiently 

large quantities of this AB in a continuous flow reactor (3.7 g h-1), and also realized the 

isomerization in a flow photoreactor. The liquid AB can act as a MOST-active solvent 

carrying higher energy density norbornadienes and can also dissolve organic salts to 

increase its electric conductivity. The observable conductivity allows to trigger the heat 

release electro-catalytically thereby harvesting the total stored heat energy. 

On the other hand, their reversible redox behaviour can be used in electrochemical 

energy storage. Due to the reversible reduction to a radical anion, ABs have been 

employed as anolytes in, for example, redox flow batteries. Herein, we introduced AB 

as a catholyte material. The addition of dialkyl amino substituents at the para-positions 

opens the potential of a reversible oxidative behaviour. This property is ascribed to the 

formation of a quinoidal system that is stable over the time scale of a cyclic voltammetry 

experiment. The underlying mechanism of this oxidation reaction was confirmed by the 

isolation of a quinoidal solid state structure after chemical oxidation. Furthermore, we 

expanded the range of suitable 4,4’-diamino AB to their azoxybenzene (AOB) 

derivatives, and showed that they possess similar redox behaviour. In 

charge/discharge cycling experiments of the oxidation, decomposition of AB and AOB 

compounds were observed over multiple cycles. This hinders their successful 

application in large scale electro chemical energy storages. An intermediate radical 

cation was presumed as a possible decomposition pathway. 
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Understanding the redox behaviour of AB is crucial for their electrochemical storage 

solutions, and also for their electro-catalytic isomerization in MOST materials. We 

hereby give an introduction to ABs, their different redox properties, and their respective 

applications for energy storage solutions.  
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Zusammenfassung 

Azobenzole (AB) finden in einer Vielzahl von Anwendungen Verwendung, was sich 

hauptsächlich auf drei grundlegenden Eigenschaften zurückführen lässt: Ihre intensive 

Farbgebung, ihre reversible Photoisomerisierung und ihre Redoxchemie. Diese 

Merkmale bilden die Basis für die meisten Applikationen von AB, die von einfachen 

Farbstoffen bis hin zur Photopharmakologie reichen. Ein zusätzliches Thema, das sich 

in den letzten Jahren als wichtiger Gegenstand der Forschung herausgestellt hat, ist 

ihre Anwendung als Energiespeichermaterialien. 

Einerseits kann die reversible Isomerisierung vom stabilen (E)- zum metastabilen (Z)-

Isomer in molekularen Solarthermiespeichern (MOST) genutzt werden. Dabei wird die 

Energiedifferenz zwischen beiden Isomeren während der Bestrahlung gespeichert, 

und bei der Rückisomerisierung als nutzbare Wärmeenergie freigesetzt. Idealerweise 

sollte ein MOST-Kandidat eine effiziente Isomerisierung unter Sonneneinstrahlung 

zeigen, eine thermische Halbwertszeit besitzen, die für die beabsichtige 

Speicheranwendung geeignet ist, und eine möglichst hohe Energiedichte aufweisen.  

Wir haben 2,6-difluoriertes AB für eine mögliche MOST-Anwendung eingeführt. Diese 

Verbindung besitzt eine hohe Halbwertszeit und kann mit grünem Licht in das (Z)-

Isomer überführt werden. Aufgrund des geringen Molekulargewichts unserer 

Verbindung weist sie die höchste Energiedichte im Vergleich zu bekannten flüssigen 

ABs auf. Wir waren in der Lage, den Photoschalter in einem kontinuierlichen 

Durchflussreaktor in großem Maßstab (3,7 g h-1) herzustellen, sowie die 

Isomerisierung in einem kontinuierlichen Durchflussphotoreaktor effizient durch-

zuführen. Das flüssige AB kann als MOST-aktives Lösungsmittel fungieren und 

Norbornadiene mit höherer Energiedichte, sowie organische Salze zur Erhöhung der 

elektrischen Leitfähigkeit lösen. Die beobachtete Leitfähigkeit ermöglicht es, die 

Wärmefreisetzung elektro-katalytisch auszulösen und so die gesamte gespeicherte 

Wärmeenergie zu erhalten. 

Andererseits kann das reversible Redoxverhalten bei der elektrochemischen 

Energiespeicherung genutzt werden. Aufgrund der reversiblen Reduktion zu einem 

Radikalanion wird AB als Anolyt z.B. in Redox-Fluss-Batterien eingesetzt. Durch 

Substitution des AB Gerüsts mit Dialkylamino-Gruppen an den para-Positionen kann 

auch ein reversibles oxidatives Verhalten beobachtet werden. Dies wird auf die Bildung 

eines chinoidalen Systems zurückgeführt, welches auf der Zeitskala eines 

Cyclovoltammetrieexperiments stabil ist. Der zugrundeliegende Mechanismus dieser 

Oxidationsreaktion wurde durch die Isolierung einer chinoidalen Festkörperstruktur 

nach chemischer Oxidation bekräftigt. Wir haben die 4,4‘-diamino-substituierten ABs 

mit den strukturell ähnlichen Azoxybenzolen (AOBs) verglichen und haben gezeigt, 

dass sie ein ähnliches Redoxverhalten aufweisen. Bei Lade-Entlade-

Zyklisierexperimenten der Oxidation wurde eine Zersetzung beider Strukturklassen 

über mehrere Zyklen hinweg beobachtet. Diese Instabilität hemmt ihre erfolgreiche 

Anwendung in elektrochemischen Energiespeichern. Ein möglicher Zersetzungsweg 

über ein intermediäres Radikalkation wird vermutet. 
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Da das Verständnis des Redoxverhalten von ABs für elektrochemische Speicher-

technologien, aber auch für die elektrokatalytische Isomerisierung in MOST 

Anwendungen von entscheidender Bedeutung ist, stellen wir hier eine Einführung von 

ABs, ihren verschiedene Redoxeigenschaften sowie ihrer jeweiligen Anwendungen für 

Energiespeicherlösungen vor. 
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1 Azobenzene Photoswitches 

Undoubtedly, azobenzenes (AB) belong to a class of privileged structures, which have 

been studied extensively in the literature, be it their synthesis, properties, or their 

versatile application. ABs have been an important research topic since their discovery 

by Mitscherlich in the middle of the 19th century.[1] Due to their intense colour, their 

scalable production, and their straightforward preparation, they became an important 

class in the dye industry.[2] Colour and textile industries were complemented by the 

prodrug behaviour of sulfonamide AB,[3,4] until Hartley observed the (E)- and (Z)-

isomerism during solubility measurements using photometry.[5] The ability to switch 

between both states via light, together with their intrinsic photoresistance, made ABs  

promising candidates for molecular photoswitches.[6] Since Hartley’s seminal 

discovery, they have found their way into nearly every subtopic in chemistry or material 

science.  

1.1 Fundamentals of Azobenzene Photochemistry 

Pristine (E)-AB 1 shows an absorption maximum at around 325 nm, which can be 

assigned to the π-π* transition. A weaker n-π* transition can be observed at 425 nm. 

