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Abstract 

Azobenzenes, with their ability to undergo a reversible change from the (E)- to the (Z)-

isomer by irradiation with light, have a wide range of possibilities in various fields of 

research, including host-guest chemistry, information- or energy storage. To 

successfully incorporate azobenzenes in the previously mentioned applications it is 

essential to have a thorough understanding of the effects of the interactions with or 

among the azobenzene scaffold. Apart from the interactions of azobenzenes with 

sensitizers, catalysts or solvent molecules, intramolecular interactions also 

significantly influence their isomerization behavior. For the latter, the role of 

substituents and their pattern is crucial, as they can influence the electronics and 

thermodynamics of those systems. In this context, the stabilizing effects of London 

dispersion forces on different non-symmetric azobenzenes were examined. The 

strategic introduction of meta-alkyl substituents on one phenyl ring and electron rich or 

poor meta-aryl moieties on the other phenyl unit revealed the decisive factor for the 

observed stabilization among the azobenzene scaffold. 

 

Figure 1: Possible interactions with and among azobenzene photoswitches and an azobenzene 
synthesis strategy in continuous flow setup. 
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The addition of one or more photoswitchable units to the azobenzene scaffold as 

substituent(s), provides multiphotochromic systems with expected increased 

information and storage density. Nonetheless, complex mixtures can arise, wherein 

their interplay is still not fully understood. Therefore, the interaction of different 

photochromic systems with the azobenzene scaffold, including the interaction of 

combined azobenzenes in close proximity, was investigated in this work.  

Lastly, the synthesis of azobenzenes was improved by applying the prominent Baeyer-

Mills coupling reaction to a continuous flow system. This led to an efficient, 

reproducible and large scale approach which is essential for future applications of this 

fascinating compound class.  
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Zusammenfassung 

Azobenzole eröffnen mit ihrer Fähigkeit, durch Lichteinstrahlung reversibel vom (E)- 

zum (Z)-Isomer zu schalten, ein breites Spektrum an Anwendungen in 

verschiedensten Forschungsbereichen, wie z.B. in der supramolekularen Chemie 

sowie in der Informations- oder Energiespeicherung. Daher ist es notwendig, die 

Auswirkungen verschiedener Wechselwirkungen mit und zwischen dem 

Azobenzolgerüst im Detail zu verstehen. Abgesehen von den Wechselwirkungen der 

Azobenzole mit Photosensibilisatoren, Katalysatoren oder Lösungsmittelmolekülen 

haben auch intramolekulare Wechselwirkungen einen erheblichen Einfluss auf ihr 

Isomerisierungsverhalten. Für Letzteres ist die Rolle der Substituenten und deren 

relative Position entscheidend. Diese können die elektronischen Eigenschaften sowie 

die Thermodynamik dieser Systeme beeinflussen. In diesem Zusammenhang wurden 

die stabilisierenden Effekte der London Dispersion zwischen verschiedenen nicht-

symmetrischen Azobenzolen untersucht. Durch die Einführung von verschiedenen 

meta-Alkyl-Substituenten an einem Phenylring und elektronenreichen oder -armen 

meta-Aryl-Einheiten am anderen Phenylring, konnte ermittelt werden, welche Faktoren 

für die beobachtete Stabilisierung des Azobenzols verantwortlich sind. 

 

Abbildung 1: Wechselwirkungen mit und zwischen der Azobenzoleinheit in Photoschaltern, die 
im Rahmen dieser Arbeit untersucht wurden und die Entwicklung einer kontinuierlichen Fluss 

Synthese zur Darstellung von Azobenzolen. 
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Die Kombination einer oder mehrerer photoschaltbare(n/r) Einheit(en) mit dem 

Azobenzolgerüst als Substituent(en) führt zu multiphotochromen Systemen mit 

erwarteter erhöhter Informations- und Speicherdichte. Es können jedoch komplexe 

Mischungen entstehen, deren Zusammenspiel noch nicht vollständig verstanden ist. 

Daher wurde in dieser Arbeit die Wechselwirkung verschiedener photochromer 

Systeme mit dem Azobenzolgerüst untersucht, einschließlich der Wechselwirkung von 

kombinierten Azobenzolen, welche sich in unmittelbarer Nähe befinden.  

Außerdem wurde die Synthese von Azobenzolen mit der bekannten Baeyer-Mills-

Kupplungsreaktion in ein kontinuierliches Durchflusssystem überführt. Dadurch ist die 

Reaktion effizient, reproduzierbar und im großen Maßstab möglich und kann für 

künftige Anwendungen mit dieser faszinierenden Verbindungsklasse genutzt werden.  
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1 Photoswitches 

1.1 Fundamentals of Photoswitches 

Molecules with the ability to reversibly isomerize between a parent molecule (A) and 

its corresponding photoisomer (B) when applying light as an external stimulus are 

referred to as photoswitches.[1] This takes advantage of the fact that light is a non-

embedding energy source that additionally has a high spatial and temporal resolution. 

It can be simplified for most photochromic molecules, that parent molecule (A) (Figure 

2, left), which is typically the most stable isomer, absorbs light in the UV (ultraviolet) or 

near-UV region and has at least one characteristic absorption maximum at a specific 

wavelength (λA), while its photoisomer (B) has a different absorption spectrum (Figure 

2, right).  

 

Figure 2: Schematic absorption spectra of parent molecule (A) and its photoisomer (B). 

When light of this particular wavelength (λA) is shone on the molecule, a photon is 

absorbed and molecule (A) gets excited from the ground to the excited state. Once this 

occurs, the molecule has the opportunity to relax back to (A) or convert to its 

photoisomer (B). For the reversion back from (B) to (A) it can be distinguished between 

thermal (T-Type) or photo-induced (P-Type) isomerization.[2] In general, the 

performance of a photoswitch can be estimated according to four different 

parameters:[3]  

 Quantum yield 

 Stability of photoisomers 

 Photostationary state 

 Reproducibility of photoswitching 
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The quantum yield is defined as the ratio between photons absorbed and the actual 

photoisomerization.[4] As second parameter, the thermal stability of both photoisomers 

can be appointed. Depending on the area of application, the respective half-lives (t1/2) 

need to be adjusted, as in some cases, it is beneficial that the photoisomer is present 

for months or longer; while in other cases shorter half-lives can be favoured. Half-lives 

are usually measured in solution, which can also have an influence on the stability of 

the corresponding isomer.[5,6] The third parameter is the respective photostationary 

state (PSS) at a specific wavelength, which describes a constant ratio of photoisomers 

after exposure to a specific light source (or none). The fourth parameter defines the 

photoswitchings`s reproducibility, which is typically measured in switching cycles. 

