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Abstract 

Azoheteroarenes are a prominent class of molecular photoswitches derived from 

azobenzene by substituting one or both phenyl rings with heteroaromatic units. In recent 

years, azoheteroarenes have attracted considerable attention due to the easy tunability of 

their photophysical properties enabling the development of systems exhibiting superior 

photoswitch characteristics such as quantitative bidirectional photoswitching and thermal 

isomerisation kinetics spanning from picoseconds to decades. However, despite their great 

potential, azoheteroarenes still remain an understudied photoswitch class. In particular, 

bisheteroaromatic systems where heterocycles are present on both sides of the azo bridge 

have not been the subject of many publications and remain largely unexplored. This work 

focuses on the development, investigation, and applications of the understudied 

azobisheteroarene photoswitches. 

The novel family of azobisheteroarenes, the azobispyrazoles have been investigated.  These 

photoswitches demonstrated excellent bidirectional addressability and thermal isomerisation 

kinetics ranging from hours to years depending on the exact design. The photoswitch 

performance of the azobispyrazoles was significantly influenced by the connectivity and the 

substitution pattern of the pyrazole units. Experimental observations have been supported by 

DFT calculations.  

The superior photoswitch properties exhibited by the azobispyrazoles render them promising 

candidates for applications where effective spatiotemporal photocontrol is required. Thus, 

the azobispyrazoles have been explored as molecular solar thermal (MOST) materials. 

These compounds underwent outstanding photoisomerisation in the condensed phase 

accompanied with solid-to-liquid phase transition occurring at room temperature achieving 

exceptional energy storage densities. Remarkably, the azobispyrazoles demonstrated 

unprecedently large effective light penetration depth exceeding 1400 µm, making them 

suitable for large energy storage applications.  

In addition, the photochromism of other azobisheteroarene switches, the azobisthiazoles and 

the azobisimidazoles, has been studied. Following a high-throughput virtual screen these 

compounds have been identified to exhibit significantly red-shifted absorbances. 

Experimental analysis revealed that the E and Z absorption spectra of these 

azobisheteroarenes were well shifted in the visible range enabling photoswitching to take 

place with visible light in both directions. Furthermore, in some instances the 

azobisimidazole scaffold demonstrated quantitative Z-E back conversion facilitated with red 

light. 
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The conformational preference of Z-azobisheteroarenes has also been explored. Through 

computational analysis it has been demonstrated that for more compact Z isomers a planar 

disposition is possible when a suitable intramolecular stabilising interaction is available. This 

interaction could be a stabilising chalcogen bond, evident for a series of Z-azobisthiazoles, 

or a stabilising hydrogen bond observed in the structures of various Z-azobisheteroarenes 

with suitable donor-acceptor pairs. 
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1. Introduction 

1.1. Light as a powerful and versatile tool 

The importance of light as a stimulus has been recognised by every science field. Light can 

trigger a response in a wide range of organisms and is considered to be one of the factors 

fundamental for the origin of life on Earth.1 Biological systems have evolved to utilise light 

and convert it into useful building blocks. The most notable example is photosynthesis that 

allows plants to transform water and carbon dioxide into oxygen and nutrients in the 

presence of sunlight.2 Light stimulation is also responsible for development of vision in many 

organisms achieved through specialised photoreceptor cells capable of transforming light 

into various biological signals.3 Circadian rhythm is another example of how organisms 

adapt their behaviour and biological processes in the presence or absence of light.4  

Light has the ability to regulate biological processes with high spatial and temporal precision. 

Light is non-invasive and if employed correctly also harmless. The energy supplied can be 

easily tuned by the wavelength and the intensity of the light source. The great advantages of 

light as an external trigger have led scientist to develop a wide range of light-controlled tools 

to probe and study various processes.5 The fast-expanding field of optogenetics aims to 

understand the activity on molecular and cellular levels by utilising genetically encoded light-

sensitive proteins.6 Light can also influence the activity of synthetic molecules in reversible 

or irreversible fashion.7 One strategy that relays on irreversible photoactivation is the use of 

photolabile protecting groups known as photocages.8 In this manner a bioactive substance 

can be released with high spatial and temporal precision simply by cleavage of the 

photolabile cage unit with light. Reversible light regulation can be achieved with the use of 

photoswitches.9  

1.2. Photoswitches 

Photoswitches are a class of prominent molecules that can exhibit reversible change in 

structure upon irradiation with light.10 Thus, photoswitches can cycle between two different 

states (isomers) with intrinsically distinct absorption properties. As a result, the different 

isomers appear to have different colour. This phenomenon is called photochromism and 

photoswitches are said to be photochromic compounds.11 Depending on the nature of the 

photoswitch, photoactivation can be achieved via several light-induced processes: E–Z 

isomerisation, cycloaddition, electrocyclisation, dissociation, intramolecular hydrogen, group 

or electron transfer.12 Each process is characterised with its optimal light irradiation and 

reaction conditions. Therefore, those parameters have to be taken into account, when 

selecting an appropriate photoswitch for a particular application. 
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There are several characteristics commonly employed for evaluating the performance of 

photoswitches: wavelength of maximum absorption (λmax) and associated extinction 

coefficient (ελmax); quantum yield (Ф); photostationary state (PSS); thermal half-life (t1/2); and 

stability toward photodegradation or fatigue resistance.13  

The λmax is mainly defined by the nature of the photoswitch and more specifically by the 

extent of conjugation of its π-system. The higher the level of conjugation, the more red-

shifted the λmax. In fact, design of photoswitches that absorb at longer wavelengths has 

contracted considerable attention in recent years due to potential applications in the 

expanding field of photopharmacology.14,15 In addition to the chemical structure, the λmax of a 

photoswitch can be affected by external factors such as solvent, pH, water content, etc.13  

The quantum yield Фx(λ) measures the efficiency of a light-triggered process x at a given 

wavelength λ.12 In terms of photoswitches, the Фx(λ) is equal to the number of   

photoisomerisation events occurred nx divided by the amount of photons np supplied to the 

system with wavelength λ (eq. 1.1).16,17 Both nx and np are given in moles, leaving the Фx(λ) 

unitless and ranging anywhere between 0 ≤ Фx(λ) ≤ 1.  

 
Ф𝑥(λ) =  

𝑛𝑥

𝑛𝑝
 (1.1) 

For a reversible photoconversion between two isomers of a photoswitch A and B, the 

photostationary state (PSS) represents the steady state distribution between both isomers 

reached upon irradiation where the rates of the forward A→B and reverse B→A 

photochemical isomerisations equate (eq. 1.2).12,18 The photoisomerisation rates are 

equivalent to the quantum yield (ΦA→B or ΦB→A) multiplied by the extinction coefficient (εA or 

εB) at the wavelength of irradiation λ. In general terms, the PSS defines how well a 

photoswitch can be tuned by monochromatic irradiation. However, this is true if both A and B 

isomers are thermally stable. If one of the isomers is metastable and its thermal back-

isomerisation occurs at a similar rate as the photoisomerisation, then the actual PSS would 

not be reached at a given temperature.19 

 
𝑃𝑆𝑆(λ) =  

 ФA→BεA(λ)

 ФB→AεB(λ)
 (1.2) 

The thermal isomerisation of the metastable isomer is normally presented as a thermal half-

life t1/2 that measures the time required for 50 % of the metastable molecules to convert back 

to the thermodynamically stable counterpart.20 In general, the thermal isomerisation follows a 

first-order kinetics and therefore the t1/2 can be calculated using equation 1.3 where k 
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represents the thermal isomerisation rate constant. As with λmax, the t1/2 is strongly 

dependent on both internal and external factors. 

 
𝑡1/2 =

ln (2)

𝑘
 (1.3) 

Another photoswitch property worth mentioning is the fatigue resistance or the stability of the 

switch to photodegradation.21 The number of photoswitching cycles a compound can 

undergo without compromising its chromophore is essential.  Depending on the type of the 

photoisomerisation process involved, there are multiple side-reactions that could take place 

such as photooxidation, dimerization or irreversible cyclisation.21 Most switches that show 

little to no sign of fatigue over multiple switching cycles exhibit very fast photoisomerisation 

(picosecond temporal domain), which prevents undesired side-processes from occurring. 

15,22 

There are numerous classes of photoswitches, some of which have been known for 

decades, while others have been reported more recently.9 Some of the most notable types 

of organic molecular photoswitches are: azobenzenes,22 diarylethenes,23,24 spiropyrans,25,26 

fulgides,27,28 stilbenes,29,30 hydrazones,31 norbornadienes,32 indigoids 33,34 and donor-

acceptor Stenhouse adducts35  (Figure 1.1).  

Azobenzene, stilbene, hydrazone and indigoid type photoswitches undergo 

photoisomerisation about a double bond.9 Therefore, those compounds can cycle between 

their E and Z isomers. Diarylethenes, spiropyrans, fulgides, norbornadienes and donor-

acceptor Stenhouse adducts photoisomerise via electrocyclization reactions that are 

associated with the formation or cleavage of chemical bonds.9 Those photoswitches 

interconvert between their ring-open and ring-closed forms.  

Based on the thermal half-life of their metastable from, photoswitches can be classified as 

either P- or T-type.11 The former P-type switches are associated with high thermal activation 

energy, hence both isomers are regarded as thermally stable and in practise isomerisation is 

achieved only photochemically. Examples of P-type photoswitches are: diarylethenes, 

fulgides and stiff stilbenes.23,28,30 On the other hand, T-type switches have metastable 

isomers with pronounced thermal isomerisation kinetics. As a result, significant amounts of 

those switches relax back to the thermodynamically stable from at ambient conditions. 

Azobenzenes, spiropyrans, norbornadienes and donor-acceptor Stenhouse adducts are 

classified as T-type systems.9,11 
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Figure 1.1. Notable types of organic molecular photoswitches 
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1.3. Azobenzene 

Azobenzene 1 and its derivatives are one of the most commonly employed photoswitchable 

motifs. The great popularity of the azobenzene scaffold can be attributed to several 

advantageous properties such as rapid photoisomerisation, excellent quantum yields, high 

fatigue resistance and synthetic ease.36,37 In addition, the photoswitching of azobenzenes 

proceeds with a significant change in geometry and dipole moment.22 As a consequence, 

azobenzene-type switches are extensively studied and their properties have inspired a large 

body of fundamental research.22   

Azobenzenes can exist as two isomers E and Z of which the former is generally the 

thermodynamically stable one (Figure 1.2a). As already mentioned, azobenzenes are 

classified as T-type switches.11 Therefore, the forward E–Z isomerisation can be triggered by 

light, while the back Z–E conversion can be induced both photochemically and thermally. In 

general, most E isomers are planar, whereas all Z isomers adopt a twisted conformation in 

order to release geometric strain (Figure 1.2b).38,39 This results in a significant change in the 

end-to-end distance between both isomers. The photoisomerisation event is also associated 

with a substantial dipole moment change. The E isomer of archetypal azobenzene is 

nonpolar and has a dipole moment of 0 D, whereas the Z isomer is relatively polar with a 

dipole moment of 3 D.40 The significantly different properties of both isomers result in distinct 

absorption spectra (Figure 1.2c).15 

 

Figure 1.2. Photophysical and structural properties of azobenzene a) Photoisomerisation of 

azobenzene b) Crystal structures of E- (CCDC 1104320)38 and Z-azobenzene (CCDC 1104150)39 c) 

UV-vis spectra of E and Z-azobenzene adapted from Woolley and co-workers15  

The UV-vis absorption spectra of both E and Z-azobenzene consists of two main bands: the 

lowest in energy n-π* and the higher in energy π-π*.41 The former band arises from electron 
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excitations from the ground state S0 to the first excited state S1. The latter band is a 

consequence of electron transitions from the S0 to the second exited state S2. It is worth 

mentioning that the n-π* band of the E isomer is symmetry forbidden due to the planar 

conformation that the compound adopts.42  However, it is still evident in the spectrum, albeit 

of a very low intensity, due to the rotations and vibrations distorting the molecule away from 

its centre of symmetry.42  

Irradiation of E-azobenzene at the π-π* band with UV light induces E-Z photoisomerisation, 

resulting in a PSS comprised of around 80% Z isomer.15 The reverse Z-E photoisomerisation 

can be triggered by irradiation of the Z isomer n-π* band with 450 nm light affording a PSS 

containing approximately 95% E-azobenzene.15 In theory, E-Z and Z-E photoisomerisation 

can also be achieved by irradiation at the E n-π* and the Z π-π* bands respectively, 

however this generally results in a less efficient photoconversion. As a consequence of the 

overlapping spectra of the E and Z isomers, quantitative bidirectional photoswitching 

obtained simply by light irradiation of suitable wavelengths is not possible for classical 

azobenzene. However, quantitative conversion of the Z isomer back to the E can be induced 

thermally as Z-azobenzene exhibits a thermal half-life between 2 and 4 days at ambient 

temperature varying with the solvent.22 

The thermal relaxation mechanism of azobenzene-derived switches has been extensively 

studied throughout the years. There are three main pathways that have been proposed as 

plausible mechanisms: inversion, rotation and tautomerism (Figure 1.3).13 Concerted 

inversion and inversion assisted rotation are additional variations of these that can be 

operative in certain instances.22 The nature and the substitution pattern of the switch along 

with external factors such as solvent, pressure or presence of acid affect which of the three 

pathways would be operative.22,43 Inversion undergoes through opening of one N=N–C angle 

to 180º in the transition state.43,44 The inversion pathway is relatively slow and therefore 

associated with azobenzenes exhibiting more thermally stable Z isomers such as classical 

azobenzene. The rotation pathway proceeds through an out of plane motion of one Ar ring 

culminating at a transition state with C-N=N-C dihedral angle of 90º.22 This mechanism is 

applicable to fast-relaxing switches such as push-pull azobenzenes. Those systems bear 

directly conjugated electron-donating (EDG) and electron-withdrawing (EWG) groups on 

either aromatic ring (Figure 1.4). In the concerted inversion pathway both N=N–C angles 

open to 180º leading to a linear transition state with no net dipole moment (Figure 1.3).22 For 

isomerisation to proceed via inversion-assisted rotation the C-N=N-C dihedral angle along 

with both N=N–C angles change simultaneously culminating in a polar transition state.22  

The last mechanism utilises tautomerism and is associated with switches bearing acidic 

protons.45 The pathway proceeds via intra- or intermolecular proton transfer to the azo 
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moiety transforming the Z isomer into its hydrazone tautomer. Then, rapid rotation around 

the single N-N bond regenerates the E isomer.45 This process is facilitated by protic 

solvents.45 

 

Figure 1.3. Various thermal isomerisation mechanisms of azobenzenes adapted from Bandara et al.22 

and König et al.13  

 

Figure 1.4. Example of a push-pull switch  
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Tuning the properties of azobenzene switches has been the subject of a plethora of 

research. An area of great interest is avoiding the use of harmful UV light irradiation for the 

photoswitching events by the development of photoswitches that are fully addressable with 

visible light.14,46 One strategy is to bathochromically shift the absorption spectrum of the 

switch by extending the π conjugation throughout the system.14 However, in most cases this 

results in accelerated thermal isomerisation kinetics, e.g. push-pull switches (Figure 1.4). 

Another strategy is to design switches that have well separated E and Z isomers n-π* 

bands.46 Then, E-Z photoisomerisation can be triggered with visible light by irradiating the E 

isomer at the n-π* band instead of the conventionally targeted π-π* band. This approach 

has been utilised by the Woolley and the Hecht groups who have extensively explored ortho 

substitution in the development of novel visible light addressable azobenzenes (Figure 

1.5).46–51 Woolley and co-workers have introduced various substituents such as methoxy, 

thiol, amino and halogen groups adjacent to the azo moiety.46,47,49  This resulted in a 

significant red shift of the n-π* transition of the E isomer, so that E-Z photoisomerisation has 

been induced with red and even near-IR light. Due to the steric hindrance around the azo 

bridge, the conformation of the E isomer was deviated from planarity leading to an increase 

in the intensity of the n-π* transition.47 In addition, some analogues exhibited thermal half-

lives of up to 14 days (rt, DMSO), which was a notable increase in thermal stability 

compared to unsubstituted azobenzene.47 

Figure 1.5. Ortho-functionalised azobenzenes developed by the Woolley47 and Hecht50 groups.  

The Hecht group has developed tetra-ortho-fluorinated azobenzenes.50,51 These compounds 

were fully addressable with visible light undergoing forward and back switching with green 

and blue light respectively. Furthermore, all switches displayed improved thermal stability 

compared to classical azobenzene culminating with the tetra-ortho-fluoroazobenzene 13 that 

exhibited the remarkable thermal half-life of 2 years (rt, DMSO).51  

Another strategy towards visible light photoswitches is the development of C2-bridged 

azobenzenes known as diazocines, explored by Siewersten et al (Figure 1.6).52 The most 

striking difference compared to other azobenzene analogues is that diazocines have 

thermodynamically stable Z isomer. This is a consequence of the bridge strain. Parent 

diazocine has E isomer thermal half-life of 4.5 hours and undergoes Z-E and E-Z 

photoisomerisations with blue and green light respectively.52 Substituting one of the bridge 
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carbon atoms with a heteroatom gives access to diazocines addressable with red and near-

IR light.53,54  

 

Figure 1.6. Photoswitching of diazocene 14 

1.4. Azoheteroarenes 

In addition to the introduction of various substituents, the properties of azobenzenes can be 

tuned extensively by incorporation of a heterocycle in place of one or both phenyl rings. The 

resulting class of azoheteroarenes have attracted considerable attention due to the vastly 

expanded scope in functionality and chemical space provided by the heterocyclic unit.13 

Inclusion of heteroatoms in the ring systems has improved the tunability of azobenzene 

switches and significantly influenced their photophysical properties. For example, replacing 

one phenyl ring in the structure of azobenzene with a pyrazole motif afforded switches that 

undergo quantitative photoswitching in both directions and have remarkably stable Z isomers 

(Figure 1.7).55 Incorporation of a pyrrole fragment has led to a significant red-shift in the 

maximum absorbance by approximately 70 nm compared to classic azobenzene (Figure 

1.7).55,56  Introduction of heterocycles bearing basic lone pairs can give access to charged 

systems through protonation or alkylation that exhibit reduced thermal half-lives, red-shifted 

absorbances and improved aqueous solubility.57–59 In addition, the ability of basic 

heterocycles to coordinate to various metals and Lewis acids has been extensively studied 

in the context of photoresponsive complexes.60–64  

As a result of the immense chemical space associated with azoheteroarenes, currently the 

structure-property relationships of this class are not as well understood as for 

azobenzenes.13,65 As with azobenzenes, both internal and external factors underpin the 

photoswitching performance of azoheteroarenes. The choice of the heterocyclic unit(s) 

present, as well as the connectivity of the heterocycle with respect to the azo bridge and the 

substitution pattern were found to have a dramatic effect on the characteristics of the 

switch.65 In addition, tuning the photochromism and the thermal stability of the switch can be 

achieved through variation of the solvent, pH and metal coordination. 
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Figure 1.7. Representative examples of azoheteroarenes containing various heterocycles 
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Throughout the years various heterocyclic systems have been incorporated in the structures 

of azoheteroarene switches. Nitrogen-based heterocycles are by far the most extensively 

studied with accounts of azoheteroarenes bearing pyridine63, pyrimidine66,67, pyrrole55, 

pyrazole55, imidazole68,69, triazole56, tetrazole56 as well as various fused motifs such as 

indole70, indazole71, benzimidazole72 and purine rings73. As opposed to nitrogen, 

heterocycles bearing other heteroatoms are significantly less studied in the design of 

azoheteroarenes. Nevertheless, there are a few reports of switches containing 

thiophene74,75, thiazole76, benzothiazole59,72, oxazole77 and benzoxazole72 rings.  