(Z)-AB 1 on the other hand displays a decrease in the π-π* transition intensity, and an 

increase in the n-π* transition, with both absorptions being slightly shifted in 

comparison to the (E)-isomer (Figure 1).[7] Generally, excitation of the (E)-π-π* band 

leads to formation of (Z)-isomer, and irradiation in the n-π* transition leads to formation 

of (E)-isomer. As the (Z)-isomer of unsubstituted AB is thermodynamically less stable, 

it can thermally isomerize back to the ground state. The half-life of the (Z)-isomer is 

dependent on the considered derivative, solvent, additives and temperature, and can 

be everywhere between the nanosecond[8] and thousands of years timescale.[9] The 

switching of AB does not only change its absorption properties, but also its 

solubility,[10,11] dipole moment,[12] basicity,[13,14] volume and the end-to-end 

distance.[15,16] These switchable properties allowed ABs to be inter alia used in 

lithography,[17,18] as actuators in polymers,[19,20] in photopharmacology,[21,22] as 

molecular wind-up meters,[23–26] or as molecular machines.[27,28] 

Figure 1. A) UV-Vis spectra of pristine AB 1 in n-decane.[7] B) The photoisomerization 

of AB 1. 
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An additional application of ABs that emerged in recent years, most probably due to 

the rise in renewable energy production, is the storage of energy.[29] As the generation 

of energy from sun or wind is intermittent and decoupled from energy consumption, 

energy storage solutions are necessary to ensure a stable power grid.[30] The majority 

of the required energy types are electrical and thermal energy. As interconversions 

between energy types are not perfectly efficient, it would be advantageous to store 

energy in the later required form.[31]  

ABs can be used in both types of storage, highlighting again the versatility of this 

privileged compound. The reversible redox chemistry of ABs, which allows them to be 

used in batteries as an electrochemical storage, will be discussed in a section below. 

The photoisomerization to an energetically higher metastable state can be used as a 

solar thermal energy storage. The technology behind this is called molecular solar 

thermal energy storage (MOST),[32] and the idea of storing solar irradiation as thermal 

energy in photoswitches originates from the early 20th century by Weigert, who 

investigated the photodimerization of anthracene.[33–35] Since then, multiple possible 

structures have been introduced, all exhibiting different advantages and 

disadvantages. Various extensive reviews deal with in-depth comparison of these 

photoswitchable molecules,[36–43] but herein we will mainly focus on AB, and how to 

optimize its MOST properties. 

1.2 Azobenzene in Molecular Solar Thermal Energy Storage 

Systems 

A MOST cycle typically consist of four consecutive steps that a mostophore undergoes 

during a store/release, or charge/discharge cycle (Figure 2).  

A) A photoswitchable molecule in its 

groundstate is irradiated with light of a 

specific wavelength to an excited 

state.  

B) The excited state relaxes into a 

metastable state, which is generated in 

a high percentage. 

C) The metastable state is significantly 

higher in energy than the ground state, 

but has an activation barrier for the 

back isomerization that is suitable for 

the storage duration. 

D) An external stimulus, e.g. thermally, 

photochemically or catalytically, triggers 

the back isomerization to release the 

stored energy. The resulting thermal 

energy is collected and used. The ground 

state is generated back without decomposition, and the molecule is available for 

an additional cycle.  

Figure 2. Schematic representation 

of a typical MOST cycle from A to 

D, and the AM 1.5 standard solar 

emission spectrum. 
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Each of these steps is sensitive to molecular engineering of the employed molecule, 

and offers the possibility to optimize MOST properties.  

As the maximum of the solar emission spectrum is in the visible range (Figure 2), and 

the absorption maximum of unsubstituted AB is in the UV region, red-shifting is an 

important step to increase the solar match. The introduction of electron-donating or 

electron-withdrawing substituents at one or both phenyl rings leads to “push-pull” or 

“push-push” ABs. These show a significant red-shift in comparison to unsubstituted AB 

but at the cost of their half-lives. Additionally, they often show overlapping π-π* and 

n-π* transitions that make individual addressing of (E)- and (Z)-states difficult. An 

additional possibility to allow solar switching is to increase the gap between the n-π* 

transition of (E)- and (Z)-isomers, so that efficient switching can be achieved by 

irradiation in these usually overlapping bands (Figure 3). Wooley introduced bulky 

electron-rich substituents in the ortho-positions, which force the phenyl rings of the 

(E)-isomer out of planarity and result in destabilizing interactions between the 

substituent and the nitrogen lone pairs.[44] This leads to a red-shift of the n-π* transition 

of the (E)-isomer, while the (Z)-isomer is less affected. A gap of the absorption maxima 

of 28 nm for the model compound 2 can be observed. Substitution with ethers[45] or 

thioethers[46] diminish the half-lives of their (Z)-isomer, and are therefore not ideal for 

energy storage. Hecht pioneered the introduction of electron-withdrawing substituents, 

like fluorine, in the ortho-positions.[47–49] These stabilize the π* orbital of both isomers, 

and the n orbitals of the (Z)-isomer, which overall results in a red shift of the n-π* 

transition of the (E)-isomer, and a blue shift of n-π* transition of the (Z)-isomer, which 

leads to well-separated bands. The model substrate 3 shows a maximum gap of 

42 nm, which allows the efficient switching with green light. 

Figure 3. The n-π* bands of (E)- and (Z)-isomers of pristine AB 1 , di-ortho-substituted 

methoxy AB 2 by Wooley,[45] and fluorine AB 3 by Hecht.[47] The larger peak separation 

allows the isomerization to proceed under green light irradiation. Photostationary 

states (PSS) given as (E):(Z)-isomer ratio. The orange trace corresponds to the (E)-

isomer, the blue to the (Z)-isomer.[48,50] Copyright © 2014 WILEY‐VCH Verlag GmbH 

& Co. KGaA, Weinheim and © 2016 Wiley‐VCH Verlag GmbH & Co. KGaA, Weinheim. 
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Displacement of one phenyl ring in AB with electron rich heterocycles can also alter 

the isomerization wavelength, by changing the electronic nature of one side of the 

diazo unit, forming a “push-pull” motif, with very tuneable half-lives.[51–54] The obtained 

(E)/(Z)-ratio in the photostationary state (PSS) is an important characteristic for MOST 

systems as well. High (Z)-content during charging is important to achieve the highest 

possible energy density, while high (E)-content during (photochemical)-discharging is 

important for the complete heat release of the stored energy.  

In addition to the absorption wavelength of the photoswitch, the efficiency of the 

isomerization process, the obtained (E)/(Z)-ratio and the half-life are important 

parameters. The PSS obtained at any given wavelength is inter alia dependent on the 

excitation coefficient and the quantum yield at this wavelength.[55] Hence, a large band 

separation between both isomers is necessary for an efficient MOST compound, as 

observed in the examples above. Consequentially, another possibility to increase the 

PSS during charging is to decrease the absorption of the (Z)-isomer. One way to 

achieve this is to exploit the T-shaped (Z)-isomer of some selected 

azoheteroarenes.[56] This highly symmetrical geometry significantly lowers the 

absorption of the symmetry-forbidden n-π* transition.[57] Complementary, ortho-amino 

substituents add additional π-π* transitions in the (E)-isomer, allowing very efficient 

solar irradiation uptake.[58–60] Combining a bis-azoheteroarene and ortho-amino groups 

can shift the maximal wavelength for (E)- to (Z)-isomerization even further.[61] 

Figure 4. A) A schematic representation of the photochemical modification strategy 

that allows for high (Z)-content at the PSS upon solar irradiation.[56] B) The geometry 

change to a highly symmetrical T-shaped (Z)-isomer of azoheteroarene 4 upon 

photoisomerization. The orange trace corresponds to the (E)-isomer, the blue to the 

(Z)-isomer. Reproduced under terms of the CC BY license. 