During this experiment, photoisomerization can lead to decomposition or other 

competing side reactions.[7–9] 

1.2 Classification of Photoswitches 

It is therefore not surprising that these molecules get exploited in various fields of 

research due to their ability to undergo reversible changes, which are expressed in 

geometry, polarity, electrochemical and optical properties, just to name a few. There 

are numerous examples of photochromic molecules in organic chemistry, from which 

a limited selection relevant to this work will be presented. They can be divided into 

different categories based on the reaction involved in the photoisomerization. Of these 

categories, proton transfer, (E)-(Z)-isomerization and cyclization reactions are the most 

prominent (Figure 3). When we consider the first category, one predominant example 

is salicylideneanilines (cis-enol-1) (Figure 3, a)), also called anils, which are Schiff’s 

bases (R2C=NR'), where R' is a phenyl or substituted phenyl group.[4] They can easily 

be synthesized by condensation of salicylaldehyds with the corresponding anilines. 

When salicylideneaniline enol-1 or its derivatives, which are typically yellow, are 

irradiated with light in the UV region, excited-state intramolecular proton transfer 

(ESIPT) from the enol to its cis-keto form takes place. This cis-keto form cis-keto-1 is 

subsequently isomerized to its trans-keto form trans-keto-1. The anil’s keto forms 

usually have a characteristic red color and can be assigned to the T-type, which means 

they can only be back-isomerized thermally. While the back reaction in solution takes 

a few milliseconds, it can take seconds up to months in the solid state.[10–12]  
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Figure 3: Classes of photoswitches organized into groups based on their reaction involved in 

photoisomerization. 

Besides the proton transfer mechanism, several photochromic molecules can be 

assigned to the cyclization category when separating them by the reaction involved in 

their photoisomerization. One example of this category is spiropyran (SP) SP-2, which 

can undergo a ring opening reaction by irradiation of UV-light upon C-O cleavage, 

followed by cis-trans isomerization to its merocyanine (MC) form MC-2, which is, in 

contrast to spiropyran SP-2, highly conjugated and usually exhibits strong absorption 

in the visible (VIS) range.[13–15] SP-1 is typically colorless in its closed form due to 

broken conjugation.[15] Merocyanine can be present in its zwitterionic or in its quinonic 

form.[15] The back reaction from merocyanine MC-2 to spiropyran SP-2 occurs 

thermally, classifying them as T-type. Another member of this family is dihydroazulene 

DHA-4 (Figure 3, d)). DHA-4 undergoes a retro-electrocyclization, which involves a 

carbon-carbon bond cleavage, by irradiation to its photoisomer vinylheptafulvene 

(VHF) VHF-4.[16] VHF typically has a redshifted absorption maximum at around 

470 nm, which makes it colored compared to its photoisomer DHA. Moreover, it is 

associated as T-type. While the ring-opening proceeds quite fast,[17,18] the ring-closing 
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takes longer.[19–21] Their ability to isomerize completely to both isomers, makes them 

interesting for applications as solar fuels or information storage systems. 

Donor-acceptor Stenhouse-adducts (DASA, Figure 3, f)), which are T-type 

photoswitches, isomerize with light of the visible or near infrared range from the colored 

neutral linear isomer open-6 to colorless zwitterionic cyclic form closed-6.[22–24] 

Another photoswitch, which is based on a 6π-electrocyclization, is dithienylethene 

(DTE, Figure 3, e)) open-5. By irradiation of UV light, a ring closure occurs to its 

corresponding photoisomer closed-5. Because of π-conjugation in its closed form, this 

photoisomer has a red shifted absorption maximum in comparison to its open form, 

where π-conjugation is enabled.[25] The open photoisomer is thermally stable and can 

only be back-isomerized by irradiation of visible light, which classifies them as P-type.  

Norbornadiene (NBD) has a bicyclic structure with two isolated double bonds and can 

undergo a [2+2]-cycloaddition to the corresponding metastable quadricyclane (QC) 

(Figure 3, c)).[26–29] In contrast to the previous examples, NBDs experience negative 

photochromism during the photoisomerization process, by decolorization from yellow 

NBD to colorless QC, resulting in a hypsochromic shifted spectrum. During this 

photoisomerization the molecule’s ring strain nearly doubles, resulting in an increased 

energy difference, which can be exploited for the potential use as molecular solar 

thermal energy storage systems (MOST).[30–33] QC can be instantly isomerized back to 

NBD by an external trigger, e.g. electrochemically or by catalysts.[34–40] Although its 

unsubstituted form NBD-3 has the advantage of high energy density, it can only be 

converted to QC-3 by photosensitizers,[41,42] is volatile, air sensitive and prone to 

polymerization upon irradiation.[43–45] Accordingly, the photochemical properties of 

NBD can be modified by introducing substituents. For example, by introducing electron 

donating as well as electron withdrawing substituents at C2 and C3, the spectrum of 

NBD can be redshifted, eliminating the need of a photosensitizer; however, this is at 

an expense of drastically reduced half-lives (Figure 4).[46–48]  

 

Figure 4: Diaryl-substituted NBDs 9-13 and their absorption maxima and half-lives in toluene.[46]
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2 Azobenzenes as Photoswitches 

2.1 Concept and Properties of Azobenzenes 

Similar to the concept of stilbenes (Figure 3, g)), another class of photoswitches are 

azobenzenes (AB), which can be assigned to the family of (E)-(Z) isomerization. ABs 

typically consist of two phenyl groups connected by a nitrogen-nitrogen double bond 

(N=N) (Figure 3, h)). Since they were discovered about 190 years ago, they are mostly 

known for their applications as dyes, pigments and indicators because of their 

characteristic color and intensity (Figure 5, b)).[49,50] 