1.4.1. 6–Membered Heterocycles 

Azopyridines are one of the first azoheteroarenes to be synthesised and explored.78–80 In 

most cases azopyridines show superior properties compared to the azobenzene parents. 

For example, the former undergo good to excellent E-Z photoisomerisation resulting in 

overall longer lived Z-isomers.63,81,82 The most notable structural feature of azopyridines is 

the presence of basic nitrogen lone pairs that can coordinate to metal ions or form pyridinium 

salts either through protonation or alkylation (Figure 1.8).62,63,83 The strong electron-

withdrawing pyridinium moieties in combination with electron-rich groups have been 

extensively explored in the development of push-pull azoheteroarenes.57,58,84 Azopyridinium 

switches have remarkably fast thermal isomerisation kinetics in some cases operating on the 

picosecond timescale.84 Moreover, they display significantly red-shifted absorption bands as 

a consequence of the push-pull effect.  

 

Figure 1.8. The effect of introducing charge in the structure of azopyridine photoswitch 

1.4.2. 5-Membered Heterocycles 

Variety of switches featuring 5-membered heterocyclic rings have been studied throughout 

the years. A strong correlation between the photoswitch properties and the conformation of 

the Z isomer has been demonstrated for these systems.55,56 As with azobenzenes, the 

majority of azoheteroarenes display planar geometries when in the E state and adopt twisted 

conformations in the Z state due to steric constraints (Figure 1.9). However, incorporation of 
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a 5-membered heterocycle reduces the steric demand around the azo-bridge making a T-

shaped Z conformation accessible to those systems.55,74,85 Notably, switches that display 

such conformation reveal slow thermal isomerisation kinetics. For detailed discussion of 

conformations available to azoheteroarenes the reader is redirected to Chapter 5.  

 

Figure 1.9. Conformational preference of azoheteroarene photoswitches containing a 5-membered 

heterocycle  

The electron‐donating or electron‐withdrawing properties of the 5‐membered heteroaromatic 

ring has a significant impact on the absorption spectrum of the switch.55,56 As a rule of 

thumb, the extent of red-shifting the E isomer π–π* absorption band increases with 

increasing the electron-donating ability of the heterocycle, following the trend: triazole56 

 ∼ tetrazole56 > pyrazole55  > imidazole56,69,86 > thiophene74,75 >  pyrrole56. In addition, the 

electron density of the 5-membered heterocyclic unit affects the azo N=N bond length (and 

bond order or also known as Wiberg index87 – WI). Overall, electron‐rich heterocycles 

provide more electron density into the azo bond, hence reducing the WI and the thermal 

half‐life of the Z isomer. Thus, azoheteroarenes bearing stronger electron donors such as 

pyrrole and thiophene have typical half‐lives in terms of hours, whereas switches featuring 

more electron-poor heterocycles as pyrazole or triazole undergo thermal relaxation on the 

order of days (or even years in some instances).56,75,88 

The connectivity of the heterocycle regarding the azo moiety has been found to have a 

significant effect on the photoswitch properties.55,56 Fuchter and co-workers demonstrated 

that for a series of phenylazopyrazoles systems (e.g., 5pzH) exhibiting more extensive 

donative conjugation between the pyrazolyl N-lone pair and the azo group were 

characterised with more red-shifted absorption spectra and reduced thermal isomerisation 

kinetic (Figure 1.10). On the other hand, cross-conjugated derivatives such as 4pzH and 

3pzH displayed less bathochromically shifted absorbances and more thermally stable Z 

isomers. 
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Figure 1.10. Degree of donative conjugation from the pyrazolyl N lone pair to the azo bridge in 

phenylazopyrazole switches. 

1.4.3. Fused heterocycles 

Introduction of fused heterocycles in the structure of azobenzene-derived photoswitches has 

been significantly understudied with azoindoles being the only exception.70,89 As a general 

rule, incorporation of an additional fused ring increases the extend of π-conjugation within 

the switch, hence red-shifting the absorbance and reducing the thermal half-life of the 

system (Figure 1.11). For example, the absorption maximum of 3-phenylazoindole 34 is red-

shifted by approximately 20 nm compared to its non-fused counterpart 3-phenylazopyrrole 

33 (~380 nm vs ~360 nm respectively). Furthermore, the former analogue undergoes 

thermal relaxation four times faster than the latter.56,89  

 

Figure 1.11. The effect of incorporation of an additional fused ring in the structure of an azopyrrole 

photoswitch 33 

1.4.4. External factors 

In addition to the chemical architecture of the azo chromophore, various external factors can 

influence the properties of azoheteroarenes. As with azobenzenes, the absorption 

characteristics and the thermal isomerisation kinetics of azoheteroarenes can be affected by 

the solvent. For example, the azo switch 35 bearing a thienylpyrrole moiety exhibited a 

pronounced solvatochromism where a bathochromic shift of the λmax was observed with 

increasing solvent polarity (λmax 478 nm in hexane vs. 516 nm in DMSO, Figure 1.12).90 It 
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has been demonstrated that the polarity of the solvent can also impact the thermal relaxation 

of both azobenzenes and azoheteroarenes.13,22 Different solvents can provide distinct level 

of stabilisation for the ground and transition states in the various mechanistic pathways (see 

Section 1.3). The thermal back-isomerisation rate of phenylazopyrroles appeared highly 

sensitive to the water content in the sample.55 In some instances, presence of only 0.5 M 

water has led to a 10-fold acceleration of the relaxation rate (Figure 1.12). 

Phenylazopyrroles and phenylazoimidazoles have also shown a concentration dependence 

on the thermal isomerisation rates.56 Increasing the concentration of the switch resulted in 

accelerated thermal kinetics. This observation suggested that alternative bimolecular 

pathways might be operative at higher concentrations for those systems.56  

Figure 1.12. External factors influencing the photophysical properties of azoheteroarenes  

The pH of the solvation medium has been found to dramatically affect the photoswitch 

characteristics. With pKa of azonium ions typically in the range 1.5–3.5, decreasing the pH 

usually results in protonation of the azo moiety that leads to acceleration of the thermal 

isomerisation rate (Figure 1.12).91–93 Protonating the azo group furnishes an azonium 

species in which the N=N bond order is reduced due to mesomeric stabilisation. As a result, 

the thermal half-life of the switch is decreased. For example, addition of hydrochloric acid to 

a phenylazopyrazole switch reduced its thermal half-life from 1000 days to 8 min.91 Similar 

effect associated with decreasing the thermal isomerisation rate of phenylazopyrazole has 

been observed in the presence of a Pd-based cage (see section 1.6.2 and Figure 1.16).94 

1.5. Synthetic strategies towards azobenzenes and azoheteroarenes  

The two classical approaches for preparation of azobenzene and azoheteroarene switches 

are the diazonium coupling and the Mills reaction.95,96 The former approach relies on the 
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coupling between a diazonium salt and a suitable nucleophile (Scheme 1.1a). The 

diazonium salt is prepared via diazotisation reaction of aromatic amines normally at low 

temperatures. Then it is reacted with an electron-rich nucleophile that can be either aromatic 

or aliphatic.55,97 In the latter case, a hydrazone intermediate is obtained that gives the azo 

product upon further functionalisation. Overall, the diazonium coupling reaction is fast and 

high yielding, rendering it the preferred approach for the generation of many azo 

derivatives.37 The main drawback of the diazonium coupling is the stability of the diazonium 

salt that depending on the exact structure can be explosive if isolated.98 This can be 

associated with potential safety concerns especially on a large scale.  

Another strategy commonly employed for the synthesis of azobenzenes and 

azoheteroarenes is the Mills reaction (Scheme 1.1b).96 This approach relays on the coupling 

between a nitroso compound and an aromatic amine under acidic or basic conditions. The 

nitroso partner can be obtained via oxidation of the corresponding amine using various 

oxidising agents such as oxone,99 m-CPBA,100 KnMNO4,101 etc. Generally, the Mills reaction 

proceeds with moderate to high yields, but it is limited by the stability of the nitroso partner 

and occurring side processes such as formation of azoxy by-products. 

Azo switches can also be prepared via the oxidative coupling of aromatic amines or the 

reductive dimerization of nitro compounds (Scheme 1.1 c-d). Various accounts utilising 

oxidising agents such as t-BuOI,102,103 KnMNO4,104 NaOCl,105 sodium 

dichloroisocyanurate,106 (diacetoxyiodo)benzene,107 etc. and reducing agents as 

Zn/NH4Cl,108 LiAlH4,109 NaBH4,110 Mg/NH4Br,111 etc. can be found in the literature. This 

strategy is particularly suited for the generation of symmetrical azo derivatives. In theory, 

heterocoupling between two different amino or nitro partners is possible for the generation of 

non-symmetrical azo compounds (Scheme 1.1e). However, the yield could be significantly 

reduced due to the formation of homodimer by-products.  

The nucleophilic substitution or Buchwald-Hartwig coupling of aromatic halides with aryl 

hydrazines followed by oxidation is another approach that has been utilised for the synthesis 

of azo switches (Scheme 1.1 f-g).44,73 This method requires the use of elevated temperatures 

(up to 200 ºC) and rather operational demanding protocols. Nevertheless, versatile azo 

compounds in good to excellent yields have been obtained following this strategy.  
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Scheme 1.1. Synthetic approaches towards azobenzenes and azoheteroarene photoswitches: a) 

Diazonium coupling; b) Mills reaction; c) Oxidative dimerization; d) Reductive dimerization; e) Hetero-

cross-coupling strategy; f) Nucleophilic aromatic substitution or g) Buchwald-Hartwig coupling of aryl 

halide with aryl hydrazine followed by oxidation 
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1.6. Applications of azoheteroarenes 

Due to their prominent highly tuneable properties azoheteroarenes have been utilised in a 

wide range of applications from photopharmacology to supramolecular chemistry, electronic 

transfer and energy storage. This section features representative examples covering the 

former three fields. For more in depth discussion of azoheteroarenes in energy storage see 

Chapter 3.  

1.6.1. Photopharmacology 

The emerging field of photopharmacology utilises photoswitchable molecules in order to 

control the activity of biological targets.112 Introduction of a photoswitchable moiety in the 

structure of a biologically relevant ligand allows modulation of its structure and hence affinity 

for its target using light.7 Therefore, the activity of a light-addressable therapeutic can be 

easily turned “on” and “off”.  Thus, photopharmacology aims to tackle issues associated with 

off target toxicity and resistance, while maintaining high spatiotemporal precision.113 

Azoheteroarenes are especially suited for photopharmacological application as many 

heteroaromatic rings are considered privileged scaffolds.114 In addition, more than 85% of all 

biologically active compounds bear a heterocycle in their structure.115 There are increasing 

number of accounts where azoheteroarenes have been employed as prominent 

photopharmacological agents. For instance, the groups of Trauner and Hodson have 

developed the azothiadiazole switch 56 able to control pancreatic beta‐cell function and 

stimulate insulin secretion in its Z form (Figure 1.13a).116 Moreover, due to its significantly 

red-shifted absorbance, photoactivation of this compound was achieved with yellow light 

making it suitable candidate for in vivo application.117  Azobenzimidazoles 57 have been 

successfully utilised as light-induced inhibitors of voltage-gated proton channel Hv1 found in 

a wide range of  human cells such as epithelial cells, sperm and macrophages (Figure 

1.13b).118 The active E isomer binds to the channel blocking proton transport. Upon 

photoisomerisation with blue light, the compound converts to its Z isomer that no longer fits 

the channel and releases inhibition. Another example of biologically active azoheteroarenes 

are the azopyrazolopyrimidines. Ferreira et al. described a prominent RET kinase inhibitor 

58 based on this scaffold (Figure 1.13c).119  RET kinase is responsible for the normal 

development of neurons and its overactivity is closely related to a number of human cancers. 

The novel azo analogue provided optical control both in vitro and in cellulo proving promising 

for next generation anti-cancer therapies.  
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Figure 1.13. Examples of azoheteroarenes employed in photopharmacological applications 

Tamaoki and co-workers have reported a photopharmacological agent that interferes with 

mitosis which is a potential cancer treatment strategy (Figure 1.13d).120 The photoswitchable 

inhibitor 59 based on the azopyrazole scaffold was able to modulate the activity of 

centromere‐associated protein E (CENP-E), a protein playing an indispensable role in 

chromosome transportation. Therefore, photoswitching between the active E and inactive Z 

states enabled reversible chromosome movement and hence, reversible mitotic progression 

both in vitro and in vivo. Another prominent example where an azopyrazole has displayed 

superior photopharmacological properties is the discovery of the “TRP switch” 60 (Figure 

1.13e).121 This ligand enables reversible photocontrol of the transient receptor potential 

ankyrin 1 (TRPA1) channel that mediates neurogenic inflammation and pain.122 Strikingly, 

when zebrafish larvae exogenously expressing TRPA1 in the heart were treated with the 

TRP switch 60, the heartbeat of the larvae was modulated in a reversible manner with 

repeated pulses of light.121 Irradiation with violet light resulted in prolonged systolic 

contraction, whereas green light restored the normal cardiac rhythm.  

1.6.2. Supramolecular Chemistry   

The modulation of large molecular architectures in precise spatiotemporal manner has been 

achieved through the use of azoheteroarenes in the field of supramolecular chemistry. The 

Herges group has developed a series of Ni2+ porphyrin complexes bearing an 

azoheteroarene pendant arm that can undergo photo-induced association-dissociation 
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events (Figure 1.14).61–64 In the E state the azopyridine or azoimidazole arm is unavailable 

for coordination leaving the Ni2+ centre in its typical diamagnetic square-planar geometry. 

Upon irradiation with light of a suitable wavelength, the azoheteroarene isomerises to the Z 

form which coordinates to the Ni2+ and changes the geometry to square-pyramidal affording 

a paramagnetic metal centre. The magnetic bistability of the complexes was remarkable as 

in some instances the systems underwent thousands of photoswitching cycles with no sign 

of fatigue. The efficient regulation of the paramagnetism of these systems renders them 

promising candidates for photo-addressable MRI contrast agents.  

 

Figure 1.14. An example of Ni2+ porphyrin complex that undergoes reversible change from 

diamagnetic to paramagnetic state upon E-Z photoisomerisation.64 

Various ligands based on the arylazopyrazole motif have been designed as photoswitchable 

guests for a range of host systems including cyclodextrin, cucurbit[8]uril and metal-organic 

cages.94,123–126 Ravoo and co-workers prepared water soluble azopyrazole analogues that in 

the E state displayed excellent binding affinities to β-cyclodextrin.123 In contrast, the more 

polar twisted Z isomers could not fit the cyclodextrin cavity and did not engage in 

complexation. Then, the authors explored two cyclodextrin-based supramolecular systems: 

cyclodextrin vesicles and cyclodextrin coated gold nanoparticles (Figure 1.15). When 

combined with divalent azopyrazole ligands 62, these systems demonstrated remarkable 

reversible, light-induced aggregation and dispersion behaviour. On a similar note, the 

reversible photo-association/dissociation between azopyrazole guest and cucurbit[8]uril 

(CB[8]) host has been utilised for the design of smart surfaces that allow immobilisation of 

biologically active substances and subsequent light-facilitated release on demand.126  
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Figure 1.15. Photo-modulated gold nanoparticles. a) Structure of azopyrazole-based divalent ligand; 

b) Reversible photo-association/dissociation behaviour adapted from Stricker et al. 123 

Arylazopyrazoles have appeared to be suitable guests for a Pd-based metal-organic cage 

(Figure 1.16).94 The cage can encapsulate two E isomers and thus solubilise the otherwise 

insoluble E-azopyrazole in aqueous media. Upon E-Z photoswitching, one of the 

azopyrazole guest units gets released affording a 1:1 complex between the cage and the Z 

isomer. The reverse Z-E isomerisation proceeding either in the dark or via green light 

irradiation results in regeneration of the 2:1 E isomer/cage complex. Notably, the Z-

arylazopyrazole thermal relaxation was facilitated in the presence of the cage.94 The back-

isomerisation rate was accelerated in a linear fashion with increasing concentrations of the 

cage. The authors hypothesised that such acceleration could arise from coordination of Pd2+ 

units to the azo group of the Z isomer.   
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Figure 1.16. Photo-mediated host-guest complexation between an azoheteroarene ligand and a metal 

organic cage94 a) Structure of azopyrazole ligand; b) Structure of Pd-cage, source: Samanta et al 127; 

c) Mechanism of complexation  

1.6.3. Information transfer 

As a result of their easily tailored structural and electronic properties, azoheteroarenes have 

been rendered promising photo-driven molecular oscillators suitable for information transfer 

applications.57,58,128–131 In such systems signals are transmitted typically on the nanosecond-

picosecond temporal domain. Therefore, azoheteroarenes displaying facile light-induced E-Z 

switching and ultra-fast Z-E thermal relaxation are required. While the majority of 

azobenzene-derived switches undergo photoisomerisation in the sub-ps regime, the rate at 

which the Z-E thermal isomerisation proceeds is mainly dependant on the molecular 

architecture of the azo system.132 Azopyridinium and azopyrimidine push-pull switches have 

displayed thermal isomerisation kinetics on the ns timescale (e.g. compounds 16 and 18 

Figure 1.7).57,66 The outstanding acceleration of the thermal relaxation was achieved through 

a combination of a strong electron-withdrawing heterocyclic unit (pyridinium salt or 

pyrimidine) with an excellent electron donor (amino or hydroxyl group). Velasco and co-

workers have managed to even reduce the thermal reversion rate of the azopyridinium 

switch by 103-fold when including it in a bis-azo molecular assembly 63 (Figure 1.17).84 This 

system displayed the remarkable 1015-fold temporal resolution between the thermal 

isomerisation of both azo constituents. The exceptional thermal half-life acceleration to the 

ps time domain of the fast-isomerising component suggests that additional factors such as 

spatial proximity or steric bulk can exert a significant impact on the thermal relaxation 

kinetics. In a subsequent study, the Velasco group developed push-pull thiazolium 64 and 

benzothiazolium 65 azoheteroarenes that are the fastest isomerising azo derivatives 

reported to date.59 The exceptional electron-withdrawing abilities of the thiazolium and 
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benzothiazolium units afforded systems with thermal half-lives around 500 ps in EOH, water 

and acetonitrile solvents. 