Even if a MOST compound shows great solar absorption, a high PSS and an 

appropriate half-life, their practical usage is dependent on the maximum amount of 

possibly stored energy. In previous literature, the minimal heat energy that a potential 

storage material needs is specified as over 300 kJ kg-1, as these are the storage values 

of conventional systems.[62,39] The stored energy is directly proportional to the energy 

difference between (E)- and (Z)-isomer. Conceptually, increasing the energy gap 

between ground- and metastable state is straightforward: Either by destabilizing the 
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storage state (B), or by stabilizing the ground state (A, Figure 5). The (Z)-state can be 

destabilized by incorporation of the switching unit into a (macro)cyclic scaffold, so that 

upon photoisomerization, the induced strain increases the energy level of the switch.[63] 

It is important to fine-tune the scaffold, as a twisted conformation of the (Z)-isomer can 

result in less observed strain,[64] or can even become the thermodynamically more 

stable isomer.[65,66] By densely packing multiple ABs on a rigid backbone, the more 

spacious (Z)-isomers can show repulsive interactions with each other, destabilizing the 

storage state.[67–69] Strategies for stabilizing the ground state can be based on 

intermolecular London Dispersion interactions in the (E)-state,[70] or by π-stacking.[71]  

Figure 5. Energy scheme that presents the energy difference of AB photoisomers, and 

the strategies to improve the energy difference between storage and metastable state. 

A) Stabilization of the ground state. B) Destabilization of the metastable state. 

If the melting point of the (E)-isomer is higher than of the corresponding (Z)-isomer, 

photoisomerization can be accompanied by a phase change from solid to liquid of the 

employed compound.[72,73] This means that upon back isomerization, the released 

isomerization enthalpy is bolstered by a release of latent heat. These phase change 

materials can show very promising energy densities and are currently explored for 

MOST applications.[74–77]  

An important aspect of these compounds is that they are usually not used in the neat 

state. Mostly, AB (or MOST materials in general) are studied in a diluted solution in 

organic solvents, to allow quick and homogeneous isomerization. This drastically 

lowers the energy density, and is often overlooked in MOST studies. Although there 

are some examples of neat MOST materials,[78,79] most of their photophysical 

properties are still studied in solution, and even their heat release is measured 

diluted.[80] Additionally, most liquid ABs rely on the introduction of long, sometimes 

branched, alkyl chains, to add flexibility, break the symmetry, and hinder π–π 

interactions of the phenyl units (Figure 6). These additional groups increase the 

synthetic effort, lower efficiency of the storage material, and decrease the energy 

density due to the additional molecular weight. For genuine applications, the usage of 

neat samples is associated with multiple problems, inter alia the inner filter effect and 

the viscosity, making pumping and storing of the MOST material harder.[81]  

Destabilizing B 

A 

Estorage 

Eactivation 

Stabilizing 
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Figure 6. Structures and properties of liquid state AB in the literature. Compounds 6-

8[82–84] were reported by Kimizuka, compound 5 by Hecht[48] and our group.[85] The 

energy densities are calculate for 100% (Z)-isomer. 

The last step in the MOST cycle is the energy release. For some applications, it may 

be beneficial to release heat over time following the ordinary thermal relaxation, like in 

heat storing fabrics,[86] or energy-saving windows.[87] However, a controlled and 

complete release is usually desired. This can be achieved photochemically by 

irradiation with a wavelength suitable for (Z)- to (E)-isomerization, or by catalytic 

processes involving acids or metals.[88–90] One of the most promising and efficient 

methods to induce rapid back isomerization is the utilization of ABs’ redox chemistry, 

where electrons or holes are used to induce energy release.[91,92]  

To tackle most of these photophysical problems, we introduced liquid 2,6-difluoro AB 5 

that shows a very low viscosity (η = 9.9 mPas) and does not contain long, branched 

alkyl chains.[85] This results in a low molecular weight, and therefore a high energy 

storage density. The low viscosity allows efficient irradiation in a continuous flow 

reactor to ensure quick isomerization (Figure 7, A). Furthermore, this ortho-

disubstituted compound can be isomerized using green light which enhances the 

spectral overlap with the emission spectra of the sun. Additionally, the liquid AB can 

act as a solvent and dissolve higher energy MOST materials like norbornadienes to 

further tune the absorption and heat storage of this mixed material. The heat release 

can either be started by irradiation with blue light (Figure 7, A), by addition of a catalytic 

amount of acid (Figure 7, B) or by an electrochemical trigger. To improve the efficiency 

of the electrochemical trigger, the conductivity of the MOST liquid can be improved by 

dissolution of an electrolyte. 

As the redox chemistry of AB is the basis for its application in electrochemical energy 

storage and for the mentioned electro-catalytic isomerization, it will be discussed in the 

following chapter. Parts of the following section have been published as a review by 

our group beforehand.[93] 
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Figure 7. A) Change in the (Z)-isomer content during green light (left) and blue light 

(right) irradiation of neat AB 5 pumped through a 10 mL tube reactor. The irradiation 

was conducted by a simple home-made setup using an LED strip intended for ambient 

light irradiation. B) Macroscopic heat release of 1 mL AB 5 after addition of a catalytic 

amount of acid measured by an in situ thermometer and visualized using an IR camera. 

2 Redoxchemistry of Azobenzenes 

The incorporation of nitrogen atoms into a molecular scaffold significantly alters the 

electronic nature.[94] The HOMO and LUMO of acenes are, for example, both lowered 

with increasing nitrogen content.[95,96] Comparing the molecular orbitals of pentacene 

and diazapentacene, the HOMO is lowered from –4.6 to –5.1 eV, while the LUMO is 

lowered from –2.7 to –3.3 eV. Following Koopmans’ theorem, these orbital properties 

affect photophysical and electrochemical quantities.[97,98] Similarly, 2,3-diaza-

anthraquinone can be reduced by +450 mV more easily then pristine anthraquinone.[99] 

Comparing AB to its carbon-based derivative stilbene, shows a less facile reduction 

wave shifted by more than 800 mV.[100,101] The electrochemical properties of arenes 

can further be altered by increasing π-delocalization,[102] and in the case of oligo-

stilbenes, the reduction potential can range from –2.25 to –1.97 V (vs. Ag/AgCl) 

depending on the number of para-connected stilbene units.[103] Therefore, AB as a 

nitrogen-containing, π-extended compound has generated interest as a redox active-

material in electrochemical energy storage systems.[104]  

2.1 Azobenzene Redox States 

Nitrogen-containing organic compounds that are related to ABs, either by synthesis, 

degradation or structure, can show nearly all oxidation states in the range from –III to 

+III (Figure 8). Consequently, the redox chemistry of AB is complex and has been 

studied thoroughly. The significance of understanding and expanding AB redox 

chemistry can be seen in the chemistry of the Nobel prize from 1939. Domagk from IG 

Farben studied the effect of sulfonated ABs against bacterial infections. He observed 

that some azo compounds show a clear difference of their antibacterial properties 

between in vivo and in vitro experiments.[3] The in vivo effect of Prontosil, an AB 

molecule used as a prodrug for the first sulfonamide active ingredient, was ascribed to 

the metabolic reduction of the N=N bond to a free aniline.[4]  
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The metabolic degradation of ABs can occur oxidatively by ring hydroxylations,[105] by 

N’-demethylation of dialkylamino-ABs,[106] or reductively in the cyctochrome P-450,[107] 

and by azoreductases under aerobic and anaerobic conditions.[108,109] Shifting from 

biological media to a more controlled electrochemical environment (e.g. solvent, 

potential…) allows the observation of more elusive AB redox states.  

Figure 8. Compounds of interest with their redox states in AB chemistry. 