Figure 5: a) UV-Vis spectra of unsubstituted AB 8 in n-decane. Red spectrum: 8-(E), black 
spectrum: 8-(Z). b) Solid AB 8. c) Isomerization and characteristics of unsubstituted AB 8.[6] 

In recent years, the application areas for ABs have increased dramatically, where their 

properties are exploited in energy and information storage, organocatalysis, 

photobiology and photopharmacology, host–guest chemistry, molecular mechanics, 

molecular machines and other areas of research.[5,51–62] These versatile applications 

can be attributed to the fact that ABs can switch between their energetically favorable 

(E)-isomer and the energetically less favorable (Z)-isomer by irradiation of light, which 

was only reported in 1937 by Hartley several years after their original discovery.[49,63] 

They are synthetically well accessible, exhibit robust handling and moreover, their 

isomerization process can be followed by UV-Vis spectroscopy (Figure 5, a)).[6] While 

the (E)-isomer exhibits a strong π-π* absorption around 300-350 nm, depending on 

the substitution pattern and solvent, and a weak n-π* absorption at around 450 nm, 

the (Z)-isomer has a decreased π-π* and a marginally increased n-π* absorption band 

(Figure 5, a)).[64] By irradiation with light in these characteristic absorption bands, the 
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AB can be switched photochemically either from (E)→(Z) with 300-350 nm or from 

(Z)→(E) with light of around 450 nm. Additionally, ABs can relax back to their 

energetically favored isomer thermally or electrochemically.[65,66] However, by 

isomerization not only the photochemical properties change but also their geometry, 

polarity and electronic properties (Figure 5, c)).[67–71] The (E)-isomer of ABs follows a 

C2h-symmetry and is planar, while the (Z)-isomer exhibits a non-planar C2 symmetry 

with a distorted arrangement of the phenyl-rings (unsubstituted AB). In this process, 

the system’s geometry changes drastically from 9.1 Å to 6.2 Å, which, among others, 

makes them extremely interesting for the usage in molecular machines.[68,72] 

2.2 Interactions Influencing the Isomerization of Azobenzenes 

This characteristic isomerization behavior of ABs can be influenced by external or 

internal interactions. For example, the half-life of the corresponding metastable (Z)-

isomer is drastically dependent on the solvent system. Among other things, it can be 

explained by the respective mechanism of the thermal back isomerization, which in 

turn is dependent on the substitution of the AB. When electron donating as well as 

electron withdrawing substituents are attached on opposing phenyl rings of the AB 

scaffold, a rotational mechanism of thermal back isomerization is proposed.[73] The 

dipolar transition state of these so-called “push-pull”-systems can be stabilized by polar 

solvents or solvents with acidic protons, which subsequently leads to a shorter half-life 

and accelerated isomerization rate of the metastable (Z)-AB of test systems in certain 

cases by a factor of over 3000.[74] If the thermal back isomerization is based on an 

inversion mechanism, the trend for the isomerization rate and half-life is also inverted 

and accordingly prolonged.[75,76] This is due to a stabilization of the (Z)-isomer as well 

as the destabilization of the corresponding transition state of electronically neutral 

ABs.[77,78] There are also various other aspects of the chosen solvents that need to be 

considered as they can influence the isomerization of AB.[79] 

Additionally, the isomerization behavior can be influenced by involvement of a catalyst 

or photosensitizer. It was already shown in 1958 by Schulte-Frohlinde that (Z)→(E)-a 

large number of different catalysts can trigger AB thermal back isomerization.[80] When 

for example thiophenol is added, the half-life of (Z)-isomer 8 decreases from 16 h to 

7.5 h (in benzene). Additionally, different Brønsted or Lewis acids like salicylic acid, 

hydrochloric acid or tricoordinated phosphorus compounds can be used to decrease 

half-lives.[80–84] An additional approach is the electrocatalytic (Z)→(E) isomerization. 
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Hecht and co-workers showed that the isomerization can be initiated either by an 

oxidative (hole catalysis) or reductive (electron catalysis) reaction channel.[65,66] When 

the reaction is triggered by an oxidative reaction channel, a chemical oxidant or a 

photosensitizer like methylene blue as an initiator (oxidation or sensitization, 

respectively) is needed for the formation of a radical cation. Depending on hole or 

electron catalysis, the radical anion or cation performs Z•+/•-→E•+/•- isomerization and 

can subsequently transfer the radical onto other (Z)-8 molecules (Figure 6, a)).[65,66] 

Heteroaryl-AB 14 can be used to avoid oxidized byproducts from initiation (Figure 6, 

b)).[85] Furthermore, thio-AB 15 was isomerized by electron catalysis for potential solar 

fuel applications, while in this case hole catalysis led to decomposition (Figure 6, c)).[86] 

Photosensitizers are mostly known for sensitizing (Z)→(E)-isomerization, while fewer 

examples for sensitizing the (E)→(Z)-isomerization are known, which would be 

especially interesting for applications as solar fuels, where the light of the whole solar 

spectrum should be exploited.[87] Though using a photosensitizer for the (E)→(Z)-

isomerization wavelength of over 600 nm can be used to enable the isomerization, this 

often leads to a smaller quantum yield.[88,89] 

 

Figure 6: a) Principles of electrocatalytic (Z)→(E) isomerization of ABs.[65,66] b) Heteroaryl-AB 14 
avoiding oxidated products while initiation of electrocatalytic isomerization. c) Candidate thio-

AB 15 for electrocatalytic (Z)→(E)-isomerization presented in this work. 