 

Figure 1.17. Azoheteroarene photoswitches exhibiting rapid Z-E thermal isomerisation kinetics  

1.7. Conclusions  

Light is a powerful and versatile tool that has been extensively employed by scientist to 

probe and study various processes. Molecular photoswitches are a prominent example of 

light-controllable tools that have revolutionised many research fields by providing the 

opportunity for reversible light regulation of diverse systems. Nowadays a great variety of 

photoswitches exists, but azobenzene and its derivatives remain amongst the most 

commonly employed photochromic motifs. Azoheteroarenes are structurally related to 

azobenzene and contain a heterocycle in place of one or both phenyl rings. Azoheteroarene 

photoswitches have attracted considerable attention in recent years due to the vastly 

expanded scope in functionality and chemical space provided by the heterocyclic unit. The 

easy tunability of the photoswitch properties of these systems enabled the development of 

azoheteroarenes addressable with red and near-IR light that are particularly useful for 

biological applications.133 In addition, azoheteroarenes that exhibit thermal half-lives ranging 

from picoseconds to decades have also been reported.59,88 This wide spectrum of 

photoswitch properties is exhibited by chromophores with very simple substitution patterns. 

As a result, the azoheteroarenes have been adopted in many useful applications from 

photopharmacology116,118–121,134, to supramolecular chemistry61–64,94,124,126,135–139, information 

transfer 57,58,128–131 and energy storage140–142. However, despite their huge potential, 

azoheteroarenes still remain an understudied photoswitch class. In general, a broader 

understanding of the structure-property relationships of a wider range of azoheteroarene 

systems is required. In particular, systems in which both rings are heteroaromatic have not 

been the subject of many publications and remain largely unexplored. The limited research 

on the topic has demonstrated that such azoheteroarenes display highly attractive 

photoswitch characteristics such as quantitative bidirectional photoconversion, visible light 
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addressability, long thermal half-lives, remarkable solid-state photoswitching, improved 

water solubility, etc.72,86,142,143 Therefore, research focused on understanding the photoswitch 

performance of azoheteroarenes containing two heterocyclic units is highly desirable.  
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2. Exploring the Available Chemical Space Through Novel 

Azobisheteroarene Design: The Azobispyrazoles 
 

2.1. Introduction 

The design of chromophores that exhibit excellent bidirectional addressability while retaining 

increased thermal stability of the meta stable form has probably been amongst the most 

challenging endeavours in the development of azoarene type photoswitches.  Hecht and co-

workers were perhaps the first who provided an effective solution through the development 

of the tetra-ortho-fluorinated azobenzenes.50,51 These systems were characterised with 

exceptional thermal stability of the Z isomers with thermal half-lives up to 2 years at ambient 

temperature.50 In addition, the tetra-ortho-fluoro-azobenzenes displayed efficient E-Z and Z-

E photoisomerisations induced with visible light affording PSSs containing 61–95% Z (500 

nm) and 82–97% E (410 nm) isomers.51 However, despite the high photoconversion yields 

observed, no derivative was able to undergo quantitative photoconversion in both directions. 

Fuchter and co-workers then reported an alternative strategy for accessing azo 

photoswitches with excellent characteristics through the development of the 

phenylazopyrazoles (Figure 2.1).55,56,88  This novel azoheteroarene class displayed 

analogues with highly desirable properties such as quantitative bidirectional addressability 

(PSSs ≥98% for both E-Z and Z-E photoisomerisations)55 and slow thermal isomerisation 

kinetics with thermal half-lives of up to 46 years.88 Due to their superior photoswitch 

performance the phenylazopyrazoles have been adopted in a variety of applications 

including photopharmacology,120,121,134,144 energy storage,140,141 electronic devices138 and 

supramolecular chemistry94,124,126,135–137.  

 

Figure 2.1. Parent phenylazopyrazoles reported by Fuchter et. al.55,56 

The photoswitch properties of the phenylazopyrazoles have been found to be strongly 

influenced by the connectivity and the level of substitution of the pyrazole ring (Table 2.1).56 

Analogues that contained a pyrazole C-H unit ortho to the azo bridge (e.g., 3pzH, 4pzH, 

5pzH) were found to preferentially adopt a T-shaped Z conformation stabilised by a 
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favourable interaction between the pyrazole C-H and the π system of the phenyl ring (Figure 

2.2). These analogues displayed more thermally stable Z isomers with slow thermal 

isomerisation kinetics.56 In contrast, the more sterically congested analogues with no 

available pyrazole C-H groups (e.g., 3pzMe, 4pzMe, 5pzMe) exhibited twisted Z geometries 

(Figure 2.2). In general, these derivatives underwent more complete photoswitching in both 

directions.56  

Table 2.1. Photoswitch characteristics of parent phenylazopyrazole switches.  

 photoswitching E isomer Z isomer 

t1/2
d 

 
E–Z 

(% Z)a 

Z–E 

(% E)b 

π-π* 

λmax/ nmc 

n-π* 

λmax/ nmc 

π-π* λmax/ 

nmc 

π-π* λmax/ 

nmc 

3pzH >98 97 320 425 272 422 74 de 

3pzMe 96 87 325 428 286 438 5.8 df 

4pzH >98 70 328 417 275 403 1000 de 

4pzMe >98 >98 335 425 296 441 10 df 

5pzH >98 79 341 425 289 430 11 df 

5pzMe 94 86 340 435 296 451 12 hg 

Data obtained from Calbo et al.56 aAll values reported for the 355 nm PSS. bAll values reported for the 532 nm 

PSS. cMeasured in MeCN. dThermal half-life reported at 25 °C. eMeasured at a range of elevated temperatures in 

DMSO-d6 and then extrapolated to 25 °C. Measured using fNMR in MeCN-d3 or gUV-vis spectroscopy in MeCN. 

 

Figure 2.2. Crystal structures of Z-4pzH (CCDC 1004660)55 and Z-4pzMe (CCDC 1004661)55  

 

2.2. Aims and Objectives  

Taking into consideration the excellent addressability of the phenylazopyrazole switches, a 

decision was made to explore what effect changing the second phenyl ring with a pyrazole 

motif would have on the photoswitch performance. In order to systematically investigate the 

structure-property relationship of the novel azobispyrazole family, six synthetically accessible 

compounds were selected– bis3pzH, bis4pzH, bis5pzH, bis3pzMe, bis4pzMe and 

bis5pzMe (Figure 2.3). These six novel systems were designed as symmetric 
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azoheteroarene counterparts of the parent phenylazopyrazoles 3pzH, 4pzH, 5pzH, 3pzMe, 

4pzMe and 5pzMe. The six azobispyrazole derivatives differed in the connectivity of the 

pyrazole unit regarding the azo bridge as well as in the degree of ortho substitution. As with 

the non-symmetrical systems, it was anticipated that the positional isomerism and the 

substitution pattern on the pyrazole rings would influence the photochemical properties as 

well as the thermal stability of the Z-isomer. It is worth mentioning that while the structure-

property relationships of the azobispyrazole series were investigated, Li and co-workers 

independently published a study on the photoswitch behaviour of a set of azobispyrazole 

switches amongst which were compounds bis3pzH, bis4pzH and bis5pzH.143 The 

photophysical and photochemical properties observed for these systems by the authors 

were very closely related to the results obtained in this study.  

 

Figure 2.3. Azobispyrazoles selected for investigation of their photoswitch performance 

 

2.3. Results and Discussion 

2.3.1.  Synthesis 

The six novel azobispyrazole targets were accessed via oxidative or reductive homocoupling 

approaches. The syntheses of bis3pzH and bis5pzH were achieved following the oxidative 

dimerisation of their corresponding commercially available aminopyrazole monomers 66 and 

67 (Scheme 2.1). Azobispyrazole bis3pzH was obtained in 30% yield using a procedure 

reported by the Minakata group that utilised in situ generated t-BuOI oxidising agent.102,103 

An alternative approach adopted by Stepanov et al.145 for the preparation of azofurazans 

making use of KMnO4 oxidant in 3.5 M HCl at 40 °C was also explored for the synthesis of 

bis3pzH. This strategy resulted in a slightly lower yield of 22%. The azobispyrazole bis5pzH 

was accessed following a known literature copper-mediated protocol for the dimerisation of 

the amino precursor 67.146 The approach utilised CuI catalyst, 1,10-phenanthroline ligand 

and t-BuOOH oxidant in DCM to furnish the desired product bis5pzH in 38% yield, which 

was in line with the previously reported yield of 37% by Jiang et al.146 
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Scheme 2.1. Preparation of bis3pzH and bis5pzH. Reagents and conditions: i) t-BuOCl, NaI, DME,  

-10 °C, 2 h or alternatively KMnO4, 3.5 M HCl, 40 °C, 3 h, 22%; ii) CuI, 1,10-phenanthroline, t-

BuOOH, DCM, rt, 3 h.  

The synthesis of bis4pzH was first attempted using the oxidative coupling of aminopyrazole 

70 in the presence of KMnO4 under acidic conditions (Table 2.2, entry 1). However, this 

failed to deliver the desired product and led to the complete decomposition of the starting 

material. As a consequence an alternative strategy based on the reductive coupling of the 

corresponding nitropyrazole 69 was investigated (Scheme 2.2).86 The intermediate 69 was 

obtained in quantitative yield when the commercially available nitropyrazole 68 was N-

methylated by methyl iodide with potassium carbonate base in acetonitrile. Then, 69 was 

subjected to a zinc-mediated reductive dimerisation in aqueous ammonium chloride that 

afforded bis4pzH in 12% yield after 3 h at 45 °C. The low yield was attributed to the poor 

consumption of the starting material (evident by TLC) resulting from its poor solubility in 

aqueous medium. Due to the rather low-yielding azo-bond forming step, a decision to 

explore alternative oxidative dimerisation conditions was made (Table 2.2). A methodology 

employing sodium dichloroisocyanurate (SDCI) in the presence of acetic acid employed by 

Li and co-workers for the synthesis of an azobistriazole system was explored.106 

Unfortunately, this approach failed to deliver any of the desired bis4pzH (Table 2.2, entry 2). 

Instead full decomposition of the corresponding aminopyrazole 70 occurred after 1 h with no 

formation of any useful by-products. Utilisation of t-BuOI oxidant gave the desired 

azobispyrazole in 13% yield when performed at -40 °C (Table 2.2, entry 3). Under the same 

conditions, but elevating the temperature to -10 °C the yield was increased to 21 % (Table 

2.2, entry 4).   

 

Scheme 2.2. Synthesis of bis4pzH based on a reductive homocoupling approach. Reagents and 

conditions: i) MeI, K2CO3, MeCN, 60 °C, 18 h; ii) Zn, 0.1 M aq. NH4Cl, 45 °C, 3 h. 
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Table 2.2. Synthesis of bis4pzH using various oxidative dimerization conditions 

 

entry oxidant solvent temp./ °C time/ h yield/ % 

1 KMnO4  3.5 M HCl  40 3 0 

2 SDCl, AcOH MeCN, water  0 1 0 

3 t-BuOIa DME -40 2 13 

4 t-BuOIa DME -10 2 21 

a Formed in situ following the addition of t-BuOCl and NaI. 

Initially the proposed synthetic route to compounds bis3pzMe and bis5pzMe involved 

preparation of the corresponding nitropyrazole precursors 74 and 75 from the common 

starting material 71 following a known literature method reported by Calbo et al (Scheme 

2.3).56 Thus, N-nitration of 71 was performed using conc. HNO3 and acetic anhydride in 

acetic acid solvent to form crude 1-nitropyrazole 72. The crude 72 was then subjected to 

thermal rearrangement in benzonitrile that afforded the nitropyrazole precursor 73 in 12% 

yield over both steps.147 N-methylation of 73 by dimethylsulfate in the presence of LiOH in 

ethanol solvent afforded the desired regioisomers 74 and 75 in moderate yields (36% and 

19% respectively). Due to considerable problems encountered with the initial 

nitration/isomerisation step associated with significantly reduced yields upon scale up, poor 

reproducibility and prolonged reaction times, a new strategy for the preparation of 74 and 75 

was explored. The alternative approach utilised nitration of the commercially available 

dimethylpyrazole 76 under standard conditions (mixture of concentrated nitric and sulfuric 

acids). The desired mono-nitrated products 74 and 75 were isolated in 16% and 21% yields 

respectively. In the second stage of the proposed synthetic routes, nitropyrazoles 74 and 75 

were subjected to Pd/C catalysed hydrogenation that afforded the corresponding 

aminopyrazoles 77 and 78 in high yields (78% and 90% respectively). Finally, oxidative 

dimerisation of 77 and 78 using the method developed by the Minakata group furnished the 

desired azobispyrazoles bis3pzMe and bis5pzMe in good to moderate yields (60% and 

39% respectively).  
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Scheme 2.3. Synthetic routes to azopyrazoles bis3pzMe and bis5pzMe. a) Preparation of 

nitropyrazole precursors 74 and 75 following the protocol reported by Calbo and co-workers.56 b) 

Alternative synthesis of 74 and 75. Oxidative dimerisation strategy to c) bis3pzMe and d) bis5pzMe. 

Reagents and conditions: (i) conc. HNO3, Ac2O, AcOH, rt, 3 h; (ii) PhCN, 165 °C, 7 h; (iii) Me2SO4, 

LiOH, EtOH, 75 °C, 20 h; (iv) conc. HNO3, conc. H2SO4, 0 °C – rt, 24; (v) H2, Pd/C, MeOH, rt, 20 h; (vi) 

t-BuOCl, NaI, DME, -40 °C, 1 h. 

The initial synthetic route to azobispyrazole bis4pzMe involved four steps (Scheme 2.4). 

The synthesis commenced with nitration of the commercially available dimethylpyrazole 79 

following a previously reported method involving KNO3 in concentrated sulfuric acid.148 This 

resulted in formation of the 4-nitropyrazole 80 intermediate in a near quantitative yield. 

Subsequently, 80 was N-methylated using iodomethane and potassium carbonate base in 

acetonitrile which afforded the desired product 81 in quantitative yield. The nitro group of 

intermediate 81 was then reduced under hydrogen atmosphere in the presence of Pd/C 

catalyst to afford the corresponding aminopyrazole 82 in excellent yield (96%). Finally, 

following the oxidative dimerisation protocol developed by the Minakata group,102,103 

previously employed in the syntheses of the other azobispyrazole derivatives, bis4pzMe 

was isolated in 25% yield when the transformation was performed at 0 °C in acetonitrile 

solvent. In an attempt to optimise the reaction conditions, the temperature effect was 

examined (Table 2.3). Overall, no dramatic changes in the yield were observed across the 
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wide temperature window. The dimerisation benefited slightly (27% yield) when performed at 

-10 °C (Table 2.3, entry 2) and a further increase in yield (33 %) was observed when the 

temperature was lowered to -40 °C (Table 2.3, entry 3). Nevertheless, a larger temperature 

drop to -78 °C appeared to be unfavourable, leading to only 15% yield of the bis4pzMe 

target (Table 2.3, entry 4). 

Scheme 2.4. Synthetic route to bis4pzMe. Reagents and conditions: (i) conc. H2SO4, KNO3, 0 – 100 

oC, 18 h; (ii) MeI, K2CO3, MeCN, 60 oC, 18 h; (iii) H2, Pd/C, MeOH, rt, 18 h; (iv) t-BuOCl, NaI, MeCN, 0 

°C, 1 h. 

 

Table 2.3. Optimisation attempts of the oxidative homocoupling step in the preparation of bis4pzMe. 

 

entry solvent temp. / °C time / h yield / % 

1 MeCN 0 2 25 

2 DME -10 2 27 

3 DME -40 5 33 

4 THF -78 5 15 

 

As a consequence of the low-yielding oxidative dimerisation step, an alternative synthetic 

strategy towards bis4pzMe was explored (Scheme 2.5). This approach was inspired by the 

synthetic route utilised for the preparation of the phenylazopyrazole counterpart 4pzMe.55 In 

the first step, aminopyrazole 82 underwent diazotisation when treated with sodium nitrite 

under acidic conditions at 0 °C. Subsequent coupling of the corresponding diazonium 

species with acetylacetone furnished the respective hydrazone intermediate 83 in 76% yield. 

In the next stage, cyclisation/condensation of 83 with methylhydrazine furnished the desired 

azobispyrazole bis4pzMe in quantitative yield.  
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Scheme 2.5. Alternative synthetic strategy towards bis4pzMe. Reagents and conditions: i) NaNO2, 

HCl, H2O, 0 °C, 45 min; then acetylacetone, NaOAc, EtOH, H2O, 0 °C, 2 h; ii) methylhydrazine, EtOH, 

80 °C, 3 h. 

2.3.2. Photoswitching 

After the successful synthesis of the azobispyrazole targets, their photoswitch properties 

were investigated. All E-azobispyrazoles displayed bright transitions with maxima in the 

range 320–380 nm that were attributed to the symmetry-allowed π-π* excitations (Figure 2.4 

Table 2.4).  Compared to their E-phenylazopyrazole counterparts (Table 2.4), the π-π* 

bands of the E-azobispyrazoles were generally red-shifted with the only exception of 

bis4pzH that exhibited very similar π-π* λmax value to 4pzH (327 nm and 328 nm 

respectively in MeCN). The most significant red-shift was observed for E-bis5pzMe that 

displayed π-π* maximum bathochromically shifted by 22 nm in comparison to 5pzMe.  