2.1.1 Reductive Behaviour 

One of the earliest examples of AB redox chemistry was from Wilhelm Schlenk who 

studied the alkali metal addition to different double bonds.[110] He observed that the 

combination of sodium powder with AB results in a dark purple solid, which, after 

quenching with water, yields equimolar amounts of hydrazobenzene and AB. The 

result was therefore not the expected 1e– reduction product as a mono-sodium radical 

anion, but a mixture of a neutral compound and the 2e– reduction product. Wittig made 

a contrary observation with the complete formation of the bis-lithiated hydrazobenzene 

with two equivalents of methyllithium, which formed the radical anion after addition of 

more AB.[111] The comproportionation of deprotonated hydrazobenzene was further 

studied and showed a strong dependence on the employed counter cation, as well as 

an electron paramagnetic resonance (EPR) signal that is influenced by hyperfine 

splitting of the alkali metal.[112] Even just the mixture of AB and hydrazobenzene yields 

an observable EPR radical, indicating an electron transfer between the -II and -I 

oxidation state compounds.[113]  

The electrochemical reduction of AB can be traced back to the research by Gattermann 

and Haber at the start of the 20th century, when the electrochemical reduction of 

nitrobenzenes was studied.[114–116] AB behaves rather differently in electrochemical 

experiments, and the observed results are dependent on solvent, electrolyte, and 

electrode material. During polarography in aprotic, polar solvents, AB 1 is reduced in 

two consecutive 1e– waves.[117] The first wave produces the radical anion 1–●, as 

observed by EPR and UV-Vis measurements, and the second wave the bis-anion 1–2 

(Figure 9, A). Under most conditions, the first wave appears reversible on the time-

scale of the electrochemical measurements, while the second wave appears 

irreversible. The irreversibility of the second wave can be explained by the vide supra 

discussed comproportionation, as well as the significant basicity of the electron-rich 

bis-anion 1–2. In fact, AB 1 can be used as an electrochemical generated base strong 

enough to deprotonate acetonitrile (ACN), and the resulting anion can be used as a 

nucleophile (Figure 9, C).[118] Due to the lower electron density in 4,4’-pyridine hetero-

AB 9, the second reduction can be made more reversible (Figure 9, B).[119]  
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Figure 9. A) Reductive redox chemistry of AB 1 in organic solvents B) Cyclic 

voltammetry measurement (CV) of AB 1 and 4,4’-azopyridine (9) in an organic solvent 

referenced to ferrocene/ferrocenium (Fc/Fc+).[119,120] The second reduction appears 

more reversible for the electron-poor pyridine derivative 9 than for pristine AB 1. 

Reprinted with permission from Y. Xie et. al.[120] Copyright © 2024 American Chemical 

Society. C) Electrochemically generated AB 1–2 base deprotonates an ACN solvent 

molecule, which reacts as a nucleophile.[118] D) Structure of bis-AB 10 and its reduction 

potential compared to the reduction potential of AB 1 vs. Fc/Fc+.[91,121] 

By extending the π-system in para-connected bis-AB 10, their reduction proceeds 

more facile in comparison to pristine AB 1 (Figure 9, D).[121] Para-bis-ABs show two 

clearly distinct reversible 1e– reductions for each azo unit that are separated by 0.5 V. 

This clearly shows the strong electronic communication in para-AB, as also 

demonstrated by ultrafast isomerization dynamic experiments.[122] If the azo units are 

separated by a biphenyl linker, the first two 1e– reductions proceed at more similar 

potentials, as they behave more independently from each other. Increasing the 

dihedral angle between the biphenyl moieties by adding steric bulk (ABs 11-13) results 

in one indistinguishable redox wave for both redox processes (Figure 10, A). The 

charge delocalisation of quasi planar para-bridged oligo-AB has also been visualized 

by electron paramagnetic resonance.[123] The observed delocalization is smaller than 

in the structurally akin stilbene compounds, which is reasoned with the large degree of 

spin density on the nitrogen bridge.  
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Furthermore, para-biphenylene-connected asymmetric bis-ABs like compound 14  

were able to switch orthogonally by a mixture of photochemical and electrochemical 

stimuli (Figure 10, B).[124] This can be achieve by the discussed loss of electronic 

communication due to rotationally hindered biphenyl bridges, as well as two clearly 

different redox potentials due to different substitution on the AB rings. 

Figure 10. A) Dependence of the peak-to-peak separation in the CV of bis-

azobenzenes 11-13 based on the dihedral angle between both photoswitches.[121] CVs 

are referenced to Fc/Fc+. The higher the dihedral angle, the smaller the peak 

separation, as the independent redox behavior increases with increasing angle. 

Reprinted with permission from Bléger et. al.[121] Copyright © 2011 American Chemical 

Society. B) Asymmetric bis-azobenzene 14 and the pathways to achieve orthogonal 

switching, with the different reduction potential allowing selective (Z) to (E) switching 

of the more electron poor switch.[124] 

Evidence of the structure and geometry of the reduced AB species was obtained by 

single-crystal X-ray diffraction (SC-XRD). In earlier studies, the electron transfer from 

two ABs to Re(0) yielded paramagnetic Re(II) complexed with two AB radicals.[125] In 

the obtained crystal, an elongation of the N–N bond in comparison to pristine AB was 

observed, as well as a shift in the νN–N
 IR band to lower wavenumbers, indicating a 

decrease in the double bond character of the radical in comparison to the neutral 

compound. The observed bond elongation and the obtainable EPR signals are in 

agreement with the location of the radical on and over the azo nitrogens. Similar results 

have been obtained in osmium[126] and ruthenium[127] complexes, or with imidazole 

based AB.[128] In 2020, free AB radical and bis-anion were isolated after reduction with 

alkali metals in the presence of a crown ether. Due to the free N–N bond in these 

compounds, they were able to coordinate and activate CO2 to yield oxalic acid.[129]  
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2.1.2 Oxidative Behaviour 

The electrochemical oxidation of ABs is less explored than the reduction. This is mainly 

due to the reason that most AB derivatives show irreversible and destructive oxidation 

behaviour.[130] Nevertheless, an EPR spectrum of AB 1 was obtained after 

bombardment with γ-rays in a frozen CFCl3 matrix,[131] and later in a frozen 

cryofluorane matrix at 77 K.[132] It was shown that substitution with amino or hydroxyl 

groups at the para- or ortho-positions with respect to the azo bond, allows reversible 

oxidation reactions.[133] The observed two-electron process was rationalised by the 

formation of a benzoquinoneimine azine structure.[134] Evidence for this proposed 

structure was obtained by comparison of 1H-NMR signals before and after oxidation of 

AB containing hydroxyl groups at both para-positions. The obtained signals are shifted 

downfield in comparison to the neutral compound, and differ from the signals of the 

corresponding azoxy compound, eliminating azoxy compounds as possible oxidation 

products.[134] Although earlier studies observed only a 1e– oxidation of 4,4’-diamino 

ABs by electron-poor quinodimethanes, forming the corresponding 1:1 salts,[135] more 

recent electrochemical studies and redox titrations by the group of Hecht confirmed 

the 2e– oxidation of 4,4’-diamino AB 15.[92] They furthermore showed that neither the 

3,3’-dimethylamino AB 16, nor the very electron rich 3,3’,4,4’,5,5’-hexamethoxy AB 17 

can undergo reversible oxidations, as they cannot form the proposed quinoidal 

structure.  

Figure 11. The reversible oxidation of 4,4’-dimethylamino AB 15 is based on the 

formed quinoidal oxidized species, as neither the 3,3’-dialkylamino AB 16, nor the 

electron-rich hexamethoxy AB 17 show reversibility.[92,136] Copyright © 2024 The 

Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH. 
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To get further insights into the structure of the oxidized species and the mechanisms 

of the reversible oxidation, we crystallised the product obtained after oxidation of 4,4’-

diethylamino AB 18 with two equivalents of NOBF4.[136] The obtained solid state 

structure revealed the, until then only predicted, quinoidal structure to be valid. A bond 

elongation of the N-N bond, a shortening of the N-Caryl bond, and a bond alternation in 

the ring systems all indicate a quinoidal form over the whole AB core (Figure 12). 

Furthermore, calculation of the δr value, a value used for quantification of quinoidal 

character,[137] of 0.100 Å verifies fully quinoidal rings. 