2.2.1 Influence of Substituents on Azobenzene Derivatives 

As previously mentioned, the parameters of AB photoswitches can also be influenced 

through the attachment of substituents on the corresponding phenyl ring(s). This can 

drastically affect the parameters of the photoswitch like its absorbance, quantum yield, 

half-life and electrochemical properties, among others. Based on the different 

spectroscopic characteristics, Rau divided ABs into three categories: azobenzenes, 
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aminoazobenzenes and pseudo-stilbenes (Figure 7).[90] The first class, azobenzenes, 

consists of unsubstituted AB as well as ABs, which are substituted with alkyl, aryl, 

halide, carbonyl, amide, nitrile, ester and carboxylic acid substituents. In this class, the 

π-π* and the n-π* are well separated and the thermal back reaction is typically in the 

minute to days range (Figure 7, left). The second class includes ABs with amino, 

hydroxyl- and alkoxy-groups in ortho- or para-position (Figure 7, middle). In this class 

the π-π* absorption maximum can be redshifted, so that it overlaps with the n-π* 

absorption maximum. This can result in difficulties in addressing the respective 

transition and also assigning the quantum yields.[88,91–95] Moreover, their half-lives are 

usually lower than for azobenzenes. Pseudo-stilbenes, the third class, consist of 

protonated ABs and “push-pull” systems (Figure 7, right). By introducing a strong 

electron donor on one phenyl ring and a strong electron acceptor on the other in 4 and 

4’ position, the energy of the π-π* decreases resulting in a red shifted spectrum. The 

reason for this is simultaneous destabilization of the HOMO and stabilization of the 

LUMO.[5,96–101] Additionally, these “push-pull”-systems exhibit intermolecular charge 

transfer (ICT).[102] This class can also be characterized by its decreased half-life in the 

second to millisecond time range, in comparison to the other classes. Because of the 

electronic as well as their steric effects, the regiochemical substitution of the phenyl 

rings is also essential. Here it has to be distinguished between ortho-, meta- and para-

connection (Section 3.2.1).[103]  

 

Figure 7: Representative ABs for the different categories: azobenzenes[104], amino-
azobenzenes[104] and pseudo-stilbenes[105] together with their absorption maxima as well as the 

half-life of their corresponding (Z)-isomer in DMSO (16, 17) and toluene (18). 

Furthermore, through the buildup of ring strain around the AB scaffold, the 

thermodynamics can be influenced to such an extent that their (Z)-AB becomes the 

most stable isomer (Figure 8).[106–108] An example for this is bridged-AB (Z)-19, 
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investigated by Siewertsen et al.. It can be switched to ∼90% (E)-19 and back with 

light of 520 nm to its energetically favored (Z)-19 to 100%, which can be explained by 

good separation of the π-π* and n-π* absorption bands (Figure 8, left).[107] Cyclic (Z,Z)-

20, with the same inverted stability, can be isomerized by laser or Hg-lamp to (E,E)-

20, which has a half-life of 20 days before it converts to its (E,Z)-isomer, which is quite 

unstable due to increased ring strain with a half-life of ∼1 s.[108] In contrast to the 

previously mentioned examples, (Z,Z)-21 can only be photoisomerized to the (E,Z)-21-

isomer, which, due to its half-life in the millisecond range, could only be observed 

through ultrafast spectroscopy measurements.[109]  

 

Figure 8: Examples of inverted stability of photoisomers in AB derivatives 19-21. 

2.2.2 London Dispersion Among the Azobenzene Scaffold 

The previous section (2.2.1) showed that substituents can drastically affect the 

electronic nature of the AB scaffold and thus influence various (photochromic) 

properties. Nonetheless, influences among the AB scaffold through interactions within 

the substituents can also change the properties of AB. Although the strength of London 

dispersion, the attractive part of the van der Waals equation, is relatively weak, it 

increases with increasing sizes of the electron shell of interacting atoms. It can thus 

affect specific parameters of certain systems.[110,111] Those stabilizing effects were 

demonstrated for example by enabling long C–C bonds in adamantyl dimers,[112] 

stabilizing deoxyribonucleic acid (DNA) helices[113] or aiding in the aggregation of 

rhodium complexes.[114]
 Initially, it seemed counterintuitive that larger groups on both 

phenyl groups of ABs in meta-position did not lead to destabilization due to steric 

hindrance in the (Z)-isomer, but rather to stabilization due to the attractive interactions 

described above. This in turn, led to a prolonged half-life of the (Z)-

photoisomers.[6,76,115] L. Schweighauser et al.[76] as well as M. Strauss et al.[6,115] 

investigated the photochemical properties of different alkyl-substituted AB derivatives 

and found that even flexible alkyl chains like n-Bu (22j) can cause increased half-lives 
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of the (Z)-isomer, which are up to five times prolonged in comparison to their meta-Me-

substituted AB-derivatives (22c) (n-decane as solvent, Figure 9). It has to be 

mentioned that the solvent system also plays an important role when arguing with 

London dispersion.[116] Therefore, for substituted AB derivatives in polar solvents as 

DMSO for example, solvophobic contributions dominate for alkyl chains longer than n-

hex. In the work of Schweighauser et al. and Strauss et al. it was shown that although 

the stabilizing alkyl-alkyl interactions in the (Z)-conformation have the most decisive 

influence on the increased half-life, alkyl-aryl interactions can also be contributors. To 

disbar the alkyl-alkyl interactions and put a focus on just the aryl-alkyl interactions as 

work of this thesis, nine different AB derivatives were synthesized and investigated. 

They are substituted in meta-connection with Me, t-Bu and n-hept on one phenyl ring 

and with electron donating (p-OMe), electron withdrawing (p-NO2) and unsubstituted 

phenyl-rings in meta-connection on the opposite phenyl ring relative to the 

corresponding azo unit (Figure 9).[117] To get a deeper understanding of how important 

the electronic structure of the π-donor is in alkyl-aryl-substituted AB-derivatives 23a-i, 

their respective half-lives were measured in n-octane (Figure 10). The half-lives for n-

heptyl as well as for t-Bu-substituted ABs 23d-i are increased, which can be attributed 

to alkyl-aryl-interactions, independent of their electronic structure on the aryl fragment. 

1H NOESY NMR experiments revealed that these interactions are not present in the 

Me-substituted derivatives 23a-c.  

 

Figure 9: Reported alkyl-alkyl and aryl-alkyl interactions in different substituted ABs from 
Strauss, Schweighauser et al. (22a-p), as well as from current work of this thesis (23a-i). 

In conclusion, the kinetic data revealed that the strength of the London dispersion 

donor of the alkyl-substrate is the crucial factor for the observed stabilization and that 

the substitution at the aryl-fragment has a significantly smaller impact.  
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These previous examples clearly point out that there is a great variety of parameters 

that influences the quantum yields, half-lives (t1/2) as well as the batho- or 

hypsochromic shifts of AB derivatives; but it is also shown, that by influencing one 

parameter often another one changes simultaneously. 