Table 2.4. UV-vis spectral characteristics of E and Z azobispyrazoles studied 

 

E isomer π-π* E isomer n-π* Z isomera π-π* Z isomera n-π* 

λmax / 

nm 

102 ε / 

M-1 cm-1 

λmax / 

nm 

102 ε /  

M-1 cm-1 

λmax / 

nm 

102 ε /  

M-1 cm-1 

λmax / 

nm 

102 ε /  

M-1 cm-1 

bis3pzH 326 222 416 7.31 275 92.0 430 15.0 

bis3pzMe 332 239 423 10.5 293 87.8 443 26.8 

bis4pzH 327 238 -c -c 277 83.6 421 19.9 

bis4pzMeb 
333 275 

-c -c 296 107 431 41.6 
343 277 

bis5pzHb 
357 243 

-c -c 311 107 454 33.3 
370 235 

bis5pzMeb 
362 213 

-c -c 309 84.6 458 48.3 
377 197 

aIndicated values are for the extracted Z isomer. bThe compound exhibits multiple distinct π-π* maxima, the 

highest intensity transition is in bold. cThe value cannot be determined as the n-π* band appears as a tail on the 

π-π* band. 
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Figure 2.4. UV-vis spectra of pure E and Z isomers and Z-rich PSSs of azobispyrazoles studied in 

acetonitrile solvent at 26 µM (bis3pzH, bis4pzH, bis5pzH), 23 µM (bis3pzMe, bis5pzMe), and 20 

µM (bis4pzMe) concentrations. 

E-bis5pzH, E-bis4pzMe and E-bis5pzMe displayed π-π* bands with two distinct maxima. 

Similar features were also evident in the spectrum of E-bis4pzH, however the secondary 

peak was not as well defined and appeared as a shoulder on the main π-π* transition. Such 

π-π* band separation was not observed in the UV-vis spectra of the phenylazopyrazole 

derivatives. The multiple π-π* maxima displayed by some E-azobispyrazoles were attributed 

to a partially resolved vibrational fine-structure. This is typically not observed in solution as a 

consequence of collisional broadening. Analogous π-π* band appearance was observed by 

Mustroph in the spectra of a series of azobenzene derivatives bearing one or two amino 

moieties para to the azo linkage.149,150 The author hypothesised that the multiple maxima 

feature resulted from intense vibronic transitions. The increase in intensity was attributed to 

hindered rotation around the phenyl-azo bond that should exhibit an increased π character 

as a consequence of the strong electron donation from the amino groups para to the azo 

bridge (Scheme 2.6). Similar reasoning could be used to rationalise the appearance of the 

π-π* band in the spectra of the azobispyrazoles. Analogues that have more sterically 
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congested azo groups should be more susceptible to hindered rotation and hence exhibit 

brighter vibronic excitations. This was in line with the experimental results, as the derivatives 

displaying π-π* band separation bis5pzH, bis4pzMe and bis5pzMe contained two or four 

methyl groups ortho to the azo linkage. Furthermore, bis5pzH and bis5pzMe that were 

characterised with the most extensive conjugation between the pyrazole N-lone pair and the 

azo bridge (vide infra, Figure 2.5), should exhibit the highest pyrazole-azo (het-N=N) bond 

orders further raising the barrier to free rotation. 

Scheme 2.6. Resonance stabilisation in azobenzenes bearing para-amino substituents.  

As with the phenylazopyrazoles, the position of the π-π* band of the E-azobispyrazoles was 

strongly correlated with the connectivity of the pyrazole unit regarding the azo moiety. 

Compounds E-bis5pzH and E-bis5pzMe exhibited the most red-shifted π-π* maxima (357 

nm and 362 nm respectively). This was attributed to the more extensive donative 

conjugation between the pyrazolyl N-lone pair and the azo group in these derivatives (Figure 

2.5). Thus, bis5pzH and bis5pzMe display full pyrazole conjugation, whereas the other four 

analogues bis3pzH, bis3pzMe, bis4pzH and bis4pzMe exhibit cross-conjugated pyrazole 

moiety. Similar dependence was observed for the phenylazopyrazole counterparts, where 

5pzH and 5pzMe derivatives were characterised with the most bathochromically shifted E 

isomer spectra (λmax 341 nm and 340 nm respectively in MeCN).56  

 

Figure 2.5. Degree of donative conjugation from the pyrazolyl N lone pair to the azo bridge in the 

azobispyrazoles studied. 
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Considering the effect of ortho-substitution on the absorption features of the azobispyrazoles 

investigated, a clear trend becomes evident. The position of the π-π* excitations in the 

spectra of the E isomers was bathochromically shifted with the increasing degree of ortho-

functionalisation. Thus, azobispyrazoles bis4pzMe, bis5pzMe and bis3pzMe containing 

either four methyl substituents or two methyl and two basic nitrogens ortho to the azo linkage 

displayed π-π* excitations with more red-shifted maxima when compared to their less 

substituted counterparts bis4pzH, bis5pzH and bis3pzH. The most considerable 

bathochromic shift of 16 nm was evident between the bis4pzH and bis4pzMe derivatives as 

the former analogue had no ortho substituents, whereas the latter contained four ortho-

methyls groups. The shifts observed between the other two couples bis3pzH/Me and 

bis5pzH/Me were less pronounced (6 nm and 5 nm respectively). This was attributed to the 

less pronounced increase in ortho-substitution going from two to four ortho functionalities (N-

lone pairs and methyl groups).  

All E-azobispyrazole derivatives exhibited rather weak symmetry-forbidden n-π* transitions 

suggesting planar symmetrical conformations adopted by the E isomers. This was further 

supported by the performed computational analysis, vide infra, and the x-ray crystal 

structures solved by Dr. Andrew White for E-bis3pzH, E-bis4pzH, E-bis4pzMe, E-bis5pzH 

and E-bis5pzMe (Figure 2.6 and Figures 8.9–8.14 and Tables 8.1–8.10 in the Appendix).  

According to the crystal structure data, the five E isomers exhibited planar geometries with at 

least one plane of symmetry coinciding with the molecular plane. Compounds E-bis3pzH 

and E-bis3pzMe were the only derivatives for which n-π* band maxima could be obtained 

(λmax 416 nm and 423 nm respectively). Notably, the latter derivative displayed a brighter n-

π* transition, most probably due to its more sterically congested structure. For the other four 

azobispyrazoles bis4pzH, bis4pzMe, bis5pzH and bis5pzMe the n-π* band appeared as a 

tail on the bright π-π* absorbance, therefore the λmax values could not be extracted from the 

spectra of the corresponding E isomers.   

In order to select optimal conditions for the forward and back photoisomerisation, all 

azobispyrazoles were irradiated with light of various wavelengths: 308 nm, 365 nm, 420 nm, 

495 nm (Figure 8.1 in the Appendix). Then, the PSSs that contained the highest abundance 

of a single isomer were characterised using 1H NMR (Figures 6.4 – 6.9 in the Experimental 

section). In general, all six azobispyrazoles underwent excellent bidirectional switching 

(Table 2.5). The most efficient E-Z photoconversion was achieved using 365 nm light, 

whereas excellent Z-E back isomerisation was observed following 495 nm irradiation. 

Targeting the E isomers at the bright π-π* band with UV light afforded PSSs comprising of 

83–96% Z isomer. For some analogues, the E-Z photoconversion could be further improved 

by selecting a more appropriate wavelength in the UV region where the corresponding Z 
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isomer has a negligible absorbance. For example, looking at the UV-vis spectra of Z-

bis3pzH and Z-bis4pzH (Figure 2.4) it appeared that those compounds absorbed very 

weakly in the 340–350 nm region, so irradiation at this wavelength should induce near-

quantitative E-Z conversion as opposed to the 83% and 88% Z isomer respectively achieved 

following exposure to 365 nm. This was recently demonstrated by Li and co-workers who 

achieved PSSs containing 97% Z-bis3pzH and 98% Z-bis4pzH following E-Z 

photoisomerisation of the corresponding azobispyrazoles with 350 nm light.143  

Addressing the Z isomers at the n-π* transition with 495 nm light resulted in excellent Z-E 

back isomerisation. Five out of the six azobispyrazoles afforded PSSs containing ≥95 % E 

isomer. The only analogue that exhibited a slightly lower Z-E photoconversion was 

bis3pzMe that gave 91% E isomer following 495 nm irradiation. Similar to the forward 

switching, the back photoisomerisation could be further improved utilising a longer 

wavelength irradiation targeting the tail of the Z isomer n-π* band. Evidence was provided by 

Li and co-workers who observed quantitative Z-E photoswitching (PSSs 99–100% E) for 

compounds bis3pzH, bis4pzH and bis5pzH using 530–550 nm irradiation.143 

Table 2.5. Results from E-Z and Z-E photoswitching studies of azobispyrazoles  

 E-Z photoswitching  Z-E photoswitching  

 365 nm 

PSS (% Z)a 

PSS (% Z) 

observed by Li 

et alb 

495 nm PSS  

(% E)a 

PSS (% E)  

observed by Li 

et alb 

bis3pzH 83 97c 95 99e 

bis3pzMe 90 -h 91 -h 

bis4pzH 88 98c 97 ~100e 

bis4pzMe 96 -h 97 -h 

bis5pzH 93 94d 97 ~100e 

bis5pzMe 86 -h 96 -h 

aQuantified by 1H NMR in MeCN-d3 solvent. bReported by Li and co-workers143 using c350 nm, d 370 nm and 

e530–550 nm irradiation. hNot studied by Li and co-workers.  

The UV-vis spectra of the pure Z isomers were obtained by extracting the spectrum of the 

pure E isomer from the spectrum of the PSS containing the highest proportion of Z isomer 

(Figure 2.4). The Z-azobispyrazoles exhibited π-π* transitions centred in the range 275–311 

nm with intensities approximately 2.5-fold lower compared to the transitions of their 

corresponding E isomers. The Z-azobispyrazoles also displayed a second less prominent 

band attributed to the n-π* excitations culminating between 421 nm and 458 nm. The n-π* 
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band was considerably more intense for the Z isomers compared to their E counterparts, 

indicating that the Z-azobispyrazoles adopted less symmetric geometries resulting in 

symmetry-allowed n-π* excitations. This was further supported by the computational 

analysis, vide infra, and x-ray crystallography as Z-bis3pzH, Z-bis4pzH, Z-bis3pzMe, and 

Z-bis4pzMe demonstrated asymmetric twisted conformation in their crystal structures 

(Figures 8.15–8.18 and Tables 8.11–8.18 in the Appendix). 

 

Figure 2.6. Twist angles in the crystal structures of E-bis3pzH, E-bis5pzMe, Z-bis3pzH, Z-bis4pzH, 

Z-bis3pzMe and Z-bis4pzMe. 

When examining the position of the Z isomer absorbances, it becomes evident that Z-

bis5pzH and Z-bis5pzMe displayed the most bathochromically shifted spectra (π-π* λmax 

311 nm and 309 nm, n-π* λmax 454 nm and 458 nm respectively). As for the E isomers, this 

was attributed to the relative position of the pyrazole N-lone pairs enabling their full 

conjugation to the azo bridge (Figure 2.5). It has been demonstrated for the 

phenylazopyrazole equivalents that analogues bearing more sterically congested azo 

moieties adopt Z-geometries with higher twist angles, promoting more intense n-π* 

transitions.56 Analogous correlation between the level of ortho-substitution and the 

absorption properties was observed for the Z-azobispyrazoles. Thus, compounds Z-

bis3pzMe, Z-bis4pzMe and Z-bis5pzMe featuring two methyl groups and two basic 

nitrogens or four methyl substituents ortho to the azo bridge, displayed brighter n-π* bands 

than their less sterically congested equivalents Z-bis3pzH, Z-bis4pzH and Z-bis5pzH. This 

suggested that the former derivatives exhibited a higher degree of twisting as a result of the 

increased steric hindrance around the azo moiety. Further evidence was provided by both 

the computational analysis (vide infra) and the crystal structures of Z-bis3pzH, Z-bis4pzH, 

Z-bis3pzMe and Z-bis4pzMe (Figure 2.6 and Figures 8.15–8.18 in the Appendix). According 

to the crystal data, all four azobispyrazoles adopted twisted Z geometries. However, the 

more decorated azobispyrazoles bis3pzMe and bis4pzMe exhibited twist angles of 13.9° 
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and 10.5° that were considerably larger than those displayed by the less functionalised 

analogues bis3pzH and bis4pzH (8.2° and 9.4° respectively). Notably, the higher degree of 

ortho-substitution also promoted more bathochromically shifted absorption bands. Thus, the 

more ortho-decorated analogues Z-bis3pzMe, Z-bis4pzMe and Z-bis5pzMe exhibited n-π* 

maxima red-shifted by 13 nm, 10 nm and 4 nm respectively compared to their less 

substituted equivalents.  

All azobispyrazole switches were subjected to fatigue resistance studies (Figure 2.7). The 

measurements were performed in acetonitrile at ~25 µM concentration. The compounds 

underwent cycles of forward and back photoisomerisation induced by 365 nm and 495 nm 

irradiation respectively. The absorbance at the λmax of the corresponding E isomer was 

monitored using UV-vis spectroscopy. For all azobispyrazoles no change in the absorbance 

was observed after ten switching cycles indicating that no photodegradation of the 

chromophore has occurred demonstrating the robustness of the azobispyrazole scaffold.  
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Figure 2.7. Fatigue resistance studies of the azobispyrazole derivatives explored 
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2.3.3. Thermal isomerisation kinetics 

The thermal isomerisation kinetics of the azobispyrazoles was studied in DMSO solvent at 

25 µM concentration using UV-vis spectroscopy (Table 2.6 and Figures 6.38–6.43 in the 

Experimental section). Due to their slow thermal Z-E isomerisation, the thermal reversion 

rates of compounds bis3pzH, bis4pzH, bis3pzMe and bis4pzMe were measured at 

elevated temperatures and then the rate at 25 °C was extrapolated following Eyring analysis 

(Figures 6.38–6.41 in the Experimental section). For the faster relaxing compounds bis5pzH 

and bis5pzMe the thermal back isomerisation kinetics was measured directly at 25 °C 

(Figures 6.42 and 6.43 in the Experimental section). All six azobispyrazoles displayed first 

order kinetics with thermal half-lives ranging from hours to years.  As with the 

phenylazopyrazole equivalents, the thermal stability of the Z-azobispyrazoles was 

dramatically affected by the connectivity and the substitution pattern of the pyrazole unit. 

Upon consideration of the electronic factors, it becomes evident that in addition to 

modulating the absorption spectra, the extend of donative conjugation of the pyrazole N-lone 

pairs into the azo moiety significantly influences the thermal relaxation rate. Thus, 

azobispyrazoles bis5pzH and bis5pzMe that are characterised with full pyrazole conjugation 

exhibit the fastest relaxation rates in the series with thermal half-lives of the Z isomers on the 

order of hours (7.2 h and 1.7 h respectively). In contrast, the derivatives that are associated 

with cross-conjugated pyrazole moiety bis3pzH, bis4pzH, bis3pzMe and bis4pzMe 

displayed thermal half-lives in the range of days to years.  

Table 2.6. Z-E thermal isomerisation kinetics of azobispyrazoles studied at 25 °C 

 Rate (k)a / s-1 Half-life (t1/2)  

bis3pzHb 9.84 x 10-8 82 d 

bis4pzHb 1.17 x 10-8 683 d 

bis5pzH 2.68 x 10-5 7.2 h 

bis3pzMeb 1.93 x 10-6 4.2 d 

bis4pzMeb 1.14 x 10-7 70 d 

bis5pzMe 1.35 x 10-6 1.7 h 

aMeasured in DMSO using UV-vis spectroscopy at 25 µM concentration. bKinetic data extrapolated using Eyring 

analysis at elevated temperatures. 

The degree of ortho-functionalisation was also found to govern the thermal relaxation 

kinetics of the azobispyrazoles studied. Increasing the steric bulk around the azo moiety (in 

terms of ortho-methyl groups and ortho-N lone pairs) considerably destabilised the Z form 

leading to more rapid thermal back isomerisation rate. Thus, the more heavily substituted 
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analogues bis3pzMe, bis4pzMe and bis5pzMe exhibited thermal relaxation that was 

accelerated up to 20-fold compared to their less sterically congested counterparts bis3pzH, 

bis4pzH and bis5pzH. Furthermore, when examining the latter three switches, bis4pzH that 

has no ortho substituents demonstrated the slowest thermal relaxation rate in the whole 

series (t1/2 683 days), whereas bis3pzH and bis5pzH bearing two ortho basic nitrogens or 

two ortho-methyl groups exhibited faster Z-E thermal conversion (t1/2 82 days and 7.2 hours 

respectively).  

It is worth mentioning that the thermal isomerisation kinetics of the symmetric 

azobispyrazoles considered in this study and their literature phenylazopyrazoles equivalents 

were very similar (Tables 2.1 and 2.6). For example, azobispyrazole bis4pzH and its direct 

phenylazopyrazole analogue 4pzH exhibited the most thermally stable Z isomers in both 

series (t1/2 683 days and 1000 days respectively), whereas compounds bis5pzMe and 

5pzMe displayed the fastest relaxation rates (t1/2 12 h and 1.7 h respectively). This was in 

contrast with other azoheteroarene systems, where substitution of the phenyl ring with a 

second heterocyclic unit resulted in acceleration of the thermal isomerisation kinetics.68,86 

2.3.4.  Computational studies 

In an attempt to obtain a deeper insight into the steric and electronic factors underpinning 

the photoswitch performance of the azobispyrazoles, a computational study was carried out. 

A few possible geometries were considered for each of the E and Z isomers. The available 

conformers differed in the orientation of the two pyrazole rings relative to the azo moiety. All 

accessible E and Z conformers were subjected to geometry optimisation using the density 

functional theory (DFT) framework at the B3LYP-D3/6-31G(d,p) level in acetonitrile solvent 

using the polarizable continuum model (PCM) solvent model.151–154As illustrated for bis3pzH 

three distinct geometries are available for each of the E and Z isomeric forms (Figure 2.8, for 

all available E and Z-azobispyrazole conformers see Table 6.2 in the Experimental section). 