 

Figure 12. Solid-state structures of 4,4’-diethylamino AB 18[138] (from CCDC: 1000644) 

and the quinoidal form 18+2[136] (from CCDC: 2247535) after the chemical oxidation 

with NOBF4. Solvent molecules, hydrogens and counter anions are omitted for clarity. 

Thermal ellipsoids are shown at 50% probability. 

2.2 Redoxproperties of (Z)-Azobenzene 

One of the most prominent features of AB is the ability to isomerize from the stable (E)- 

to the metastable (Z)-isomer by irradiation with the appropriate wavelength.[5] 

Isomerization leads to changes in properties such as basicity, end-to-end distance, 

solubility, and dipole moment. This raises the question of whether the electrochemical 

properties are also affected. The oxidation of (E)-AB with perbenzoic acid yields (E)-

azoxybenzene (AOB), while the same procedure with (Z)-AB leads to significant 

formation of (Z)-AOB,[139] with a higher reaction rate for (Z)-AB than for (E)-AB. Upon 

treatment of (Z)-AOB with a reducing agent, only the (E)-AB was obtained. This 

highlights the formation of an intermediate, in which the rotation of the N–N bond is 

less hindered, which is not observed during peracid oxidation. Polarograms of p-

methoxy AB 19 in aqueous dioxane electrolyte gave an additional signal after 

irradiation of the sample with UV light (Figure 13).[140]  

  

 aN–N / Å bN–C / Å cC–C / Å dC–C / Å eC–C / Å δr
[137]/ Å 

AB 18[138] 1.266 1.423 1.385 1.382 1.417 0.019 
AB 182+[136] 1.363 1.321 1.442 1.346 1.450 0.100 
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Figure 13. A) Difference between the polarograms of para methoxy AB 19 in 70% 

aqueous dioxane before and after photoisomerization.[140] The new signal 

corresponding to the (Z)-isomer is shifted to more positive potentials, and corresponds 

to the polarogram of a pure (Z)-isomer sample. Reprinted with permission from 

Klopman et. al.[140] Copyright © 1974 American Chemical Society. B) Isomerization of 

AB 19. 

The height ratio of both peaks was dependent on the irradiation duration, but the sum 

stayed constant, which correlates with photoisomerization. The metastable isomer can 

be reduced by nearly 200 mV more easily, and the result of the observed 2e– reduction 

is the same starting from (E)- or (Z)-isomer. If similar experiments are carried out in 

DMF solutions, no difference in the redox potential of both isomers at room 

temperature are observed.[141] Cooling the electrolyte to –22 °C and using very high 

sweep rates results in distinguishable cyclic voltammograms of (E)- and (Z)-AB. 

Photomodulated voltammetry, a technique typically used for elusive radical 

species,[142,143] of in situ generated (Z)-AB in a variety of organic solvents likewise 

revealed a difference between both isomers.[144] The underlying problem of 

electrochemical analysis of the (Z)-isomer, is the formation of the anion radical, which 

has an activation energy of the isomerization of only around 8 kJ mol-1.[141] Pairing the 

fast kinetic constant with a radical transfer to other (Z)-ABs in the vicinity of the 

electrochemically generated radical, (Z)-AB can only be observed in voltamogramms 

if the sweep rate is higher than the rate of isomerization.  

There are ways to stabilize a (Z)-AB radical: Hecht prepared a linear AB 

compound (20) and compared it to a cyclic derivative (21). The cyclic compound 21 

acts as a locked (Z)-20 analog.[91] He observed no difference between the (E)- and (Z)-

isomer of the open form AB 20 in the voltammograms, while cycle 21 showed a 

difference of around 250 mV to more negative potentials for the 1e– reduction 

compared to (E)-20. Former was reasoned with the catalytic back isomerization during 

scanning. By addition of a small amount of generated AB anion radical to a bulk 

solution containing (Z)-AB, fast isomerization to (E)-AB was observed.[141,91] Using a 

spectro-electrochemical setup, the fast isomerization of (Z)-isomer to its stable isomer 

was observable by its change in the UV-Vis spectra during cyclic voltammetry.[92,91] 

Additional cyclic diazo derivatives are the 1,2-diazo rings from Herges. Their redox 

behaviour is strongly dependent on the length of their alkyl chains, although all show 

the expected 1e– reduction of azo compounds.[145]  
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Figure 14. A) A cyclic derivative 21 of (E)-AB 20 as a model for its (Z)-isomer with 

different redox potentials. (Z)-AB 20 isomerizes due to fast radical transfer on the time 

scale of the CV experiment.[91] Reprinted with permission from Goulet-Hanssens et. 

al.[91] Copyright © 2017 American Chemical Society. B) Herges’ diazonine 22 where 

the (Z)-isomer (thermodynamically stable) and (E)-isomer (metastable) show different 

redox potentials observable by CV measurements.[145] This is due to the stability of the 

formed radical anion that only undergoes slow radical transfer. The orange trace 

corresponds to the (E)-isomer, the blue to the (Z)-isomer. Copyright © 2023 The 

Authors. Chemistry - A European Journal published by Wiley-VCH GmbH. 

If the linker is increased to a C3-chain, yielding a diazonine (compound 22), reduction 

of metastable (E)-isomer does not yield the (Z)-isomer in a catalytic fashion, while C1- 

and C2-chains isomerise upon reduction. The obtained redox potentials of (E)-22 are 

shifted 130 mV to more positive potentials compared to (Z)-22. The formed radicals 

are decomposing in around 100 s, probably due to disproportionation. 
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3 Electrochemistry of Azobenzenes in Energy Storage 

Applications 

The versatility of ABs is based on their derivatisation and their tuneable properties. The 

great variety of applications makes it impossible to comprehensively cover them all in 

this work. One emerging technology is the usage in energy storage. Here, AB shows 

its versatility once again as it can be employed in the storage of electrochemical, as 

well as thermal energy storage. The storage of both forms of energy is essential for an 

efficient energy grid. 

3.1 Electrical Energy Storage 

Rechargeable electrochemical energy storages are employed in everyday-used 

handheld electronic devices, like smartphones or laptops, but are also important for 

large-scale, high-capacity storages. Due to the reversible reduction of most diazo units, 

they have been employed in rechargeable alkali-metal batteries, as well as in redox-

flow batteries. A comprehensive analysis of the different technologies, AB derivatives 

and their application can be found in an in-depth review by Shimizu, Tanifuji and 

Yoshikawa.[104] Herein we want to showcase some use cases for AB redoxchemistry 

in the broader scope of electrical and thermal energy storage technologies. 

3.1.1 Metal Batteries 

During their study of aromatic nitro compounds as organic electrodes for Li batteries 

the group of Wang observed that a drastic capacity drop occurred after their first 

reductive cycle, with a good capacity retention of the following cycles (Figure 15).[146] 

They showed that during the first cycle their employed nitro compound 23 is irreversibly 

reduced (over nitrosobenzene 24 and AOB 25) to the corresponding AB 26, which then 

is the electrochemically active electrode that undergoes reversible reduction to the bis-

lithiated hydrazine 27. Similar systems based on AB electrodes were realised for Na- 

and K-batteries,[147,148] and Al- or Zn-based storage solutions.[149] Interestingly, alkyl 

azo compounds lack the reversibility of their aromatic analoga, which highlights the 

importance of conjugation.[150] To further increase stability, dinitro compounds can be 

used as an electrode material, as they polymerize to a π-conjugated azo polymer 

during initial cycling with a similar mechanism as for nitrobenzene 23.[151] Other 

macromolecular azo compounds in alkali metal batteries are covalent-organic and 

metal-organic frameworks.[152,153] One of their advantages as cathode materials is their 

decrease in solubility, and their small volume change upon ion insertion.[154] Although 

they show promising properties, their electrochemical stability can be negatively 

influenced by less stable linkers,[155] and the accessible active material can be highly 

dependent on the used metal ion.[156] An often seen feature in AB electrode materials 

are carboxyl groups, as they improve the interactions with metal cations, and decrease 

solubility in the electrolyte.[157,158] These ABs can also be used in all solid-state lithium 

batteries, highlighting the compatibility and strong interactions with lithium 

sources.[159,160]  
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Figure 15. Galvanostatic charge/discharge curves from nitrobenzene 23.[146] The low 

coulombic efficiency during the first cycle can be explained by the irreversible reduction 

of nitrobenzenes to AB 26. The thereby formed AB 26 shows good capacity retention 

during reductive cycling. Copyright © 2018 WILEY‐VCH Verlag GmbH & Co. KGaA, 

Weinheim. 