 

Figure 10: Half-lives of AB-derivatives 23a-i in n-octane.[117] 

2.3 Syntheses of Azobenzenes 

The previous chapters demonstrated the importance of substitution effects in detail. In 

order to enable various substitution patterns for the desired properties of the 

subsequent applications, suitable syntheses options must be accessible. Depending 

on final compound’s design, there are various reactions to choose from, where the best 

synthesis must be individually selected.[118] Here, some elected examples of well-

established azocouplings are presented (Scheme 1). Symmetrical ABs, where both 

phenyl entities are identically substituted, can be constructed by coupling one 

precursor with itself. In this incident, oxidative or reductive azo coupling can be 

mentioned as an example, where two anilines or aryl-nitro compounds react with each 

other.[118–127] Although these strategies can also be used to build up non-symmetrical 

ABs, lower yields are expected, as there can be different coupling results. 

Azocouplings, like the reaction of diheteroarylzincs with aryldiazonium salts (Knochel-

method) or Pd-catalyzed couplings of aryl-halides with hyrdrazines followed by an 

oxidation, can be used to build up different substituted non-symmetrical and 

symmetrical AB derivatives in an effective way.[128,129] The classic method for 
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synthesizing ABs is the azocoupling of diazonium salts with electron-rich aromatics as 

nucleophiles.[130] The substitution takes place in para- or ortho-position and also 

hetero-aryl ABs can be built up with this method.[131] A well-established synthesis of 

symmetric, as well as non-symmetric ABs is the so-called Baeyer-Mills coupling 

reaction. While it was first published by Baeyer in 1874, it was afterwards investigated 

in further detail by Mills.[132,133] This reaction includes the condensation of 

nitrosobenzenes with anilines. The corresponding ABs are formed by nucleophilic 

attack of the aniline to the nitrosobenzene in acidic or basic media.[134,135] Based on 

this mechanism, the best results are obtained when the reaction proceeds when using 

electron-deficient nitrosobenzenes with electron-rich anilines. Nitrosobenzenes can 

easily be synthesized by oxidation of the corresponding amines with e.g. acetic 

acid/H2O2, meta-chloroperbenzoic acid or OXONE® as oxidation agent in a biphasic 

system.[136] To apply ABs as functional materials, the compounds have to be 

accessible in a large scale and moreover in a reproducible and effective way. One 

possibility to overcome the complications of a batch synthesis, such as 

chemoselectivity, kinetics control, material output, solvent consumption, precise 

control of T and concentration, flow synthesis can be an option.[137]  

 

Scheme 1: Strategies for synthesizing AB derivatives. 

Even though continuous flow was previously used to synthesize symmetric ABs via 

Cu-catalysis, non-symmetric ABs cannot be efficiently synthesized in this way.[138,139] 

Therefore, the Baeyer-Mills coupling reaction in continuous flow was implemented, 

considering it is well established for synthesizing non-symmetric ABs in a good yield 

in batch.[140] The applicability of the reaction in continuous flow was confirmed with a 
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scope of 20 substances, including anilines with electron-donating as well as electron-

withdrawing substituents (Figure 11, a)). Moreover, the scalability was demonstrated 

by synthesizing ∼70 g of an azobenzene derivative applied as an energy storage 

system. 

 

Figure 11: a) Continuous flow synthesis of substituted anilines 24 with nitrosobenzene 25 to 
obtain the respective ABs 26. b) Picture of flow apparatus. 
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3 Combining Photoswitches 

As previously described, photoswitchable molecules consisting of just one 

photoswitchable unit can be rather complex and still show properties that are not 

examined in its entirety yet. By optimizing one specific factor, another is often changed 

concurrently; therefore, optimizing the photoswitch for the respective usage can still be 

challenging, but it is worth examining considering their broad area of possible 

applications. This area is even broader when photoswitchable units get combined. 

Combined photoswitches open new possibilities, for example in MOST systems. The 

ability to store solar energy in the molecule itself by photoisomerization is exploited in 

these systems. In Figure 12, the general concept of MOST is depicted. In a solar 

collector the parent molecule (A) is isomerized to its energetically higher lying isomer 

(B), ideally with light of the solar spectrum. This metastable isomer is then stored in a 

reservoir. If heat is needed, an external trigger (catalyst etc.) can initiate the back 

isomerization and the stored energy is released in the form of heat. By combining more 

than one photoswitchable unit, the energy of the sun can in principle be stored in both 

photoisomers, increasing the energy density and also gradual release of the energy 

can be enabled.[2,141–144] 

 
Figure 12: General concept of a MOST-system. 

Additionally, to the improvement of MOST systems, combining photoswitches also 

enhances the performance of information storage systems. Due to the ability to switch 

reversibly between two photoisomers (A/B), they can be considered as logical units 

with “on/off” or “0/1” behavior.[2,53] This information can be read out by analyzing the 

absorbance of a particular wavelength, which is different for both photoisomers. By 

linking one or more photoswitches with each other, the information density increases 
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because of a resulting enlarged number of photoisomers. The number of photoisomers 

is dependent on the type of linkage (Figure 13). While the number in an acyclic system 

with n different photochromic units is maximum 2n, the number of isomers in a cyclic 

system can be more complex.[144] It can also differ when the multiphotochromic 

compound consists of the same or different photoswitches. Additionally, combined 

photoswitches can have additional advantages in host-guest chemistry or molecular 

machinery.[57–59] 

3.1 Challenges in Multiphotochromic Systems 

Besides the advantages of fusing photochromic systems in MOST and information 

storage systems, there are also challenges which have to be overcome.[145–147] 

Because of the complexity of multiphotochromic systems, it is important that the 

general ability to isomerize is maintained, while other properties are added or even 

improved. Depending on the application, the design must be adapted beforehand. For 

example: for MOST applications or host guest systems it can be useful to isomerize 

both photoswitchable units simultaneously, while it could be more beneficial for 

information storage system when both units can be switched independently from each 

other with light of different wavelengths. Therefore, it is crucial to have a proper energy 

match of the absorption wavelength of both moieties to ensure switching of either both 

photochromic units simultaneously, or only one selectively.  