In the E-1 and E-2 conformations the two pyrazole N-lone pairs have an anti orientation and 

are facing opposite directions, while in the E-2 conformation, the pyrazole lone pairs are syn 

and are pointing at the same direction. In the Z-1 geometry the methyl groups and pyrazole 

lone pairs are generally further apart, whereas in the Z-3 configuration they are closer 

together. For all azobispyrazoles, the E-3 and the Z-3 geometries were predicted to be the 

highest in energy as a result of unfavourable steric and electronic repulsions caused by the 

close proximity between the pyrazole substituents/lone pairs and the azo N-lone pairs (Table 

6.1 in the Experimental section).  
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E-1-bis3pzH E-2-bis3pzH E-3-bis3pzH 

   
Z-1-bis3pzH Z-2-bis3pzH Z-3-bis3pzH 

   
Figure 2.8. Available E and Z conformers of the azobispyrazoles explored depicted using bis3pzH as 

a representative example calculated at the B3LYP-D3/6-31G(d,p) level in acetonitrile solvent. 

All available E-azobispyrazole conformers were predicted to adopt a planar disposition. This 

was also observed experimentally in the crystal structures solved for the E isomers of 

bis3pzH, bis4pzH, bis4pzMe, bis5pzH and bis5pzMe. Remarkably, the dispositions of the 

computationally derived lowest energy E conformers were closely related to the geometries 

obtained by x-ray crystallography (Table 2.7). In contrast to the phenylazopyrazoles, the T-

shape disposition was not observed for any of the Z-azobispyrazoles. Instead, all Z 

analogues were predicted to exhibit a twisted geometry. As observed experimentally, 

computations further demonstrated the effect of ortho-substitution on the degree of twisting 

of the Z isomer. The less sterically congested analogues bis3pzH, bis4pzH and bis5pzH 

were predicted to adopt conformations with smaller twist angles compared to their more 

decorated counterparts bis3pzMe, bis4pzMe and bis5pzMe (Table 6.1 in the Experimental 

section). Notably, good correlation was observed between the computationally predicted 

lower energy Z conformers and the experimentally derived geometries via x-ray 

crystallography (Table 2.7).  

Time-dependent DFT (TD-DFT) calculations were performed to further explore the 

experimentally obtained spectral characteristics of the six azobispyrazoles. Thus, the 

excitation energies and oscillation strengths of the 20 lowest singlet excited states were 

computed for all E and Z available conformers at the CAM-B3LYP/6-31G(d,p)153,155 level of 

theory in acetonitrile under the PCM154 solvent model. The calculated excited states were 

then utilised to compute the weight-averaged E and Z absorption spectra according to the 

Boltzmann distribution of each conformer at ambient temperature (Figure 2.9). The π-π* and 

n-π* absorption maxima along with the oscillator strengths (f) for the lowest energy 

conformers of both isomeric forms are presented in Table 2.8 (for information about all 

available conformations see Tables 6.3 and 6.4 in the Experimental section). In all cases, 

the n-π* transitions originated from S0 to S1 excitations in the visible light range with λmax 

values between 397–472 nm. The n-π* transitions were predicted to be weakly allowed for 

the Z dispositions (f between 0.035–0.074) and symmetry-forbidden for all E conformers (f = 
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0). The more intense π-π* bands emerged from S0 to S2 electronic transitions in the UV 

region with maxima in the range 306–352 nm (f 0.729–0.904) for the E isomers and 279–316 

nm (f 0.137–0.405) for the Z forms.  

Table 2.7. Comparison between the computationally predicted lowest energy conformers and the 

geometries obtained via x-ray crystallography for the E and Z-azobispyrazoles studied. 

 E isomer  Z isomer 

 Computed Experimental  Computed Experimental 

bis3pzH 
  

 
  

bis3pzMe 

 

-a  

  

bis4pzHb 
  

 

 
 

bis4pzMe 

  

 

  

bis5pzH 

  

 

 

-a 

bis5pzMe 

  

 

 

-a 

aCrystal structure not obtained by x-ray crystallography. bCompound Z-bis4pzH crystallised as a 1:1 mixture of 

two conformations, only conformer A depicted for clarity, for conformer B see Figure 8.11 in the Appendix. 

 
Table 2.8. TD-DFT data calculated for the lowest energy E and Z conformers of azobispyrazoles 

studied 

 

E isomer π-π* E isomer n-π* Z isomer π-π* Z isomer n-π* 

λmax / 
nm f 

λmax / 
nm f 

λmax / 
nm f 

λmax / 
nm f 

bis3pzH 306 0.890 415 0 287 0.307 456 0.047 

bis3pzMe 311 0.822 423 0 296 0.144 457 0.044 

bis4pzH 315 0.851 402 0 289 0.325 434 0.055 

bis4pzMe 316 0.880 397 0 279 0.347 433 0.063 

bis5pzH 344 0.797 420 0 316 0.346 462 0.074 

bis5pzMe 346 0.772 425 0 303 0.186 457 0.080 
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Figure 2.9. Comparison between the calculated and experimental UV-vis spectra of E and Z-

azobispyrazoles. The calculated spectra are Boltzmann averaged and scaled for easier comparison. 

An excellent correlation was observed between the calculated and experimental absorption 

spectra (Figure 2.9). Intense bands of a π-π* character were predicted for the E-

azobispyrazoles. Separation of the main π-π* band due to multiple maxima observed 

experimentally was not evident in any of the computed spectra despite the substantial 

difference in λmax predicted for the E conformers (Table 6.3 in the Experimental section). 

When compared to the experimental results, a consistent blue shift in the range of 12–27 nm 

was observed for the calculated E π-π* absorbances. However, the relative positioning of 

the band between the different E-azobispyrazole derivatives followed similar electronic and 

steric trends as the ones derived experimentally. Therefore, the most red-shifted absorption 

spectra were predicted for the bis5pzH and bis5pzMe systems that displayed full pyrazole 

conjugation. The effect of ortho functionalisation was further corroborated computationally as 

the more decorated analogues bis3pzMe, bis4pzMe and bis5pzMe were characterised with 

π-π* excitations shifted to longer wavelengths. As a result of their symmetrical planar 

dispositions, no n-π* band was evident in the computed spectra of the E conformers. 
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Experimentally, the n-π* excitations are observed as weak bands due to vibrations and 

rotations that distort the molecular geometry away from symmetry.  The calculated n-π* 

maxima of the lowest energy E conformers matched the two experimentally derived values 

for compounds bis3pzH and bis3pzMe (calculated: 415 nm, 423 nm; experimental: 416 nm, 

423 nm respectively). The excellent agreement between the computational and experimental 

results suggested that the n-π* maxima of the other analogues that were not resolved 

experimentally should be located close to the corresponding calculated values. 

The computed Z absorption spectra exhibited relatively intense π-π* bands with maxima that 

were in a good agreement with the experimental observations. Due to the twisted non-

symmetric geometries adopted by the Z isomers, the n-π* transitions were predicted to be 

relatively intense. Once again, analogous trends were found to govern both theoretical and 

experimental data. Compounds bis5pzH and bis5pzMe displayed the most 

bathochromically shifted absorbances as a result from their more extensive conjugation. In 

addition, it was computationally demonstrated that increasing the steric bulk around the azo 

bridge promotes brighter n-π* excitations. This was attributed to the higher level of structural 

twisting further increasing the asymmetry in the conformation of the Z isomer. 

To elucidate the origins of the conformational preferences in the Z-azobispyrazoles and 

more specifically why the T-shaped disposition is unfavoured in those systems, further 

computational analysis was carried out by Dr Joaquin Calbo. The calculations were 

performed at the PBE0-D3/6-31G(d,p) level of theory using azobispyrazole bis4pzH and 

phenylazopyrazole 4pzH as representative examples for both photoswitch classes as the 

former analogue was found to exhibit only twisted Z geometries, whereas the latter 

preferentially adopts the T-shaped Z conformation. A potential energy surface scan of the 

dihedral angle N=N-C-C between the azo group and the pyrazole ring was performed for 

both Z-bis4pzH and Z-4pzH (Figure 2.10). The results confirmed that for Z-4pzH the T-

shape is the only stable conformation. In contrast, bis4pzH exhibits a very shallow potential 

surface, with the T-shape conformer (ii) existing as a maximum between the twisted 

conformations. The energy difference between the twisted conformations of bis4pzH does 

not exceed 1 kcal/mol, so all twisted structures are very similar in stability.  
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Figure 2.10. Potential energy surface scan of the dihedral angle N=N-C-C between the azo group and 

the pyrazole ring of bis4pzH and 4pzH 

To further explain the origin of this conformational preference for bis4pzH, the noncovalent 

index (NCI) surfaces were inspected through the reduced density gradient.156,157 Qualitative 

differences are found in the NCI analysis of the various Z-4pzH and Z-bis4pzH dispositions 

(Figure 2.11). The NCI surface is significantly smaller in the T-shaped bis4pzH (ii) than that 

in the T-shaped 4pzH. Structure analysis (Figure 6.59 in the Experimental section) revealed 

that the distance between H and the centroid of the pyrazole/phenyl ring is slightly shorter in 

T-4pzH (ii) than in T-bis4pzH, supporting the ability to form a stronger intramolecular 

interaction in the case of T-4pzH. Taken together with further analysis (NCI, bond critical 

points, electrostatic potential and natural atomic charges see Figures 6.58–6.61 in the 

Experimental section), this suggests that the CH–π intramolecular interaction is stronger in 

the case of T-4pzH, and that the phenyl ring is a better H-bond acceptor than pyrazole. 

 

Figure 2.11. NCI surfaces of the T-shaped and twisted Z conformations of a) bis4pzH and b) 4pzH. 

2.4. Conclusions 

The photophysical and photochemical properties of a series of novel azobispyrazole 

switches have been explored.  These compounds exhibited excellent bidirectional 

addressability affording PSSs containing a high abundance of a single isomer. The thermal 

isomerisation kinetics of the metastable Z isomers has been significantly influenced by the 

nature of the switch with thermal half-lives ranging on the order of hours to years depending 

on the exact design. The various steric and electronic factors influencing the photoswitch 
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performance of the literature phenylazopyrazole systems were also operative for the 

azobispyrazole analogues. The properties in both photoswitch classes were governed by the 

level of ortho-substitution along with the extent of donative conjugation of the heteroarene N-

lone pair into the azo bridge. Thus, compounds that displayed increased level of ortho-

funstionalisation and/or full pyrazole conjugation were associated with more 

bathochromically shifted absorbances and reduced thermal half-lives. Computational 

investigations further supported the experimentally derived trends. To elucidate why the 

typical for some Z-phenylazopyrazoles T-shaped conformation was not adopted by any of 

the Z-azobispyrazoles, an extensive computational analysis was performed using 4pzH and 

bis4pzMe as representative systems. Various computational techniques revealed that the 

CH-π intramolecular interaction is considerably stronger for the T-shaped 4pzH conformer 

than the T-shaped bis4pzH geometry as the phenyl ring is a better H-bond acceptor than 

pyrazole. 

The superior photoswitch properties exhibited by the azobispyrazoles render them promising 

candidates for applications where effective spatiotemporal photocontrol is required. For 

example, the azobispyrazoles have been explored in the field of molecular solar thermal 

(MOST) materials (for more information see Chapter 3).142 In addition, the photophysics of 

the bis4pzMe derivative has been explored upon complexation with a coordination cage and 

a photosensitizer.139 Under these conditions the compound underwent E-Z photoswitching 

with green light instead of conventionally used UV light.139 Further investigation of the other 

azobispyrazole analogues under confinements is currently underway.   
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3. Azobispyrazoles as Energy Storage Materials with 

Unprecedented Light Penetration Depths 

This chapter is based on the following publication: Alejandra Gonzalez, Magdalena Odaybat, 

My Le, Jake L. Greenfield, Andrew J. P. White, Xiang Li, Matthew J. Fuchter, and Grace G. 

D. Han, J. Am. Chem. Soc., 2022, 144, 19430−19436.  

3.1. Introduction 

Molecular solar thermal (MOST) materials offer efficient energy storage and subsequent 

release by utilising reversible isomerisation of molecular photoswitches. MOST compounds 

are capable of harnessing solar energy during the day by trapping it in the metastable 

photoswitch state. Later conversion to the thermodynamically stable form can release the 

stored energy as heat on-demand.158,159 A plethora of research has focused on maximising 

the energy storage capability of MOST materials via increasing the isomerisation enthalpy  

∆Hiso in a variety of photoswitchable systems including dihydroazulene-vinylheptafulvene,160 

fulvalene diruthenium,161,162 norbornadiene-quadracyclane,32 and azobenzene.163–165 In 

addition to the isomerisation enthalpy other photoswitch characteristics such as the 

absorption properties, completeness of switching, quantum yields, thermal back 

isomerisation temperature (Tiso) and thermal stability of the metastable state were found to 

be essential factors in the design of effective MOST materials.  

In recent years, MOST compounds that exhibit a solid thermodynamically stable state and a 

liquid metastable form have attracted considerable attention due to their ability to undergo a 

phase transition upon photoisomerisation. Therefore, PT-MOST materials can store latent 

heat as well as ∆Hiso in the metastable state significantly increasing the total energy storage 

density of the material (Figure 3.1a). This approach has been utilised for MOST materials 

operating in the condensed phase with gravimetric energy storage density exceeding 300 

J/g which is a useful threshold for practical applications as it is in the range of the specific 

energy of commercial 18650 size sodium-ion batteries.166–168 However, the photoswitch 

behaviour in solution is often quite different to its performance in the condensed phase. For 

example, the molecular packing in the solid state hinders the conformational change of the 

individual units upon light irradiation which typically results in suboptimal 

photoisomerisation.169 Furthermore, compared to dilute solutions light penetration is 

considerably decreased in neat materials as a result of the increased optical density. Light 

penetration depth has been measured for only a handful of MOST materials.170,171 The 

effective penetration depth of UV light (365 nm) ranged between 1 – 10 µm, whereas longer 

energy irradiation was found to penetrate MOST compounds more effectively reaching 



57 
 

values of 100 µm for 590 nm and 300 µm for 530 nm light. Notably, compounds that 

exhibited increased penetration depths contained ortho-decorated azobenzene 

chromophores.171 Photoisomerisation triggered by the incident light furnished isomer with 

negligible absorption at the irradiation wavelength, resulting in facilitated isomerisation in 

thicker samples. However, the development of compounds exhibiting effective light 

penetration depth above 300 µm remains a significant challenge for the use of MOST 

materials on the large scale.  

 

Figure 3.1. Phase-transition (PT)-MOST compounds. a) Energy diagram depicting the ability of PT-

MOST compounds to store latent heat (∆Hm) in addition to isomerisation energy (∆Hiso). Reprinted 

from Le et al.172 Copyright 2022 American Chemical Society. b) Typical energy storage-release cycle 

of previously studied PT-MOST materials adapted from Gerkman et al.141 Copyright 2022 American 

Chemical Society. c) General structure of previously reported PT-MOST compounds140,171,173 

containing a photochromic core connected to a long alkyl group (R from C6H13 to C15H31).  

The established energy storage and release cycle of a PT-MOST material generally requires 

melting of the crystalline E state or heating it very close to its melting temperature in order to 

increase the conformational freedom and aid photoisomerisation at λ1 (Figure 

3.1b).140,141,171,174–176 The obtained Z-rich state exhibits a stable liquid phase and stores the 

absorbed energy over a broad temperature range. When required, the Z state is exposed to 

λ2 to induce Z-E photoisomerisation, the E form crystalises and the stored energy is released 

as heat. The typical design of literature PT-MOST materials consists of an azobenzene or a 

phenylazopyrazole chromophore connected to a long aliphatic chain via an ester141,171 or an 

ether173,177 linkage (Figure 3.1c). The long aliphatic group, serving as a phase directing 

group, ranges between 6–15 carbon units and maximises the ∆Hm of the compound (in 
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kJ/mol) by elevating its melting temperature Tm. However, the very high melting points of 

some derivatives can surpass the thermal isomerisation temperature Tiso of the 

corresponding Z isomers. This often results in suboptimal E-Z photoisomerisation of the 

melted E state as a consequence of the competing Z-E thermal relaxation. In addition, the 

long alkyl groups also decrease the gravimetric energy storage density of the material 

(typically measured in J/g) as they do not directly participate in the harnessing of solar 

energy done by the chromophore. This can be overcome by engineering more compact PT-

MOST compounds bearing small substituents with lower molecular weights.  On this note, 

Han and co-workers have recently investigated a series of azobenzene derivatives 

containing small substituents para to the azo group, such as OMe, OEt, H, F, I, Br, CN, 

NO2.178 The authors have demonstrated that some of these compact chromophores were 

capable of reaching gravimetric energy densities exceeding 300 J/g. However, as a result of 

the intrinsically rather low thermal half-life of the azobenzene chromophore (~2 days), 

prolonged energy storage was not feasible with these materials.   

Despite their growing popularity in recent years, only a few records of azoheteroarenes 

switches explored as PT-MOST materials exist.140,141,173 The research focuses only on 

phenylazopyrazole cores bearing long alkyl chains. It was demonstrated that the amount of 

∆Hiso stored by these systems was inversely proportional to the thermal half-live of the Z 

isomer.141 For example, the PT-MOST materials with half-lives of the parent Z-

phenylazopyrazole equal to 10 days, 74 days, 1000 days and 46 years were able to store 

∆Hiso of 49 kJ/mol, 38 kJ/mol, 36 kJ/mol, and 30 kJ/mol, respectively (Table 3.1).55,56,88,141 

Therefore, in order for a compound to exhibit an appropriate thermal Z isomer stability 

suitable for energy storage applications and simultaneously achieve ∆Hiso ≥ 49 kJ/mol, the 

half-life of the metastable state should be a few days, up to 10 days. In addition, the 

photoswitch should ideally undergo quantitative photoisomerisation in both directions when 

in solution, as this increases the possibility for a facile photoconversion in the condensed 

phase and improved light penetration depths. Finally, the photoswitch should exhibit a low 

molecular weight in order to maximise the gravimetric storage density of the corresponding 

PT-MOST material and achieve values exceeding the desired 300 J/g mark.  
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Table 3.1. Thermal properties of literature MOST materials based on phenylazopyrazole 
photoswitches.   