To achieve an additional coordination side for alkali metals, AB can be substituted with 

AOB in electrochemical active frameworks, and thereby increase lithium storage 

potentials.[161] As electron-poor pyridine based AB 9 show reversibility even for their 

second reduction, they can be used to further increase the performance of 

batteries.[120] Furthermore, the reduced (discharged) azopyridines 9–2 show 

spontaneous reoxidation to the neutral compound by ambient oxygen as oxidant, 

therefore offering self-charging capabilities.[162]   

Figure 16. Reductive behaviour of 4,4’-azopyridine (9), and the observed reoxidation 

by ambient oxygen of the electrochemically generated hydrazine 92– to the neutral 

state.[162]  
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3.1.2 Redox Flow Batteries 

Due to the reversibility of the 1e– reduction to the anion radical, AB can perform as the 

redox active material in large-scale energy storage systems, like redox-flow 

batteries (RFB). In a seminal study by the group of Yu, pristine AB 1 was employed as 

the anolyte in an organic RFB.[163] With optimization of solvent, separator, and 

supporting electrolyte, AB based RFBs were able to deliver the highest power density 

at that time.[164] To overcome the limitations of high intrinsic resistance and low 

conductivity of organic electrolytes, as well as to use environmental friendly solvent, 

aqueous AB-based RFBs are needed. As pristine AB only shows negligible solubility 

in water, Zu et al. added sulfoxide groups, which results in high solubility of the redox-

active substrate 28 in basic aqueous media (Figure 17).[165] In a comparison of the 

anolyte before and after cycling, the hydrazine and aniline were observed during 1e– 

reduction.[166] It was suggested that the formed anion radical can disproportionate to 

give a neutral AB and double deprotonated hydrazine. AOB was excluded to be a side 

product that is produced during reoxidation. To improve the stability of the cleaved 

bond and therefore increase the long term stability, skeletal rearrangement of ABs to 

benzo[c]chinnoline derivatives was employed.[167] In comparison of the cyclised di-

sulfonated compound 29 with the corresponding AB, a much slower capacity decay 

and therefore a better cyclability was achieved. 

Figure 17. Molecular diazene scaffolds used in reductive RFBs. Compounds 28 and 

29 can be used in aqueous electrolytes. 

These systems rely on the reductive electrochemical behaviour of the employed 

diazenes, as they usually decompose oxidatively.[93] To nevertheless allow AB to be 

employed as a possible catholyte, we relied on the reversible oxidation of 4,4’-

dialkylamino substituted ABs that form a quinoidal system upon the loss of 2e– 

(Figure 18).[136]  

Albeit we were able to demonstrate their cyclability in H-cell experiments, a capacity 

decay over multiple cycles indicates the need for further improvements. Switching from 

AB 18 to AOB 30 increases oxidation potential and solubility for ethyl-substituted 4,4’-

dialkylamino compounds, but does not improve the cycling stability.[168] In fact, a larger 

capacity decay is observed for AOB, which we assumed to be caused by the instability 

of the cation radical intermediate, which is more pronounced in the AOB case. 

Nevertheless, this proof of principle shows that ABs can be employed in both half cells 

of a battery, further extending the applicability of this versatile compound class. 

  

1 28 29 
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Figure 18. 4,4’-Diamino AB 18 and AOB 30 with their reversible oxidation on the time 

scale of an CV experiment referenced and measured with decamethylferrocene during 

charge/discharge cycling in a H-cell. A capacity decay over multiple cycles was 

observed.[136,168] Copyright © 2024 The Author(s). Angewandte Chemie International 

Edition published by Wiley-VCH GmbH and Copyright © 2025 The Author(s). 

Chemistry - A European Journal published by Wiley-VCH GmbH. 

3.2 Electrochemical Heat Release in Molecular Solar Thermal 

Energy Storage 

One of the cornerstones for a proficient and practicable MOST system is the efficient 

back isomerization to controllably harvest the stored thermal energy. Different 

strategies are discussed as possible stimuli for AB isomerization, and, among others, 

redox processes are one of the most efficient ones. In a study about the reductive 

behaviour of (Z)-AB 1, Laviron et al. observed a fast isomerization of (Z)- to (E) upon 

electrochemical reduction.[141] Gescheidt et al. showed a catalytic (Z)- to (E)-

isomerization of 1,1’-azanorbornane (31) upon addition of oxidant, or by 

electrochemical oxidation (Figure 19). In both cases, a radical (Z)-anion or -cation is 

formed, which shows a reduced energy barrier for the isomerization resulting in a fast 

formation of the (E)-isomer. This species can then transfer its radical to another (Z)-

isomer, thereby making the process catalytic in consideration of the electrons, 

expanding the space of possible isomerization catalysts of AB.[88] The group of Hecht 

expanded on this concept with an in-depth study of the electron-[91] and hole-[92] 

catalytic isomerization of ABs. Based on these results, Fuchter and Han prepared 

arylazopyrazole 32 that showed nearly quantitative (E)-to (Z)-isomerization 

(PSS340 nm = 98% (Z)-isomer), but only limited (Z)- to (E)-photoisomerization 

(PSS495 nm = 24% (E)-isomer), which drastically limits its usage as a MOST material.[169]  
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Due to the introduction of an ionic side chain, arylazopyrazole 32 showed conductivity 

in the condensed phase. Upon applying a potential above the redox potential to a thin-

film of the photoswitch, after 20 h an 80% decrease in the (Z)-content was observed, 

which is a lot more than expected of the thermal back isomerization (t1/2 = 14 years). 

By measuring the injected number of charges, the catalytic property of the holes was 

confirmed.  

Figure 19. Electro-catalytic isomerization of (Z)-1,1’-azanorbornane to (E)-1,1’-

azanorbornane 31,[145] and the azoarene 32 that shows solid state electro-catalytic 

switching.[169] 

In a cooperative work from our group with the groups of Libuda, Dreuw, and 

Wasserscheid, the electrochemical energy release of an arylazothiophene was 

studied.[130] DFT calculations showed a decrease in isomerization activation barrier by 

an order of magnitude comparing the neutral and the (positively or negatively) charged 

transition state, making both the reductive and oxidative pathway possible. By 

increasing the potential applied to a photoswitch solution at the PSS, a drastic drop of 

(Z)-isomer concentration at around 1.0 V vs. Fc was measured, but the accompanying 

increase in (E)-concentration was not observed. Instead, the in situ measured IR 

spectra revealed new signals that do not originate from the isomers, but seem to be 

degradation products. It appears that for the arylazothiophenes, the potential needed 

for the decomposition is below the onset of the isomerization potential, which is 

different compared to pristine AB,[92] and to other heterocycles.[169] If a reductive scan 

is conducted, the decline of the (Z)-isomer concentration correlates with the increase 

of (E)-isomer concentration, showing an efficient electrocatalytic isomerization 

process. As the reductive degradation potential is higher than the reductive 

isomerization potential, the conversion level stayed over 90% after 100 switching 

cycles. In a follow-up study, the effect of the electrode material on the reductive 

isomerization of arylazothiophene was explored.[170] Graphite and gold surfaces were 

concluded to be the most suitable electrolyte materials, as they themselves are 

catalytically inactive and do not result in decomposition. Platinum on the other hand 

leads to decomposition of the photoswitch, which lowers isomerization yields and 

poisons the electrodes surface. The liquid AB 5 we introduced earlier can act as a 

solvent for ammonium salts, thereby increasing the conductivity of the neat organic 

compound. The increased electric conductivity allows for an electron- and hole-

catalytic heat release in an electrochemical flow cell using graphite electrodes. Varying 

the applied potential shows that for the isomerization to occur, a specific potential 

threshold needs to be overcome (Figure 20).  
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32 



Introduction 

- 20 - 

Figure 20. A) Electron-catalytical isomerization mechanism of (Z)-AB 5. A similar 

oxidative mechanism over the radical cation is plausible as well. B) Electrochemical 

setup in a continuous flow apparatus and the change in the (Z)-isomer content during 

electrochemical back isomerization depending on the employed potential after one 

cycle. 