 
Scheme 2: Dimer photoswitch DTE 27. The intramolecular energy transfer between the open 

and the closed entities in 27 prevents a second ring closure to closed-closed 27.[148] 

Furthermore, the addition of another photochromic unit can affect and reduce the 

quantum yield of one or both respective processes. Additionally, strong conjugation 

over the whole system can prevent the switchability of the photochromic entities 

because of energy transfer between them. An example of that is dimeric 

dithienylethene open-open-27, where one entity undergoes ring closure to open-

closed-27. Intramolecular energy transfer quenching prevents a second ring closure 
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to the closed-closed-27 (Scheme 2).[148] Strong conjugation of combined 

photoswitches can be broken upon introduction of non-conjugative linker between the 

photochromic moieties or by connectivity in meta-position, leading to independent 

photoswitching (Section 3.2.1).[103,149,150]  

3.2 Homo-multinary Photoswitches Containing the Azobenzene Scaffold 

Although the number of novel multinary photoswitches consisting of different 

photoswitchable entities has increased in the last years,[103,144,151–155] the following 

section focuses particularly on understanding combined ABs in multinary 

photoswitches. Here, it can be distinguished between directly linked azobenzene 

multinary photoswitches (AMPs) on the same phenyl ring and AMPs, which are 

connected by a core unit or linker, which can be conjugative or non-conjugative. 

Depending on the number and type of linked ABs, there could be linear, branched or 

macrocyclic AMPs (Figure 13). Due to the enlarged number of AMPs, only selected 

AMPs will be discussed in the following section. For a detailed description of almost all 

AMPs see a detailed review article by Venkataramani and co-workers.[151] 

Figure 13: Schematic overview of different types of ABs in homo-multinary photoswitches. 

3.2.1 AMPs connected on one Aryl-Unit 

When the ABs in AMPs are directly connected on the same phenyl ring, there is always 

interaction between the two or more photochromic units, either by π-conjugation or 

excitonic coupling between them. Depending on ortho-, meta- or para-linkage the 

electronic communication between the units is drastically affected. The importance of 

the pattern was first demonstrated by Cisnetti et al. by combination of two substituted 

ABs in meta- and para-connection.[156] In this study it was already evident that 

electronic communication in para- was stronger than in meta-position.  
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Figure 14: Bis-ABs in ortho-, meta-, as well as para-connectivity.[103,156] 

A more detailed analysis was conducted by combination of two unsubstituted AB-

moieties in ortho-, meta- and para-connection by Slavov et al. (Figure 14).[103] When 

separated in ortho-position (28), the spectral properties and also the quantum yield 

were similar to unsubstituted AB, but its thermal back conversion from (Z)- to (E)-AB 

arises in milliseconds due to intramolecular excitonic coupling. Construction of the two 

ABs in para-position (32) leads to high π-conjugation between them and therefore, a 

red-shift of the spectrum from 320 up to ∼360 nm was observed, but the quantum yield 

was drastically decreased. On the contrary, the isomerization behavior of the two AB 

moieties in meta-position (30) was almost independent of each other, which can be 

explained by less π-conjugation between them (“meta”-rule).[103] If AMPs are desired 

where all entities isomerize orthogonally, their absorption maxima should at least not 

completely overlap. Keeping the influence of linkage in mind, the impact of substituents 

is still crucial. This interplay was demonstrated after Lim et al. reported the synthesis 

of different C3 symmetrical 1,3,5-tris-ABs in 2004 (Figure 15, a))[157] and Yang et al. 

calculated different substitution patterns for these types of AMPs with the goal to shift 

the absorption bands of each AB individually so that orthogonal switching is possible. 

Moreover, meta-connection was chosen to prevent influences of the ABs with each 

other in a significant manner (Figure 15, b)).[158]  

Figure 15: a) Reported 1,3,5-tris-ABs 33. b) Computational study of independent AB branches. 

c) Non-symmetric ABs 35 & 36. The entities in 35 & 36 did not isomerize independently. 
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Inspired by these computational results, where orthogonal switching in theory was 

ensured, Heindl et al. implemented a synthesis strategy for non-symmetric star shaped 

compounds (Figure 15, c)). Although those ABs (35 & 36) showed no independent 

switching in preliminary studies, the reported synthesis strategy opens new gateways 

for future orthogonal switchable ABs.[159] 

3.2.2 Linked AMPs  

As an additional approach to guarantee orthogonal switching, Bléger et al. designed a 

biphenyl-linked bis-AB photoswitch with ortho-Me substitution 38, which drastically 

increases the dihedral biphenyl angle up to 90° in comparison to its unsubstituted bis-

AB 37. This leads to a loss in conjugation and an increase of (Z,Z) content from 25% 

to 95% (Scheme 3, a)).[160] By exploiting this principle, bis-AB 39 was designed, which 

was orthogonally switchable to all four depicted states by light or electrocatalytically 

(Scheme 3, b)).[154]  

 
Scheme 3: a) Unsubstituted bis-AB 37 and ortho-Me-substituted AB-38 with an increased 

torsion angle ϕ, which leads to loss in conjugation and a more efficient switching. b) Based on 
this principle bis-AB 39 was designed, where all four isomers can be selectively addressed. 

When AMPs are separated with non-conjugative linkers in close proximity, even if not 

directly conjugated, they can influence each other.[161] One option was demonstrated 

by cyclic arrangement of ABs with methylene-linker, where their isomerization behavior 

is influenced by the formed ring strain already described in section 2.2.1.[106] Using the 

latter principle of non-conjugative linkage, ABs were incorporated into the tripycene 

scaffold separated by a sp3 center. This allows investigation of the switching behavior 

and interactions of multiple ABs in close proximity. Even though the decoupled AB 
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moieties were efficiently switchable, computational studies determined excitonic 

coupling effects within the azobenzene units, which might increase the efficieny of 

multinary photoswitches in the near future (Scheme 4, a)). Additionally, the design can 

be exploited for future host-guest chemistry due to the cavity formed upon 

isomerization (Scheme 4, b)).[162]  

 

Scheme 4: a) Synthesized AB-triptycene derivatives 40-44 with one, two and three AB entitites. 
b) Possibility as model for molecular gripper. 