Compound Structure t1/2
a ∆Hiso (kJ/mol)d 

86 

 

10 daysb 49 

87 

 

74 daysc 38 

88 

 

1000 daysb 36 

89 

 

46 yearsc 30 

aThermal half-lives of the parent phenylazopyrazoles reported by bWeston et al.55 and cCalbo et al.56,88  

dObtained from Gerkman et al.141 

3.2. Aims and Objectives  

The great addressability of the azoheteroarene photoswitches along with the limited 

research based on their application as MOST materials, led to the decision to further explore 

the field with the aim to develop a novel azoheteroarene system displaying superior energy 

storage capability suitable for real-world applications. In order to achieve this, the 

photoswitch had to exhibit isomerisation enthalpy ∆Hiso ≥ 49 kJ/mol and gravimetric storage 

density ∆Hiso ≥ 300 J/g. From a photoswitch design perspective, in order to ensure such 

energy storage capabilities, the “ideal” azoheteroarene photoswitch should display small 

molecular size, quantitative bidirectional photoswitching and thermal half-life on the order of 

days.  

3.3. Results and Discussion 

3.3.1. Molecular design 

Taking into account the above criteria and the promising photoswitch properties observed in 

the previous chapter, the azobispyrazoles were selected to be investigated in MOST 

applications. Considering the structure-property relationships derived from the research 

conducted on symmetrical azobispyrazoles (see Chapter 2), a decision was made to explore 

the three hybrid scaffolds 3pzH-4pzMe, 4pzH-4pzMe and 5pzH-4pzMe (Figure 3.2). All 

three compounds contained the 4pzMe ring as incorporation of this motif has often been 

associated with (near)quantitative photoconversion in both directions.55,56 For the second 

ring component the 3pzH, 4pzH and 5pzH pyrazole fragments were selected as systems 
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exhibiting reduced substitution patterns typically produce photoswitches with more thermally 

stable Z isomers.55,56,88 The three novel azobispyrazoles 3pzH-4pzMe, 4pzH-4pzMe and 

5pzH-4pzMe were successfully synthesised, vide infra, and their photoswitching behaviour 

examined in solution (Figure 3.3, Table 3.2). As expected, all three compounds exhibited 

excellent quantitative or near quantitative forward and reverse isomerisations affording PSSs 

exceeding 97% of a single isomer. The most efficient E-Z photoconversion was achieved 

using 340 nm for compounds 3pzH-4pzMe and 4pzH-4pzMe, whereas 365 nm irradiation 

was more effective for the the 5-analogue 5pzH-4pzMe due to its more red-shifted 

absorption characteristics. Irradiation at the tail of the Z n-pi* absorbance with 525 nm light 

induced excellent reverse Z-E photoswitching for all derivatives.  

 

Figure 3.2. Initial azobispyrazole designs selected as potential candidates in MOST applications  
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Figure 3.3. UV-vis spectra of pure E and Z-rich PSSs of azobispyrazole scaffolds 3pzH-4pzMe, 4pzH-

4pzMe and 5pzH-4pzMe 

As all three analogues satisfied the near quantitative bidirectional photoisomerisation 

criterion, the thermal half-lives of the Z isomers were measured in order to determine 

whether they would be in the optimal region of a few days up to 10 days. The thermal 

isomerisation kinetics of 3pzH-4pzMe, 4pzH-4pzMe and 5pzH-4pzMe was measured at 

elevated temperatures in DMSO (Figures 6.44 – 6.46 in the Experimental section). Then the 

obtained rate constants were used to extrapolate the thermal half-lives at 25 °C via Eyring 

analysis (Table 3.3). The azobispyrazoles displayed thermal half-lives of 59 days, 397 days, 

and 6 days for 3pzH-4pzMe, 4pzH-4pzMe and 5pzH-4pzMe respectively. The former two 

analogues exhibited half-lives much higher than the desired 10 days upper limit, whereas the 
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latter derivative was found to undergo thermal reversion within the optimal range. Therefore, 

the 5pzH-4pzMe scaffold was chosen for subsequent evaluation of its MOST material 

potential.  

Table 3.2. Photoswitching and UV-vis spectral characteristics of 3pzH-4pzMe, 4pzH-4pzMe and 

5pzH-4pzMe 

 

E-Z 

switching 

(% Z)a,b 

Z-E 

switching 

(% Z)a,b,e 

E isomerf π-π* Z isomerg π-π* Z isomerg n-π* 

λmax / 

nm 

102 ε/  

M-1cm-1 

λmax / 

nm 

102 ε/  

M-1cm-1 

λmax / 

nm 

102 ε / 

M-1cm-1 

3pzH-4pzMec 97 98 330 169 289 49 440 19 

4pzH-4pzMec 99 97 330 200 275 79 426 17 

5pzH-4pzMed 98 98 345 235 305 82 451 36 
a Composition of PSSs measured by NMR. bMeasurements performed in MeCN. Highest abundance Z PSS 

achieved with c340 nm or d365 nm. eHighest abundance E PSS achieved with 525 nm. fThe n-π* transition of the 

E isomers appeared as a shoulder/tail on the π-π* band. gIndicated values are for the Z-rich PSS. 

 

Table 3.3. Z-E thermal isomerisation kinetics of 3pzH-4pzMe, 4pzH-4pzMe and 5pzH-4pzMe studied 
at 25 °C 

 Rate (k)a,b / s-1 Half-life (t1/2) / days  

3pzH-4pzMe 1.36 x 10-7 59 

4pzH-4pzMe 2.02 x 10-8 397 

5pzH-4pzMe 1.35 x 10-6 6.0 

aMeasured in DMSO using UV-vis spectroscopy at 25 µM concentration. bKinetic data extrapolated using Eyring 

analysis at elevated temperatures. 

Han and co-workers have demonstrated that small structural changes could have a dramatic 

effect on the condensed phase photoswitching of azobenzenes.178 Varying the nature of the 

substitution pattern significantly impacted the photoisomerisation yield, the liquid phase 

stability of the Z state and the energy storage density. It appeared that a combination 

between a planar chromophore with a small non-planar substituent was beneficial as 

photoisomerisation of those systems was accompanied with solid-to-liquid phase transition 

at ambient temperature producing stable liquid Z states.178 Taking this into consideration, a 

decision was made to investigate the effect changing the substitution pattern of the optimal 

photochromic core 5pzH-4pzMe might have on the MOST properties. Therefore, the 

terminal N group of the 4pzMe ring was varied to form the methyl (5pzH-4pzMe-Me), ethyl 

(5pzH-4pzMe-Et), i-propyl (5pzH-4pzMe-iPr), and n-propyl (5pzH-4pzMe-nPr) analogues 

depicted in Figure 3.4. In order to ensure excellent gravimetric energy storage density, the 
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molecular weight of the group was limited to 43.1 g/mol (C3H7, approximately 18% of the 

total). The free N-H analogue 5pzH-4pzMe-H was synthesised as an intermediate (Scheme 

3.1), but its photoswitching in the condensed phase was not explored as the compound 

displayed fast thermal isomerisation kinetics with t1/2 of 1.5 h at 25 °C in MeCN (Table 3.5 

and Figure 6.50 in the Experimental section).   

 

Figure 3.4. Azobispyrazoles based on the 5pzH-4pzMe scaffold with various small alkyl substituents 

selected for experimental investigation of their properties as MOST materials 

 

3.3.2. Synthesis 

The initial three azobispyrazole designs 3pzH-4pzMe, 4pzH-4pzMe and 5pzH-4pzMe were 

prepared following the same two-step synthetic strategy (Scheme 3.1). The first step 

involved diazotisation of the commercially available aminopyrazoles 66, 70 and 67 using 

sodium nitrite and HCl in water. The corresponding diazonium species were then trapped 

with acetylacetone nucleophile to form the hydrazone intermediates 90, 91 and 92 in 93%, 

69% and 29% isolated yields respectively. In the next stage, the hydrazone intermediates 

underwent cyclisation/dehydration reactions with methylhydrazine to furnish the desired 

azobispyrazoles 3pzH-4pzMe, 4pzH-4pzMe and 5pzH-4pzMe in 98%, 83% and 47% yield 

respectively. The ethyl, isopropyl and n-propyl analogues of 5pzH-4pzMe were obtained 

using similar synthetic approach. The common hydrazone intermediate 92 was reacted with 

hydrazine to obtain the free N-H analogue 5pzH-4pzMe-H in good yield (83%). Subsequent, 

N-alkylations with ethyl-, n-propyl and isopropyl iodides in acetonitrile with potassium 

carbonate base afforded the final targets 5pzH-4pzMe-Et, 5pzH-4pzMe-nPr and 5pzH-

4pzMe-iPr in moderate to excellent yields (82%, 90% and 50% yield respectively).  
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Scheme 3.1. Synthesis of all azobispyrazoles considered for MOST applications. Reagents and 

conditions: i) NaNO2, HCl, H2O, 0 °C, 45 min; then acetylacetone, NaOAc, EtOH, H2O, 0 °C, 2 h; ii) 

methylhydrazine, EtOH, 80 °C, 3 h; iii) hydrazine, EtOH, 50 °C, 30 min; iv) EtI, K2CO3, MeCN, 60 °C, 

18 h; v) i-PrI, K2CO3, MeCN, 60–80  °C, 20 h; vi) n-PrI, K2CO3, MeCN, 60 °C, 18 h. 

3.3.3. Photoswitching in solution 

Prior to experiments in the condensed phase, the photophysical and photochemical 

properties of the four analogues based on the 4pzH-5pzMe scaffold 5pzH-4pzMe-Me, 5pzH-

4pzMe-Et, 5pzH-4pzMe-iPr, 5pzH-4pzMe-nPr, and the derivative bearing a free N-H group 

5pzH-4pzMe-H were investigated in solution (acetonitrile solvent). The five azobispyrazole 

analogues displayed E isomer spectra characterised with bright π-π* transitions centred 

between 343 – 346 nm (Figure 3.5, Table 3.4). The absorption maxima were generally 



64 
 

unaffected by the nature of the N substituent as negligible 2-3 nm shifts were observed upon 

changing the free N-H group to an alkyl moiety. The n-π* transition appeared as a tail on the 

π-π* band and therefore, was not resolved for any of the derivatives.  
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Figure 3.5. UV-vis spectra of pure E and Z-rich PSSs of azobispyrazoles based on the 5pzH-4pzMe 

scaffold with small substituents in acetonitrile at 25 µM concentration. The Z-rich PSS of compound 

5pzH-4pzMe-H was not quantified by NMR. 

Photoswitching in solution was explored for the four 4pzH-5pzMe analogues with small alkyl 

substituents and the derivative bearing a free N-H group. Therefore, 25 µM solutions of the 

azobispyrazoles in acetonitrile solvent were irradiated with various wavelengths of light in 

order to find optimal photoisomerisation conditions (Figure 8.3 in the Appendix). Then the 

composition of the Z-rich and E-rich states was quantified using 1H NMR for the alkyl 

substituted derivatives (Figures 6.12–6.15 in the Experimental), but not for the free N-H 

analogue due to its accelerated thermal isomerisation kinetics, vide infra. Similar to the 

parent, the azobispyrazoles underwent quantitative bidirectional photoswitching affording 
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PSSs exceeding 98% of a single isomer. The forward E-Z conversion was achieved by 

targeting the π-π* absorbance of the E isomer with 365 nm irradiation, whereas the reverse 

Z-E photoswitching was induced by engaging the tail of the Z n-π* band with 525 nm light. 

All Z isomers displayed rather intense π-π* transitions culminating between 297 – 307 nm. 

The position of the band remained largely unaffected by the nature of the alkyl substituent 

(λmax 305 – 307 nm), but was 8 to 10 nm hypsochromically shifted for the free N-H analogue 

(λmax 297 nm). The same trend was observed for the n-π* excitations that appeared in the 

446 – 451 nm range. A small ~5 nm red shift was evident going from the free N-H group 

(λmax 446 nm) to the small alkyl moieties (λmax 450 – 451 nm).  

Table 3.4. Photoswitching and UV-vis spectral characteristics of azobispyrazoles based on the 5pzH-

4pzMe scaffold with small substituents 

5pzH-4pzMe-

R 

E-Z 

switching 

(% Z)a,b,c 

Z-E 

switching 

(% Z)a,b,d 

E isomere π-π* Z isomerf π-π* Z isomerf n-π* 

λmax / 

nm 

102 ε/  

M-1cm-1 

λmax / 

nm 

102 ε/  

M-1cm-1 

λmax / 

nm 

102 ε / 

M-1cm-1 

Me 98 98 345 235 305 82 451 36 

Et 99 99 346 247 305 84 451 37 

iPr 99 99 346 186 305 64 450 28 

nPr 99 99 346 228 307 77 451 34 

H -g - g 343 190 297 75 446 28 

a Composition of PSSs measured by NMR. bMeasurements performed in MeCN. c Highest abundance Z PSS 

achieved with 365 nm. d Highest abundance E PSS achieved with 525 nm. eThe n-π* transition of the E isomers 

appeared as a tail on the π-π* band. fIndicated values are for the Z-rich PSS. gNot quantified by NMR. 

3.3.4. Thermal isomerisation kinetics  

The thermal isomerisation kinetics of the five azobispyrazole derivatives 5pzH-4pzMe-Me, 

5pzH-4pzMe-Et, 5pzH-4pzMe-iPr, 5pzH-4pzMe-nPr and 5pzH-4pzMe-H was studied in 

DMSO at 25 µM concentration. The analogues bearing small alkyl groups demonstrated 

slow thermal relaxation, therefore their Z-E thermal conversion rates were determined at 

elevated temperatures and then used to extrapolate the rate at 25 °C following Eyring 

analysis (Figures 6.46 – 6.49 in the Experimental). The rate of the free N-H derivative 5pzH-

4pzMe-H was directly obtained at 25 °C (Figure 6.50 in the Experimental). The 

azobispyrazoles with the small N-alkyl groups displayed thermal half-lives between 6.0–6.7 

days that were well within the optimal range for a MOST material (Table 3.5). On the other 

hand, the free N-H analogue displayed rather rapid thermal back conversion with a half-life 

of only 1.5 hours. This was in line with expectations as unsubstituted N-H moieties are often 

associated   with accelerated Z-E thermal isomerisation proceeding through azo-hydrazone 
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tautomerisation pathway.69 Although computational explorations have rendered this 

mechanism unfeasible for phenylazopyrazole analogues bearing a free pyrazolyl N-H,70 the 

thermal half-life of 4pzMe-5pzH-H was significantly reduced compared to its direct N-alkyl 

analogues and therefore was not considered in the subsequent condensed phase 

experiments. 

Table 3.5. Z-E thermal isomerisation kinetics of azobispyrazoles based on the 5pzH-4pzMe scaffold 

with small substituents studied at 25 °C 

5pzH-4pzMe-R Rate (k)a / s-1 Half-life (t1/2)  

Meb 1.35 x 10-6 6.0 d 

Etb 1.36 x 10-6 5.9 d 

iPrb 1.30 x 10-6 6.2 d 

nPrb 1.19 x 10-6 6.7 d 

H 1.28 x 10-4 1.5 h 

aMeasured in DMSO using UV-vis spectroscopy at 25 µM concentration. bKinetic data extrapolated using Eyring 

analysis at elevated temperatures. 

3.3.5. Photoswitching in the condensed phase 

After characterisation of the photophysical properties of the four analogues 5pzH-4pzMe-

Me, 5pzH-4pzMe-Et, 5pzH-4pzMe-iPr, and 5pzH-4pzMe-nPr in solution, their 

photoswitching in the condensed phase was explored by Alejandra Gonzalez and My Le. 

Differential scanning calorimetry (DSC) analysis was performed on all four azobispyrazoles 

(Figure 3.6 and Figure 6.25 in the Experimental). The E isomer of compound 5pzH-4pzMe-

Me was melted and then supercooled to -90°C. The supercooled E liquid state underwent 

subsequent heating which resulted in cold-crystallisation at temperature slightly above rt. 

Upon further heating melting of the solid E state was observed at 83 °C.  In contrast, the Z 

isomer of 5pzH-4pzMe-Me displayed a remarkably stable liquid form in the range -90 °C to 

50 °C. This was attributed to the non-planar twisted conformation adopt ed by the Z isomer. 

Increasing the temperature above 60 °C induced Z-E thermal back conversion accompanied 

with release of the isomerisation energy ∆Hiso. Thus, azobispyrazole 5pzH-4pzMe-Me was 

able to store both the latent heat and the isomerisation energy in its Z state. The ethyl and 

isopropyl derivatives 5pzH-4pzMe-Et and 5pzH-4pzMe-iPr demonstrated similar behaviour 

following the DSC analysis of their E and Z states (Figure 6.25 in the Experimental). On the 

other hand, the n-propyl analogue 5pzH-4pzMe-nPr revealed stable liquid E and Z forms 

with no phase transition occurring upon photoisomerisation and no associated latent heat 

(Figure 3.6b). Thus, with no latent heat contribution, the total energy storage of 5pzH-
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4pzMe-nPr equalled the isomerisation energy ∆Hiso resulting in the lowest total energy 

storage in the series of 50 kJ/mol or 203 J/g in molar or gravimetric terms respectively (Table 

3.6). In contrast, the other three analogues 5pzH-4pzMe-Me, 5pzH-4pzMe-Et, 5pzH-4pzMe-

iPr revealed exceptional total energy storage densities near to or exceeding 300 J/g. This 

was attributed to the ability to store both the latent heat ∆Hm and the isomerisation energy 

∆Hiso, as well as their low molecular weight designs that do not include unnecessary heavy 

substituents.  

 

Figure 3.6. DSC plots demonstrating thermal properties of Z-E photoisomerisation (top curve), E 

(middle curve), and Z (bottom curve) isomers upon heating and cooling for a) 5pzH-4pzMe-Me and b) 

5pzH-4pzMe-nPr. The following thermal parameters are depicted: Tiso – isomerisation temperature, 

Tcc – cold-crystallisation temperature, and Tm – melting temperature.  

 
Table 3.6. Thermal properties of the E isomers and the E-Z isomerisation of compounds 5pzH-

4pzMe-Me, 5pzH-4pzMe-Et, 5pzH-4pzMe-iPr and 5pzH-4pzMe-nPr 

5pzH-4pzMe-R 

E 

 

E → Z 

   

Tm 

(℃) 

∆Hm 

(kJ/mol) 

∆Hm 

(J/g) 

Tiso 

(℃) 

∆Hiso 

(kJ/mol) 

∆Hiso 

(J/g) 

∆Htotal 

(kJ/mol) 

∆Htotal 

(J/g) 

Me 83 21 97 

 

109 51 234 

 

72 331 

Et 76 19 81 

 

110 50 216 

 

69 297 

iPr 113 28 114 

 

112 49 200 

 

77 314 

nPr liq. liq. liq. 