This catalytic heat release is an improvement to a photochemical release for AB 5. 

Irradiation with 405 nm leads to a PSS that still contains more than 22% (Z)-isomer, 

resembling stored thermal energy that cannot be accessed. The electrochemical 

isomerization on the other hand has the potential for complete back isomerization, and 

ensures to harvest all stored energy. Therefore, combining the electrochemistry of ABs 

with their application in MOST systems is a very capable way to increase the efficiency 

of a storage material.
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4 Contributions to the Literature 

4.1 para-Aminoazobenzenes – Bipolar Redox-Active Molecules 

Reference: D. Schatz, M. E. Baumert, M. C. Kersten, F. M. Schneider, M. Brøndsted 

Nielsen, M. M. Hansmann, H. A. Wegner, Angew. Chem. Int. Ed. 2024, 36, 

e202405618. 

DOI: 10.1002/anie.202405618 

Reproduced with permission. Copyright © 2024 The Author(s). Angewandte Chemie 

International Edition published by Wiley-VCH GmbH. 

Azobenzenes (ABs) are versatile compounds featured in numerous applications for 

energy storage systems, such as solar thermal storages or phase change materials. 

Additionally, the reversible one-electron reduction of these diazenes to the nitrogen-

based radical anion has been used in battery applications. Although the oxidation of 

ABs is normally irreversible, 4,4’-diamino substitution allows a reversible 2e− oxidation, 

which is attributed to the formation of a stable bis-quinoidal structure. Herein, we 

present a system that shows a bipolar redox behaviour. In this way, ABs can serve not 

only as anolytes, but also as catholytes. The resulting redox potentials can be tailored 

by suitable amine- and ring-substitution. For the first time, the solid-state structure of 

the oxidized form could be characterized by X-ray diffraction. 

 

 

 

 

A German version of this article can be found under the following reference. 

Reference: D. Schatz, M. E. Baumert, M. C. Kersten, F. Schneider, M. Brøndsted 

Nielsen, M. M. Hansmann, H. A. Wegner, Angew. Chem. 2024, 36, e202405618. 

DOI: 10.1002/ange.202405618 
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4.2 Amino-substituted Azoxybenzenes as Potential Redox-Active 

Catholyte Materials 

Reference: D. Schatz, C. Burdenski, F. M. Schneider, M. M. Hansmann, H. A, Wegner, 

Chem. Eur. J. 2025, 63, e202404001. 

DOI: 10.1002/chem.202404001 

Reproduced with permission. Copyright © 2025 The Author(s). Chemistry - A 

European Journal published by Wiley-VCH GmbH. 

Aryl diazenes, particularly azobenzenes (AB), represent a versatile class of 

compounds with significant historical and practical relevance, ranging from dyes to 

molecular machines, solar thermal and electrochemical storage. Their oxygen-

substituted counterparts, azoxybenzenes (AOB), share structural similarities but have 

been less explored, especially in energy storage applications. This study investigates 

the redox properties of AOB, comparing them to AB, and evaluates their potential as 

redox-active materials for energy storage systems. Through cyclic voltammetry (CV) 

and spectro-electrochemical analyses, we demonstrate that AOBs exhibit a distinct 

redox behaviour, influenced by the solvent and electrolyte environment, with a 

reversible oxidation process. Despite their promising redox characteristics, AOBs 

suffer from capacity decay during galvanostatic cycling, likely due to the instability of 

the radical cation intermediate. These findings suggest that while AOBs offer intriguing 

redox properties, further investigation into stabilization strategies are needed for their 

application in energy storage. 
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4.2.1 Inside Cover Feature 
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4.3 An Azobenzene-Based Liquid Molecular Solar Thermal (MOST) 

Storage System – Energy Carrier and Solvent 

Reference: D. Schatz, C. Averdunk, R. Fritzius, H. A, Wegner, ChemRxiv, 

10.26434/chemrxiv-2025-7v3ds-v2. 

DOI: 10.26434/chemrxiv-2025-7v3ds-v2 

Reproduced with permission. Copyright © under CC BY NC ND 4.0 licence. 

The concept of molecular solar thermal (MOST) storage systems is based on capturing 

solar energy via photoisomerization, which can be released later as thermal energy. 

Generally, suitable compounds are irradiated and analyzed as a solution, as this 

facilitates isomerization and handling in general. Energy densities, though, are 

calculated for the neat compound. Herein, we want to introduce the low viscous, green 

light active, 2,6-difluoroazobenzene (AB), which can be efficiently irradiated, pumped 

and handled in its neat state. Synthesis as well as isomerization can be done 

conveniently in continuous flow set-up. Storage densities of 218 kJ kg-1 are the highest 

compared to other liquid azobenzenes. Additionally, the irradiation with green light and 

the processibility in the neat state make this compound a promising candidate for 

energy storage applications. Furthermore, the liquid AB can be employed as a MOST-

active solvent. For example, we demonstrated the solvation of an electrolyte to induce 

a measurable conductivity, which then allows for electron-catalyzed back-

isomerization to harvest the stored energy. Alternatively, it can act as a solvent for a 

higher energy MOST material. As a proof-of-concept a norbornadiene (NBD) has been 

dissolved in our AB solvent allowing to utilize the energy of the NBD as well as the AB 

solvent. Further optimization of the solute-solvents systems is required to fully harvest 

the potential of this new concept for efficient energy storage. 

Liquid MOST 

compound 
ΔH

storage
 = 218 kJ kg

-1 
Use as MOST-active 

solvent 
Green light 

absorbance 
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4.4 Electrochemistry of Azobenzenes and Its Potential for Energy 

Storage 

Reference: D. Schatz, H. A, Wegner, J. Org. Chem. 2025, accepted. 

DOI: 10.1021/acs.joc.5c00315 

Reproduced with permission. Copyright © under CC BY 4.0 licence. 

Azobenzenes are promising materials for energy storage due to their reversible 

photoisomerization and redox properties. Given the critical role of redox behavior in 

the latter application, an investigation of their redox processes is essential. We propose 

a classification of azobenzenes into two categories: benzenoid-type and quinoid-type, 

based on the mechanism of their oxidation. Benzenoid-type compounds have been 

extensively studied due to their reversible reduction. Quinoid-type compounds exhibit 

oxidative and reductive versatility, making them promising for further research in 

energy storage. 
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5 Additional Contributions 

5.1 An Incremental System to Predict the Effect of London 

Dispersion Donors in All-meta-Substituted Azobenzenes 

Reference: C. Di Berardino+, M. A. Strauss+, D. Schatz, H. A. Wegner Chem. Eur. J. 

2022, 28, e202104284. 

DOI: 10.1002/chem.202104284 

+These authors contributed equally. 