3.2.3 Macrocyclic AMPs 

As already discussed in Section 2.2.1 there are macrocyclic AMPs, which can also be 

referred to as azobenzophanes. While the first example of azobenzophanes was 

introduced by Rau et al. in 1982, by now there are various different compounds in this 

category, which were divided in subclasses by Venkataramani and co-workers.[64,151] 

Their classification is based on shape, charge and symmetry. Two major classes are 

rigid or flexible macrocyclic AMPs. Rigidity can lead to high ring strain, where even 

stability of the isomers can be inverted (Section 2.2.1).[106,108] Moreover, there can be 

neutral or charged spacing units, where the resulting charged azobenzophanes can 

be utilized as hosts for complexations of cations, anions or organic molecules,[163–165] 

while some neutral macrocyclic AMPs can also exhibit host-guest complexations.[166] 

Furthermore, it can be distinguished between symmetric or non-symmetric 

azobenzophanes. While symmetric azobenzophanes show distinct spectroscopic 

features, it can be quite complex in 1H NMR or UV-Vis spectroscopy, for example to 

characterize non-symmetric azobenzophanes. However, this is also the case for 

symmetrical AB when they lose their symmetry through isomerization.[155,167–169] 
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3.3 Hybrid-multinary Photoswitches Containing the Azobenzene Scaffold 

By fusion of different photochromic systems, the advantages and properties of the 

respective photoswitches can be combined. Therefore, the number of so-called hybrid-

multinary photosystems significantly increased within the last years, primarily in terms 

of multiaddressability.[150,170–177] Here, the different absorption maxima of the 

respective photoswitchable moieties are exploited. When combined by smart linkage 

or with non-conjugative linkers, their absorption maxima can be addressed separately 

and orthogonal switching is enabled. With the variety of syntheses and substitution 

possibilities (Section 2.2.1 and 2.3) along with their linkage dependent photo- as well 

as thermal isomerization behavior, ABs are promising candidates for hybrid-multinary 

photoswitches. However, due to their large absorption range between 300 and 500 nm, 

multiaddressablity can be prevented by overlapping with absorption bands of other 

entities. Despite this, Feringa and co-workers designed multinary photoswitches 45 

and 46 with different alkyl chains between AB and a DASA photoswitch (Figure 16).[171]  

 

Figure 16: a) Absorption range of DASA (blue) and ABs (green). b) AB-DASA conjugates 45 and 
46. When 46 is irradiated with white light, ring closure of the DASA entity occurs and the 

compound acts like a phase transfer tag. In the aq. phase, host-guest binding to α-cyclodextrin 
occurs in the closed-DASA-AB(E). 
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This difference in chain length affects the coupling between them so that in compound 

45 (n=1) by irradiation with 370 nm, not only the AB switches from (E)- to its (Z)-isomer, 

but also the DASA switch is slightly affected. This is not observed for the longer chain 

length in 46 (n=9), enabling orthogonal switching to all four depicted isomers. By the 

significant change in polarity due to the ionic character of the DASA isomer in the 

closed form, the molecule can act as phase-transfer tag between toluene and the 

aqueous phase. Herein, the AB can be still isomerized in the aq. phase and act as a 

guest for α-cyclodextrin in its (E)-form, while the binding is prohibited in its (Z)-isomer 

due to the change in geometry.[171] Another hybrid-multiphotoswitch consisting of DHA 

and AB was presented by Brøndsted Nielsen and co-workers, initially in a macrocyclic 

fashion 47, and a few years later in a linear fashion with the AB as linker between two 

DHA units in para- and meta- connectivity 48 and 49 (Figure 17).[172,178] While it was 

not possible to assign the AB and DHA units separately in cyclic 47, a more systematic 

study was performed by connecting AB and DHA in para- as well as in meta-position 

48 and 49. Para-49 behaves more like one large chromophore rather than a system of 

individual photochromes due to conjugation between the entities. While it shows only 

minor conversion of the AB in para-49, the DHA as well as the AB moiety in meta-48 

are able to undergo photoisomerization (“meta”-rule). Although isomerization takes 

place stepwise and isomers can be detected in 1H-NMR, orthogonal switching is not 

possible due to overlapping absorption bands.[178]  

 

Figure 17: DHA-AB conjugates: In cyclic 47 three different isomers can be addressed. In linear 
DHA-ABs, the AB as well as the DHA part can only be switched effectively in meta-connection 

(48), due to less conjugation.  

To investigate the interplay of combined photoswitches further in this work, the AB 

scaffold was combined in meta- as well as para-position to the C2 position of NBDs. 

Because unsubstituted AB-NBD switches 50 and 53 tend to decompose, nitrile-
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substituted 51 and 54 as well as di-AB-NBDs 52 and 55 were synthesized and 

examined in terms of isomerization behavior and electronic communication. Even 

though in all synthesized compounds the ABs could be isomerized from (E)- to its (Z)-

isomer, the [2+2]-cycloaddition of the NB-QC switch did not transpire due to energy 

transfer between the photoswitches. This assumption was supported by irradiating an 

equimolar solution of uncoupled 8 and 56, where both photoswitches were 

isomerizable under the same conditions as the coupled system 54.[147]  

 

Scheme 5: a) Synthesized AB-NBD conjugates 50-55. While AB isomerization in the NBD-AB 
form is possible, NBD→QC photoisomerization is prohibited due to energy transfer between 

the moieties. Therefore, also QC-AB(E) → QC-AB(Z) was not examined. b) In an equimolar 
solution of uncoupled AB 8 and NBD 56, isomerization of AB, as well as NBD, is possible, 

substantiating energy coupling between the coupled AB-NBD conjugates. 
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4 Contributions to the Literature 

4.1 1+1≥2? Norbornadiene-Azobenzene Molecules as Multistate Photoswitches 

Reference:   A. Kunz, H. A. Wegner, ChemSystemsChem 2021, 3, e200003. 

DOI:   10.1002/syst.202000035 

© 2022 Reproduced with permission from John Wiley & Sons. 

 

 

“By combination of two photochromic molecules as multistate photoswitches new 

properties regarding to molecular solar thermal (MOST) energy storage systems and 

information storage capacity of smart materials are expected. By fusing the 

azobenzene with the norbornadiene system, new multinary photoswitches were 

designed. A successful synthesis towards different analogues was developed via 

Suzuki coupling reaction as key step. The isomerization behaviour of these 

norbornadiene-azobenzene fusions was studied by UV-Vis and 1H NMR spectroscopy 

in different solvents investigating the electronic communication within these multinary-

photochromic systems.” 
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4.2 Continuous Flow Synthesis of Azobenzenes via Baeyer-Mills Reaction 

Reference:  A. Kunz‡, J. H. Griwatz‡, H. A. Wegner, Beilstein J. Org. Chem. 