 

111 50 203 

 

50 203 

Thermal parameters: Tm – melting point, ∆Hm – heat of fusion, Tiso – peak isomerization temperature, 

∆Hiso – isomerization enthalpy, ∆Htotal – total energy storage density in molar (kJ/mol) and gravimetric 

(J/g) terms. 

The vast majority of azoarenes undergo E-Z photoisomerisation in the condensed phase 

following melting of the E form or heating it close to the melting point.141,171,178 This enhances 

the conformation freedom and eases the photoconversion event. Remarkably, in spite of 
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their high melting points, azobispyrazoles 5pzH-4pzMe-Me, 5pzH-4pzMe-Et and 5pzH-

4pzMe-iPr were able to undergo solid-to-liquid phase transition at room temperature upon E-

Z photoisomerisation with 365 nm light (Figure 3.7a and Figures 6.26–6.28 in the 

Experimental section). This extraordinary behaviour was attributed to the distinct crystal 

packing revealed by x-ray analysis of the E forms, vide infra.  Subjecting the crystalline E 

isomers (3 mg, ~100 μm thickness) of compounds 5pzH-4pzMe-Me, 5pzH-4pzMe-Et and 

5pzH-4pzMe-iPr to 365 nm irradiation at rt resulted in E-Z photoisomerisation accompanied 

with melting of the samples and affording 79%, 79% and 74% of the corresponding Z isomer 

after 70 min, 45 min and 140 min respectively (Figures 6.26–6.28 in the Experimental 

section). A positive correlation between the time taken to achieve the Z-rich PSS and the 

melting point of the E isomer was observed. Therefore, compound 5pzH-4pzMe-Et which 

exhibited the lowest melting point (76 °C) underwent the fastest solid-to-liquid phase 

transition (45 min) and vice-versa. This was somewhat expected as compounds exhibiting 

higher melting points are associated with stronger intermolecular interactions in the 

crystalline phase. The liquid Z states of 5pzH-4pzMe-Me, 5pzH-4pzMe-Et and 5pzH-

4pzMe-iPr underwent quantitative Z-E photoconversion upon 530 nm irradiation 

regenerating the crystalline E states after 20 min, 5 min and 5 min respectively (Figures 

6.26–6.28 in the Experimental section).  

 

Figure 3.7. Optical images of UV (365 nm) and visible (530 nm) light facilitated a) phase transition of 

5pzH-4pzMe-Me and b) isomerisation of 5pzH-4pzMe-nPr at room temperature 

3.3.6. Light penetration depth studies  

In order to determine the potential of the 5pzH-4pzMe azobispyrazole scaffold for large scale 

energy storage, the light penetration depth of this system was explored. Initially, the static 

light penetration depth (δ) in the condensed phase of the E and Z isomers of all four 

azobispyrazole derivatives was calculated using the method reported by Grossmann et al 

(Figure 3.8a and Figure 6.30 in the Experimental section).174 The approach utilises the 
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extinction coefficients obtained from UV-vis spectroscopy. When contribution from diffusion 

and convection was not taken into account, the maximum penetration depths were predicted 

to be below 5 µm in the UV range for the Z isomers and up to 100 µm in the green region 

(530 – 540 nm) for the E isomers. 

 

Figure 3.8. Penetration depth of azobispyrazole 5pzH-4pzMe-Et. a) Static light penetration depth 

calculated for E and Z isomeric forms. b) E-Z photoisomerisation yield upon 365 nm exposure (left, 

green line) and the measured 365 nm penetration depth (right, purple line) at different sample 

thicknesses. Experimental determination of the effective penetration depth was achieved by the 

multiplication of the initial film thickness and the E-Z photoisomerisation yield. 

The ethyl analogue 5pzH-4pzMe-Et was chosen for subsequent experimental evaluation of 

the penetration depth of the 5pzH-4pzMe scaffold due to its fastest bidirectional 

photoisomerisation in the series. Determination of the effective light penetration depth was 

experimentally achieved by subjecting both E and Z isomeric forms to irradiation 

experiments in the condensed phase (Figure 3.9). Initially, samples containing the pressed 

solid E isomer were prepared with thickness ranging from 100 to 2300 µm. Subsequent 

irradiation with UV light over 24 hours afforded liquid Z-rich samples whose composition was 

determined by NMR to quantify the E-Z isomerisation yield (Figure 6.31 in the Experimental 

section). The effective light penetration depth (δ) was then obtained following equation 3.1: 

 
𝛿 =

𝑃𝑆𝑆2

𝑃𝑆𝑆1
× 𝑙 (3.1) 

δ (effective light penetration depth); PSS1 (% Z isomer at the photostationary state observed 

in a 121 μm film, 100% in this case); PSS2 (% Z isomer at the photostationary state 

observed in the test film); l (thickness of the test film).  

The effective light penetration depth was calculated for each film that did not undergo 

quantitative E-Z conversion (PSS2 < 100% Z). The obtained values were then analysed to 

furnish the effective UV penetration depth of 5pzH-4pzMe-Et that culminated in the 

outstanding 1,400 μm (Figure 3.8b). This corresponded to a 4.5-fold increase compared to 
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the literature record of 300 μm of the previous state of the art MOST compound.171 

Remarkably unlike the previous state of the art MOST material, for which photoisomerisation 

decreases dramatically above 300 μm, the azobispyrazole 5pzH-4pzMe-Et demonstrated 

excellent E-Z photoconversion even when the samples thickness exceeded 1,400 μm 

(Figure 3.8b). The outstanding isomerisation yield observed for the thick samples was 

attributed to the likely dissolution of the remaining solid E form in the liquified Z state, then 

molecular diffusion and convection in the liquified sample would result in good mixing and 

facilitate the E-Z photoisomerisation. Furthermore, due to their low molecular weight, the 

azobispyrazoles bearing small substituents are expected to undergo a more facile molecular 

convection compared to the previously explored systems with long alkyl groups. However, it 

appeared that convection was restricted in the thickest film (~2,300 μm) as irradiation with 

UV light for 24 hours afforded only 38% Z-5pzH-4pzMe-Et (Figure 6.31 in the Experimental 

section). 

 

Figure 3.9. Images depicting the experimental penetration depth studies of azobispyrazole 5pzH-

4pzMe-Et. a) thin films were used for sample thicknesses below 450 µm and b) aluminium pans were 

employed for thicker samples 

In order to determine the effective 530 nm penetration depth, the Z-rich samples were 

subjected to irradiation at this wavelength (Figure 3.9 and Figure 6.32 in the Experimental). 

Quantitative Z-E photoconversion was observed after 300 min for the samples with thickness 

up to 1700 μm. Excellent photoisomerisation was also evident for the ~1900 μm film 

producing 96.6 % of the E state, whereas the Z-E conversion yield in the thickest sample 

(~2300 μm) dropped to 86% despite the prolonged irradiation time of 540 min. Using the 

1705 μm sample that contained 82.5% of the Z isomer prior irradiation and was fully 

converted to the E state, the effective 530 nm penetration depth of 5pzH-4pzMe-Et was 

calculated to be the remarkable 1,400 μm. The fatigue resistance of the 5pzH-4pzMe-Et in 

the condensed phase was tested by irradiating the 1705 μm thick sample with 365 nm (for 

24 h) and 530 nm (for 5 h) over five cycles (Figure 3.10). Consistent phase transition with no 
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sign of photodegradation was observed indicating the great stability of the azobispyrazole 

chromophore. 

 

Figure 3.10. Fatigue resistance studies in the condensed phase of azobispyrazole 5pzH-4pzMe-Et 

using the 1705 μm film.   

In order to corroborate the hypothesis that molecular diffusion and convection are 

responsible for the exceptional effective light penetration depth of 5pzH-4pzMe-Et, an 

experiment was performed where a glass substrate was placed between two solid E 

samples which prevented them from mixing (Figure 3.11). Then, the stacked layers were 

irradiated with 365 nm light for 24 hours which resulted in liquefaction of the top sample 

(~500 µm) producing 91% of the Z isomer. On the other hand, the bottom sample (~150 µm) 

remained solid and contained only 5% Z-5pzH-4pzMe-Et. The poor E-Z photoconversion 

was attributed to the limited UV exposure of the bottom layer caused by shielding by the 

upper sample and the absence of mixing and molecular convection between the two. To 

verify that the glass substrate was not responsible for the poor photoisomerisation of the 

bottom layer, a second control experiment was carried out in which the top layer was absent 

and a solid E sample (~100 µm) was covered only by a glass substrate (Figure 6.33 in the 

Experimental section). As expected, upon UV exposure the sample underwent liquefaction 

affording 94% of the Z isomer.  

 

Figure 3.11. Molecular convection experiment performed with 5pzH-4pzMe-Et a) Schematic of the 

experiment b) Optical images obtained illustrating the change in both layers 
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As photothermal heating caused by prolonged irradiation especially with UV light is a 

common phenomenon, the temperature of the sample and its surroundings was monitored 

with an IR camera (Figure 6.34 in the Experimental section). Upon UV light exposure and 

concurrent E-Z conversion the temperature of the sample increased by ~2 °C. In contrast, 

530 nm irradiation resulting in Z-E photoconversion and crystallisation with simultaneous 

heat release of around ~12 J (for 40 mg sample) did not produce any significant temperature 

change. This was rationalised by the fast heat dissipation to the environment, albeit the 

thermal insulating styrofoam placed around the sample.  

In an attempt to validate the potential of azobispyrazole 5pzH-4pzMe-Et for large energy 

storage applications, its photoisomerisation was tested in bulk (Figure 3.12). Around 115 mg 

of the solid E isomer was placed in a cuvette and exposed to UV light over 62 hours. It is 

worth noting that the sample was continuously stirred throughout the experiment aiding the 

molecular convection. The E-Z photoconversion determined by NMR exceeded 82% after 21 

hours and slowly increased to 88.9% over the next 40 hours (Figure 6.35 in the Experimental 

section). Then, the sample was irradiated with 530 nm light restoring the pure E state after 7 

hours (Figure 6.36 in the Experimental section).  

 

Figure 3.12. Bulk photoisomerisation of 5pzH-4pzMe-Et. a) Optical images depicting the reversible 

phase transition under artificial stirring. b) The change in the ratio between E and Z isomers over time 

during irradiation with UV (365 nm) and visible (530 nm) light. 

The outstanding rapid photo-liquefaction observed for the E-azobispyrazoles despite their 

high melting points along with the exceptional light penetration depths were rationalised by 

the unique crystal packing of the 5pzH-4pzMe scaffold. The crystal structures of the methyl 

and isopropyl analogues 5pzH-4pzMe-Me and 5pzH-4pzMe-iPr were unambiguously solved 

using x-ray crystallography (Figures 8.19 and 8.20 in the Appendix). Azobispyrazole 5pzH-

4pzMe-Me reveals staggered molecular packing, where the 4pzMe components are 

separated and stack with the 5pzH rings (Figure 3.13a). This is attributed to the steric 

hindrance associated with the two ortho methyl groups of the 4pzMe motif. The isopropyl 

groups of azobispyrazole 5pzH-4pzMe-iPr engage in prominent van der Waals interactions 
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resulting in separation of the individual chromophores (Figure 3.13b). Analysis of the crystal 

structures indicated that the ortho methyl groups along with the isopropyl chains could 

increase the conformation freedom of the azobispyrazole units in the crystal. In addition, the 

effect of ortho methylation upon photoisomerisation in the crystal-phase and subsequent 

liquefaction was explored in the series of literature arylazopyrazoles: 4pzH, 5pzH, and 

4pzMe featuring zero, one and two ortho methyl substituents respectively (Figure 6.37 in the 

Experimental section). All three analogues were subjected to UVA and UVB irradiation for 24 

hours. Compound 4pzH bearing zero ortho methyl groups did not undergo liquefaction, 

whereas compound 4pzMe containing two ortho methyl substituents photo liquefied under 

both irradiation conditions. The arylazopyrazole 5pzH produced liquid Z-rich state only upon 

UVA irradiation. The results observed form this experiment indicate that the presence of 

substituents around the azo bridge facilitate isomerisation in the solid state. Another 

example in line with this hypothesis was provided by Venkataramani and co-workers who 

have recently reported the ability of arylazo-3,5-dimethylisoxazoles to undergo photo-

liquefaction upon UV light exposure.77  

 

Figure 3.13. Molecular packing in the crystal structure of a) 5pzH-4pzMe-Me and b) 5pzH-4pzMe-iPr 

3.4. Conclusion 

Initially the photophysical properties of the three azobispyrazoles scaffolds 3pzH-4pzMe, 

4pzH-4pzMe and 5pzH-4pzMe were explored for potential MOST applications. All three 

systems were characterised with (near)quantitative bidirectional photoswitching induced with 

UV and green light irradiation. The 3pzH-4pzMe and 4pzH-4pzMe derivatives exhibited 

thermal half-lives much longer than desired, whereas the 5pzH-4pzMe analogue displayed 

thermal relaxation well within the optimal region. Therefore, the 5pzH-4pzMe scaffold was 

selected for further investigation of its MOST material properties. In addition, the effect of 

four alkyl phase directing groups were explored through the novel azobispyrazole targets: 

5pzH-4pzMe-Me, 5pzH-4pzMe-Et, 5pzH-4pzMe-iPr and 5pzH-4pzMe-nPr.  

The azobispyrazoles based on the 5pzH-4pzMe scaffold underwent outstanding 

photoisomerisation in the condensed phase accompanied with solid-to-liquid phase 
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transition occurring at room temperature, despite the high melting points of their crystalline E 

isomers. The exceptional gravimetric energy storage densities of these derivatives, 

exceeding 300 J/mol in some instances render them promising PT-MOST materials. 

Remarkably, the 5pzH-4pzMe scaffold exhibited unprecedently large effective light 

penetration depth exceeding 1400 µm for both UV and visible light irradiation, making this 

system suitable for large energy storage applications. The exceptional penetration depths 

were attributed to the efficient molecular diffusion and convection in the condensed phase 

resulting from the small molecular size of the azobispyrazole units. The superior photo-

liquefaction exhibited by the 5pzH-4pzMe scaffold was rationalised by the azoheteroarene 

design incorporating ortho methyl substituents.  
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4. Towards Red-Shifted Photoswitches: Computational and 

Experimental Study 

 
4.1. Introduction 

The design of azo dyes fully addressable in the visible light region has attracted a 

considerable amount of attention mainly for applications in the growing field of 

photopharmacology. UV light only penetrates partially through most media and is non-

selectively absorbed by many chromophores.14 UV light is also harmful to many living 

organisms, it is cytotoxic and prolonged exposure to UV irradiation was found to damage 

DNA, induce mutations and promote cancer development.179 In contrast, most body tissues 

are transparent to red and infra-red light.180 In addition, longer wavelength irradiation is 

generally safe to living organisms. On this note, the development of photoswitchable 

systems that do not require UV light and exhibit significantly red-shifted absorbance is highly 

desirable. A plethora of research has been devoted towards the design of red and near-IR 

light addressable azobenzenes. The most notable strategies include push-pull systems,181 

ortho substitution,49,182 azonium ions183, C2-bridging53,54 and two-photon absorption184–186 

(Figure 4.1). On the other hand, the development of red-light absorbing azoheteroarenes 

has focused mainly on push-pull designs (Figure 4.1).187,188 However, the large amount of 

unexplored chemical space in combination with the increasing body of mechanistic 

investigation in the last decade, renders the development of novel red-shifted 

azoheteroarenes with biocompatible properties highly plausible in the very near future.189  

The chemical architecture of a photoswitchable system has a dramatic effect on its 

photophysical properties. However, predicting what effect a structural change might have on 

the photoswitch performance is not trivial especially for novel scaffolds that have not been 

experimentally investigated. In general, the structural characteristics that influence the 

photophysical properties of various photoswitchable systems are elucidated following the 

successful preparation and characterisation of the novel chromophore.55,56,70,88 This strategy 

is significantly limited by the time constraints associated with the synthesis and subsequent 

characterisation. The performance of a photoswitch could also be predicted employing 

quantum chemical calculations (QM) the most popular of which are based on the density 

functional theory (DFT) and time-dependent density functional theory (TD-DFT).70,88 

However, if no high throughput component or some level of automation are present, this 

approach could suffer from high computational cost, rendering it impractical for studying 

large molecular databases.  Therefore, in many research laboratories human intuition still 

remains the main factor when selecting novel photoswitch candidates. In recent years, the 

combination between QM calculations and data-driven approaches such as machine 



76 
 

learning (ML) has attracted considerable attention. The QM/ML strategy has facilitated the 

exploration of the available chemical space through utilisation of “smart” searches.190,191 

Through the use of high-performance computing resources the QM/ML approach enables 

efficient determination of the structures and properties of numerous compounds and 

materials, resulting in the effective generation of large data sets.192,193 

 

Figure 4.1. Examples of red and near infrared light addressable azobenzene and azoheteroarene 

systems. For references see: 93,181 94,182 95,54  96,183 97,184 98,187 and 99.188 All λmax values are 

reported for the E isomer.  

High throughput virtual screening (HTVS) methods have been extensively employed to 

identify optimal chromophores with superior photophysical properties for variety of 

applications. In 2019 Corminboeuf and co-workers published the first HTVS study focused 

on the chemical space exploration for the design of promising azoheteroarene 

photoswitches.194  The study involved 512 distinct molecules based on 8 different 

phenylazoheteroarene cores exhibiting 64 different substitution patterns.194 The absorption 

properties and the thermal stabilities of these analogues were systematically screened and 

rationalised with regards to the structural architecture of the photoswitch. Since then, QM/ML 

approaches have been explored to probe the chemical space of up to hundreds of 

thousands of novel photoswitchable systems.191 For example, the Lopez group have 

employed active search, an ML technique, in order to identify visible light addressable 

azoarenes (λmax > 450 nm) from a library of 255 991 chromophores.191 Their algorithm 
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accelerated the discovery rate 3-fold compared to the alternative random search strategy.  In 

addition, Griffiths et al. and Vela et al. have also explored the photophysical characteristics 

including the λmax values and hole particle densities of various photoswitches via QM/ML 

methods.195,196 QM/ML techniques have also been utilised to obtain a deeper insight into the 

thermal isomerisation kinetics of various azoarenes.191,197  On this note, Axelrod and co-

workers have predicted the thermal half-lives of 19 000 azobenzene analogues through 

exploration of the Z-E isomerization free energy barrier and the relative free energies of the 

E and Z isomers.197  

4.2. Aims and Objectives  

The increasing popularity of photopharmacology in recent years has led to a high demand 

for novel visible light addressable photoswitches. This project aims to develop such systems 

through the combination of high-throughput computations and experimental techniques.  