Reproduced with permission. Copyright © 2022 The Authors. Chemistry - A European 

Journal published by Wiley-VCH GmbH. 

Predictive models based on incremental system exist for many chemical phenomena, 

thus allowing easy estimates. Despite their low magnitude in isolated systems London 

dispersion interactions are ubiquitous in manifold situations raging from solvation to 

catalysis or in biological systems. Based on our azobenzene systems, we systemically 

determined the London dispersion donor strength of the alkyl substitutes Me, Et, iPr 

up to tBu. Based on this data, we were able to implement an incremental system for 

London dispersion for the azobenzene scheme. We propose an equation that allows 

the prediction of the effect of change of substituents on London dispersion interactions 

in azobenzenes, which has to be validated in similar molecular arrangements in the 

future. 
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5.2 Investigation of Alkyl–Aryl Interactions Using the Azobenzene 

Switch – The Influence of the Electronic Nature of Aromatic 

London Dispersion Donors 

Reference: D. Schatz+, A. Kunz+, A. R. Raab, H. A. Wegner, Synlett 2023, 34, 1153– 

1158. 

DOI: 10.1055/a-1951-2833 

+These authors contributed equally. 

Reproduced with permission. Copyright © 2022 The Author(s). Rights managed by 

Thieme. 

Herein we report the synthesis of nonsymmetrically substituted azobenzene 

derivatives with meta-alkyl substituents on one side and meta-aryl moieties with 

electron-donating or electron-withdrawing groups on the other side. The half-lives for 

the thermal (Z)- to (E)-isomerization of these molecules were measured in n-octane, 

which allows investigation of the strength of the aryl–alkyl interactions between their 

substituents. It was found that the London dispersion donor strength of the alkyl 

substrate is the decisive factor in the observed stabilization, whereas the electronic 

structure of the aryl fragment does not influence the isomerization in a significant way. 
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5.3 Synthesis and investigation of a meta[6]cycloparaphenylene 

gold(I) N-heterocyclic carbene complex 

Reference: F. Bernt, C. M. Leonhardt, D. Schatz, H. A. Wegner, Chem. Commun. 

2024, 60, 3055–3058 

DOI: 10.1039/D3CC06225B 

Reproduced with permission. Copyright © under CC Attribution 3.0 licence. 

Meta[n]cycloparaphenylenes (m[n]CPPs) as well as N-heterocyclic carbene (NHC) 

gold(I)-complexes are intriguing building blocks for material and life sciences due to 

their extraordinary structures resulting in unique photophysical properties. Herein, we 

report the combination of a m[6]CPP with a N-heterocyclic carbene serving as a ligand 

in a linear gold(I)-complex possessing the form [AuBr(NHC)]. Solid-state structures of 

both the precursor and the complex are presented and discussed. Moreover, we 

investigated the luminescence properties of both the imidazolium intermediate and the 

corresponding gold(I)-complex. 
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5.4 Molecular Wind-Up Meter for the Quantification of London 

Dispersion Interactions 

Reference: C. Averdunk+, K. Hanke+, D. Schatz+, H. A. Wegner, Acc. Chem. Res. 

2024, 2, 257–266. 

DOI: 10.1021/acs.accounts.3c00616 

+These authors contributed equally. 

Reproduced with permission. Copyright © 2024 American Chemical Society. 

The experimental quantification of interactions on the molecular level provides the 

necessary basis for the design of functional materials and chemical processes. The 

interplay of multiple parameters and the small quantity of individual interactions pose 

a special challenge for such endeavors. The common method is the use of molecular 

balances, which can exist in two different states. Thereby, a stabilizing interaction can 

occur in one of the states, favoring its formation and thus affecting the thermodynamic 

equilibrium of the system. One challenge is determining the change in this equilibrium 

since various analytical methods could not be applied to fast-changing equilibria. A 

new and promising method for quantifying molecular interactions is the use of 

Molecular Wind-up Meters (MWM) in which the change in kinetics, rather than the 

effect on thermodynamics, is investigated. An MWM is transformed with an energy 

input (e.g. irradiation) into a metastable state. Then, the rate of thermal transformation 

back to the ground state is measured. The strength of interactions present in the 

metastable state controls the kinetics of the back reactions, allowing direct correlation. 

The advantage of this approach lies in the high sensitivity (energy differences can be 

larger by 1 order of magnitude) and, in general, allows the use of a broader range of 

solvents and analytical methods. An Azobenzene-based MWM has been established 

as a powerful tool to quantify London dispersion interactions. London dispersion (LD) 

represents the attractive part of the van der Waals potential. Although neglected in the 

past due to its weak character, it has been shown that the influence of LD on the 

structure, stability, and reactivity of matter can be decisive. Especially in larger 

molecules, its energy contribution increases overproportionately with the number of 

atoms, which has sparked increasing interest in the use of so-called dispersion energy 

donors (DED) as a new structural element. Application of the azobenzene-based MWM 

not only allowed the differentiation of bulkiness, but also systematically addressed the 

influence of the length of n-alkyl chains. Additionally, the solvent influence on LD was 

studied. Based on the azobenzene MWM, an increment system has been proposed, 

allowing a rough estimate of the effect of a specific DED. 
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5.5 Expanding the Clip-and-Cleave Concept: Approaching 

Enantioselective C–H Hydroxylations by Copper Imine 

Complexes Using O2 and H2O2 as Oxidants 

Reference: A. Petrillo, K. F. Kirchgeßner-Prado, D. Hiller, K. A. Eisenlohr, G. Rubin, C. 

Würtele, R. Goldberg, D. Schatz, M. C. Holthausen, I. Garcia-Bosch, S. Schindler, J. 

Am. Chem. Soc. 2024, 37, 25689–25700. 

DOI: 10.1021/jacs.4c07777 

Reproduced with permission. Copyright © 2024 American Chemical Society. 

Copper-mediated aromatic and aliphatic C–H hydroxylations using benign oxidants (O2 

and H2O2) have been studied intensively in recent years to meet the growing demand 

for efficient and green C–H functionalizations. Herein, we report an enantioselective 

variant of the so-called clip-and-cleave concept for intramolecular ligand 

hydroxylations by the application of chiral diamines as directing groups. We tested the 

hydroxylation of cyclohexanone and 1-acetyladamantane under different oxidative 

conditions (CuI/O2; CuI/H2O2; CuII/H2O2) in various solvents. As an outstanding 

example, we obtained (R)-1-acetyl-2-adamantol with a yield of 37% and >99:1 

enantiomeric excess from hydroxylation in acetone using CuI and O2. Low-temperature 

stopped-flow UV–Vis measurements in combination with density functional theory 

(DFT) computations revealed that the hydroxylation proceeds via a bis(μ-oxido) 

dicopper intermediate. The reaction product represents a rare example of an 

enantiopure 1,2-difunctionalized adamantane derivative, which paves the way for 

potential pharmacological studies. Furthermore, we found that 1-acetyladamantane 

can be hydroxylated in a one-pot reaction under air with isolated yields up to 36% and 

enantiomeric ratios of 96:4 using CuII/H2O2 in MeOH. 
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6 Abbreviations 

AB   Azobenzene 

AOB   Azoxybenzenes 

MOST   Molecular solar thermal energy storage 

PSS   Photostaionary state 

UV   Ultraviolet 

VIS   Visible 

LED   Light-emitting diode 

IR   Infrared  

HOMO  Highest occupied molecular orbital 

LUMO   Lowest unoccupied molecular orbital 

Fc   Ferrocene 

EPR   Electron paramagnetic resonance 

ACN   Acetonitrile 

CV   Cyclic voltammetry 

SC-XRD  Single-crystal X-ray diffraction 

CCDC   Cambridge crystallographic data centre 

RFB    Redox-flow battery 
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