2022, 18, 781. 

DOI:   10.3762/bjoc.18.78 

‡ equal contribution 

© 2020 Kunz, Griwatz, Wegner, licensee Beilstein-Institut. 

 

 

„Azobenzene, as one of the most prominent molecular switches, is featured in many 

applications ranging from photopharmacology to information or energy storage. In 

order to easily and reproducibly synthesize non-symmetric substituted azobenzenes 

in an efficient way, especially on a large scale, the commonly used Baeyer–Mills 

coupling reaction was adopted to a continuous flow setup. The versatility was 

demonstrated with a scope of 20 substances and the scalability of this method 

exemplified by the synthesis of >70 g of an azobenzene derivative applied in molecular 

solar thermal storage (MOST) systems.” 
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4.3 Azobenzene Substituted Triptycenes – Understanding Exciton Coupling of 

Molecular Switches in Close Proximity 

Reference:  A. Kunz, N. Oberhof, F. Scherz, L. Martins, A. Dreuw, H. A. 

Wegner, Chem. Eur. J, 2022, 28, e202200972. 

DOI:   10.1002/chem.202200972 

© 2022 Reproduced with permission from John Wiley & Sons. 

 

 

“Herein, we report a series of azobenzene-substituted triptycenes. In their design, 

these switching units were placed in close proximity, but electronically separated by a 

sp3center. The azobenzene switches were prepared by Baeyer–Mills coupling as key 

step. The isomerization behavior was investigated by 1H NMR spectroscopy, UV/Vis 

spectroscopy, and HPLC. It was shown that all azobenzene moieties are efficiently 

switchable. Despite the geometric decoupling of the chromophores, computational 

studies revealed excitonic coupling effects between the individual azobenzene units 

depending on the connectivity pattern due to the different transition dipole moments of 

the π→π* excitations. Transition probabilities for those excitations are slightly altered, 

which is also revealed in their absorption spectra. These insights provide new design 

parameters for combining multiple photoswitches in one molecule, which have high 

potential as energy or information storage systems, or, among others, in molecular 

machines and supramolecular chemistry.” 
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4.4 Investigation of Alkyl-Aryl Interactions using the Azobenzene Switch – The 

Influence of the Electronic Nature of Aromatic London Dispersion Donors 

Reference:  A. Kunz‡, D. Schatz‡, A. R. Raab, H. A. Wegner, Synlett 2022, 

33, A-F. 

DOI:   10.1055/a-1951-2833 

‡ equal contribution 

© 2022 Reproduced with permission from Georg Thieme Verlag KG. 

 

“Herein we report the synthesis of non-symmetrically 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 deciding 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 Additional Contributions 

5.1 Electrochemically Triggered Energy Release from an Azothiophene-Based 

Molecular Solar Thermal System 

  

Reference:  E. Franz, A. Kunz, N. Oberhof, A. H. Heindl, M. Bertram, L. 

Fusek, N. Taccardi, P. Wasserscheid, A. Dreuw, H. A. Wegner, 

O. Brummel, J. Libuda, ChemSusChem 2022, 15, e202200958. 

DOI:   10.1002/cssc.202200958 

 

 

„Molecular solar thermal (MOST) systems combine solar energy conversion, storage, 

and release in simple one-photon one-molecule processes. Here, we address the 

electrochemically triggered energy release from an azothiophene-based MOST 

system by photoelectrochemical infrared reflection absorption spectroscopy (PEC-

IRRAS) and density functional theory (DFT). Specifically, the electrochemically 

triggered back-reaction from the energy rich (Z)-3-cyanophenylazothiophene to its 

energy lean (E)-isomer using highly oriented pyrolytic graphite (HOPG) as the working 

electrode was studied. Theory predicts that two reaction channels are accessible, an 

oxidative one (hole-catalyzed) and a reductive one (electron-catalyzed). 

Experimentally it was found that the photo-isomer decomposes during hole-catalyzed 

energy release. Electrochemically triggered back-conversion was possible, however, 
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through the electron-catalyzed reaction channel. The reaction rate could be tuned by 

the electrode potential within two orders of magnitude. It was shown that the MOST 

system withstands 100 conversion cycles without detectable decomposition of the 

photoswitch. After 100 cycles, the photochemical conversion was still quantitative and 

the electrochemically triggered back-reaction reached 94 % of the original conversion 

level.” 



Abbreviations 

i 

Abbreviations 

A  Parent molecule 

Ad  Adamantyl- 

AB  Azobenzene 

AMP  Azobenzene Multinary Photoswitch 

aq.  Aqueous 

Ar  Aryl- 

B  photoisomer 

Bu  Butyl- 

Cy  Cyclohexyl- 

d  Day 

DASA  Donor–acceptor Stenhouse adduct 

DHA  Dihydroazulene 

DNA  Deoxyribonucleic acid 

DTE   Dithienylethene  

e.g.  exempli gratia 

ESIPT  Excited-State Intramolecular Proton Transfer  

Et  Ethyl- 

g  Gram 

h  Hour 

Hex  Hexyl- 

Hept  Heptyl- 

ICT  Intermolecular charge transfer  

L  Liter 

m  meta 

Me  Methyl- 

MC  Merocyanine 

min  Minute 



Abbreviations 

II 

mol  Mole 

MOST  Molecular solar thermal energy storage 

NBD  Norbornadiene 

nm  Nanometer 

NMR  Nuclear magnetic resonance 

NOESY Nuclear Overhauser Enhancement Spectroscopy 

o  ortho 

Oct  Octyl- 

p  para 

Pent  Pentyl- 

Ph  Phenyl- 

Pr  Propyl- 

PSS  Photostationary State 

QC  Quadricyclane 

s  Second 

SP  Spiropyran 

t  tert 

t1/2  half-life 

UV  Ultraviolet 

VHF  Vinylheptafulvene 

VIS  Visible 
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