In the first stage of the study a high-throughput virtual screen was performed in order to 

select prominent photoswitch candidates with absorbances shifted towards the lower energy 

of the visible spectrum. In the second stage of the project, taking into consideration the 

computationally derived structure-property relationships along with synthetic accessibility of 

the computed systems, the top performing targets exhibiting the most red-shifted 

absorbances were subjected to subsequent experimental validation.   

4.3. Results and Discussion Part I: Computational Exploration 

An initial HTVS screening was performed by Steven Lopez and Daniel Adrion on a large set 

of azoarene photoswitches with the aim to automate the discovery and property predictions 

of novel photoswitchable systems. The various compounds were screened and computed 

following the workflow for the VERDE materials database developed by the Lopez group in 

2019.190 The screen explored photoswitches based on either a symmetric azobisheteroarene 

core or the corresponding phenylazoheteroarene core (Figure 4.2). Various substitution 

patterns were also investigated generating a total of 341 azoheteroarenes.  

The lowest energy conformers of the E and Z isomers were optimized at the M06/6-

31+G(d,p) level. The vertical excitation energies were computed using ωB97X-D/6-

31+G(d,p) level of theory. In addition, the isomerization free energies (ΔG) for each pair 

were obtained, which is the difference between the optimized minima of the E and Z forms. 

In the context of this screen, the optimal photoswitch exhibited a λmax in the visible light 

range of the electromagnetic spectrum in order to avoid UV light for photoisomerisation, a 

substantial λmax separation between the E and Z isomers to ensure an efficient 

photoconversion under a given irradiation wavelength, and large ΔG isomerization energy 
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for potential application in energy storage. All these parameters were taken into 

consideration when selecting candidates for subsequent experimental analysis, but red-

shifting of the Z isomer n-π* transition along with synthetic accessibility were prioritised.  

 

 

Figure 4.2. Photoswitchable systems explored in the HTVS study 

The photoswitches from the screening were ranked based on the λmax of the Z isomer n-π* 

band. When examining the top ten photoswitches that exhibited the most red-shifted 

absorbances an immediate trend becomes apparent (Figure 4.3). Nine out of the ten 

compounds had a symmetric core comprised of two 5-membered heterocycles. In addition, 

six of them contained four heteroatoms ortho to the azo bridge. These compounds were 

based on the azobisthiazole, azobisoxazole and azobisimidazole scaffolds. Tetra-ortho-

substitution has been extensively studied in the design of visible and near IR light 

addressable azobenzenes and azoheteroarenes.47,50,72,182 In particular, Beves and co-

workers developed a series of symmetric azobenzazoles featuring four ortho heteroatoms 

that underwent photoswitching with visible light.72   
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Figure 4.3. Top ten azoheteroarenes exhibiting the most red-shifted Z n-π* band from HTVS 

performed on 341 azoarenes. Compounds highlighted in blue contain four tetra-ortho-heteroatoms. 

Looking at the top ten photoswitches from the screen (Figure 4.3), it becomes apparent that 

the six analogues featuring four ortho heteroatoms not only display significantly red-shifted Z 

isomer n-π* absorbance (λmax ≥ 520 nm), but they also share excellent E/Z band separation 

and good Z/E ΔG energies. The spectral separation between the E and Z isomers was in the 

exceptional range of 64–104 nm, predicting that all analogues would undergo excellent 

photoconversion between the two states at a given wavelength. The Z/E free energy 

differences ΔG ranged between 9.0–13.4 kcal mol-1. These were slightly lower compared to 

the Z/E ΔG energies of the other four analogues 104, 105, 107 and 108 (Z/E ΔG 14.7 – 15. 

6 kcal mol-1), but nevertheless were sufficient to ensure promising potential for energy 

storage applications. 

Taking into account the structure property relationships derived from the top ten performing 

switches, the unsubstituted azobisthiazole bis2thzH, azobisoxazole bis2oxH and 

azobisimidazole bis2imH analogues were also examined (Figure 4.4). Compounds 

bis2thzH and bis2oxH were part of the computational screen and ranked 29 and 31 

respectively. The Z isomer n-π* maxima of these systems were predicted to be just slightly 

below 500 nm which is still considerably red-shifted. The E/Z spectral separations were 39 

nm for bis2thzH and 55 nm for bis2oxH. The obtained values were considerable, therefore 

good addressability in terms of photoswitching could be expected. In addition, the free 
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energy differences between the Z and E isomers were high in both cases (13.0 kcal mol-1 

and 12.2 kcal mol-1), suggesting potential in energy storage applications. The 

azobisimidazole analogue bis2imH was not considered in the HTVS, but this compound has 

been recently reported as a photoswitchable base, thus its photochromic properties have 

been derived experimentally.86 The compound exhibited substantially red-shifted 

absorbances with Z n-π* band culminating around 500 nm, which was in line with the 

computational predictions for the azobisthiazole bis2thzH and azobisoxazole bis2oxH 

analogues. Furthermore, bis2imH displayed good E/Z spectral separation, resulting in 

excellent bidirectional switching (408 nm PSS ~90% Z and 532 nm PSS >99% E).86 The 

thermal half-life of the neutral Z isomer at 25 °C was found to be 16 s (pH 9 aq. buffer) but 

can be significantly increased upon protonation to 352 s (pH 3 aq. buffer) due to stabilisation 

facilitated by the two basic imidazole nitrogens.86  

 

Figure 4.4. Unsubstituted azobisheteroarene cores chosen for experimental investigation  

Taking into consideration the structure-property relationships derived from the HTVS screen 

along with the experimental characterisation of the literature bis2imH switch, the three 

azoheteroarene cores bis2thzH, bis2oxH and bis2imH were selected for further 

investigation in attempt to find novel visible light addressable photoswitches with significantly 

red-shifted absorbances (Figure 4.4). In addition, the effect of various substitution patterns 

on the photoswitchable characteristics of those systems was investigated. The methoxy 

functionalised analogues bis2thzOMe, bis2oxOMe and bis2imOMe (Figure 4.5) were 

prioritised as introduction of methoxy substituents resulted in the highest degree of red-

shifting according to the HTVS screen. It is worth noting that in these analogues the methoxy 

substituent was placed at the 5-position instead of the computationally explored 4-position 

due to synthetic viability. Thiazole, oxazole and imidazole are regarded as electron-rich 

heterocycles and undergo electrophilic aromatic substitution reactions preferentially at the 5-

position.198 Functionalisation at the 4-position typically occurs only if the 5-site is unavailable.   
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Figure 4.5. Methoxy-functionalised azobisheteroarene analogues prioritised for experimental 

investigation  

4.4. Results and Discussion Part II: Azobisthiazole series 

4.4.1. Synthesis 

Eight azobisthiazole targets were successfully synthesised (Figure 4.6). Seven of those 

compounds are novel with the only exception of bis2thzH which was first reported in 1949 

but its photochromism has not been explored previously.199 Azobisthiazoles bis2thzCl, 

bis2thzBr and bis2thzOPh are symmetric bearing two substituents each, while compound 

bis2thz-mono-Br contains one Br atom. The methyl derivatives bis2thz-5-Me, bis2thz-4-

Me and bis2thz-tetra-Me have been designed for another project (see Chapter 5), but their 

photophysical properties have been considered here as well.  

 

Figure 4.6. Azobisthiazoles synthesised 

Initially efforts were focused towards synthesising the most promising analogue bis2thzOMe 

that was expected to have the most red-shifted Z isomer n-π* absorbance from the series. 

The proposed retrosynthetic analysis indicated that the compound can be obtained from the 

corresponding aryl-dibromide analogue bis2thzBr following an Ullmann-type etherification 

with methanol (Scheme 4.1). The bis2thzBr intermediate can be accessed via bromination 

of the literature compound bis2thzH which in turn can be easily prepared from the 

commercially available dithiobiurea 110.   
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Scheme 4.1. Retrosynthetic analysis of bis2thzOMe 

The first explored synthetic route towards bis2thzOMe initiated with the preparation of 

bis2thzH using the method reported by Beyer (Scheme 4.2).199 Thus, dithiobiurea 110 was 

subjected to a condensation-cyclisation reaction with chloroacetaldehyde to furnish the 

corresponding hydrazine intermediate that was then oxidised with sodium nitrite affording 

bis2thzH in 47% combined yield from both steps. Next, bis2thzH underwent double 

electrophilic bromination with N-bromosuccinimide (NBS) to furnish bis2thzBr. Initially the 

reaction was performed in acetonitrile at 80 °C that led to full consumption of the starting 

material after 1 h but gave the desired product in a modest yield (22%). Changing the 

solvent to dichloroethane decreased the reaction rate (24–48 h) but nearly doubled the yield 

(41%). The mono brominated derivative bis2thz-mono-Br was also isolated in varying 

yields up to 15% between the different attempts.  

 

Scheme 4.2. Synthetic routes explored for the synthesis of bis2thzOMe. Reagents and conditions: i) 

chloroacetaldehyde, EtOH, reflux, 3 h, then ii) NaNO2, H2O, rt, 10 min; iii) NBS, DCE, 60–80 °C, 48 h; 

iv) CuI, Me4-phenanthroline, Cs2CO3, MeOH, toluene, 80 °C, 30 min; v) NaOMe, MeOH, rt, 24 h, vi) 

NCS, DCE, 80 °C, 18 h; vii) t-BuOI, NaI, DME, -40 °C, 1 h.  
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In the last step, the aryl dibromide bis2thzBr was treated with methanol under modified 

Ullmann etherification conditions.200
  However, this reaction proved unsuccessful as full 

decomposition of the starting substrate was evident after only 30 min. This observation 

suggested that the problem might be due to the stability of the final product at elevated 

temperatures. As a result of the two electron-donating methoxy substituents and the 

electron-rich nature of the thiazole motifs, bis2thzOMe was expected to have increased 

electron density. It is well known that electron-rich aromatics can be inherently unstable and 

prone to oxidation under ambient conditions.201,202 In order to test his hypothesis, the 

Ullmann cross coupling of bis2thzBr was explored with different alcohol partners (Table 

4.1). The reaction with ethanol was attempted at three different temperatures (Table 4.1 

entries 2–4). In all cases the starting material was not fully consumed after 24 h, 

nevertheless at 60 °C and 80 °C a TLC analysis indicated formation of a new product. 

However, this could not be isolated or observed by any other means. The etherification with 

benzyl alcohol resulted in a complete decomposition of the starting material even at 60 °C 

(Table 4.1 entry 5). The only successful Ullmann coupling was achieved with phenol where 

the desired diphenoxy product bis2thzOPh was isolated in 24% yield (Table 4.1 entry 6). 

The results obtained from the Ullmann etherification reactions of bis2thzBr with various 

alcohols corroborated with the hypothesis that incorporation of strongly electron donating 

substituents (alkoxy and benzyloxy) leads to unstable electron-rich azobisthiazoles, whereas 

less electron-rich groups (such as phenoxy) are well tolerated.  

Table 4.1. Ullmann coupling attempts of bis2thzBr under various conditions 

 

Entry ROH Temp / °C Outcome 

1 MeOH 80 decomposition 

2 EtOH 40 new product forming,a SM still present  

3 EtOH 80 new product forming,a SM still present 

4 EtOH 110 new product forming,a SM still present 

5 BnOH 40 decomposition 

6 PhOH 80 bis2thzOPh 24% yield 

a Not isolated, observed only by TLC analysis. 
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Taking into consideration the possible instability of the bis2thzOMe system at elevated 

temperatures, a new strategy for its synthesis from bis2thzBr was explored that involved 

nucleophilic aromatic substitution with NaOMe in MeOH at rt (Scheme 4.2). This resulted in 

decomposition of the starting substrate after 24 h.  In SNAr processes chloride is a better 

leaving group than bromide, therefore a decision was made to revise this strategy with the 

more reactive dichloro analogue bis2thzCl instead. Bis2thzCl was prepared via electrophilic 

chlorination of bis2thzH with N-chlorosuccinimide (NSC) at 80 °C that afforded the desired 

product in 74% yield. Then, bis2imCl was reacted with NaOMe in MeOH, but as with 

bis2thzBr, only decomposition of the starting substrate was evident with no new product 

formation.  

The last route explored towards the synthesis of bis2thzOMe involved the nucleophilic 

aromatic substitution of commercially available bromothiazole 111 with NaOMe in MeOH 

following a known procedure (Scheme 4.2).203 This led to the formation of the desired 

methoxythiazole 112 in 27% yield. Subsequent oxidative dimerisation of 112 with in situ 

generated t-BuOI failed as the starting material fully decomposed after 1 h at -40 °C. The 

synthesis of bis2thzOMe proved exceptionally challenging. Therefore, after the multiple 

unsuccessful attempts, a decision was made to focus efforts on the syntheses of other 

derivatives and study of their subsequent photoswitch characterisation. 

The three methyl analogues bis2thz-5-Me, bis2thz-4-Me and bis2thz-tetra-Me were 

prepared using the modified procedure employed for the synthesis of the parent 

azobisthiazole bis2thzH (Scheme 4.3).199 Thus, dithiobiurea 110 was subjected to a series 

of cyclisation/dehydration reactions with the corresponding α-halocarbonyl equivalents 113, 

115 and 117 to afford the hydrazine intermediates 114, 116 and 118. Subsequent oxidation 

with sodium nitrite furnished the desired methyl analogues bis2thz-5-Me, bis2thz-4-Me and 

bis2thz-tetra-Me in 28%, 35% and 71% combined yields from both steps respectively.  
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Scheme 4.3. Synthetic routes to methyl derivatives bis2thz-5-Me, bis2thz-4-Me and bis2thz-tetra-

Me. Reagents and conditions: i) EtOH, reflux, 2 h, then ii) NaNO2, H2O, rt, 10 min. 

4.4.2. Photophysical properties of parent azobisthiazole bis2thzH  

Initially the photophysical properties of the parent bis2thzH were explored experimentally 

and compared to the computational predictions derived from the HTVS screen. The 

photoswitching and the thermal isomerisation kinetics of bis2thzH were studied in various 

solvents in order to test whether the solvation medium has a dramatic effect on the 

photoswitch properties. The UV-vis spectra of the E isomer revealed an intense symmetry 

allowed π-π* transition that exhibited some solvatochromism with maxima ranging from 406 

nm to 421 nm depending on the solvent (Figure 4.7, Table 4.2). In line with the 

computational predictions, no symmetry forbidden n-π* excitation was evident in any case. 

Immediate correlation between the position of the π-π* band and the polarity of the solvent 

was not established as both the lowest and the highest degree of red-shifting was observed 

in the polar aprotic solvents acetonitrile (MeCN) and dimethylsulfoxide (DMSO).  
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Figure 4.7. E-Z photoswitching and UV-vis spectral characteristics of E and Z-bis2thzH in various 

solvents 

The parent bis2thzH was subjected to irradiation with various wavelengths of light in order 

to identify the optimal photoisomerisation conditions (Figure 8.4 in the Appendix). Bis2thzH 

was found to exhibit accelerated thermal isomerisation kinetics, on the order of seconds 

(Table 4.3, vide infra). Therefore, the UV-vis spectra at the different PSSs were recorded 

while the samples were simultaneously irradiated. Irradiation was performed at 90° to the 

spectrometer probe. Then, the E/Z distribution at the PSS that contained the highest amount 

of Z isomer was estimated using an approach reported by Weston et al. (Figure 6.20 in the 

Experimental section, for more information see Section 6.2.1 in the Experimental).55 
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Table 4.2. E-Z photoswitching of bis2thzH  

Solvent 
Dielectric 

constanta 

E-Z 

switching 

(% Z)b 

E-isomer π-π* Z-isomereπ-π* Z-isomeren-π* 

λmax / 

nm 

102 ε/ 

M-1cm-1 

λmax / 

nm 

102 ε/ 

M-1cm-1 

λmax / 

nm 

102 ε / 

M-1cm-1 

PhMed 2.38 85 ± 3 412 190 335 76 485 22 

MeCNc 37.5 87 ± 3 406 196 335 71 477 18 

DMSOd 46.7 85 ± 2 421 195 341 73 479 19 

MeOHd 32.7 76 ± 2 407 205 335 76 486 19 

H2Oc 80.1 82 ± 2 414 203 344 74 486 19 

a Taken from Dielectric Constant of Common solvents204  b Composition of highest Z abundance PSS 

estimated due to accelerated thermal isomerisation kinetics. Highest abundance Z PSS achieved with 

c405 nm or d450 nm. e Indicated values are for the estimated pure Z isomers. 

Bis2thzH underwent very good E-Z photoconversion following 405 nm or 450 nm irradiation 

depending on the solvent medium. This resulted in PSSs containing 76–87% of the Z 

isomer. The least efficient photoconversion was observed in methanol (405 nm PSS 76% Z) 

and attributed to the rather pronounced absorbance of Z-bis2thzH at the irradiation 

wavelength. In all other solvents the better spectral separation between the E and Z isomers 

resulted in more effective E-Z conversion exceeding 80%. The spectra of the pure Z-

bis2thzH in various solvents were estimated by extracting the spectrum of the pure E isomer 

from the spectrum of the PSS with the highest Z abundance (Figure 4.7, see Section 6.2.1 in 

the Experimental). Z-Bis2thzH displayed a π-π* transition centred between 335 and 344 nm 

depending on the solvent that in all cases was nearly three times less intense than the π-π* 

transition of the E isomer. Another prominent band in the range 477–485 nm was also 

evident, which is attributed to the n-π* excitation. Similar to the E isomer, no apparent 

correlation between the solvent polarity and the absorption properties of the Z-bis2thzH was 

observed.  

The thermal isomerisation of Z-bis2thzH was studies in various solvents at 25 °C using UV-

vis spectroscopy (Table 4.3 and Figure 6.51 in the Experimental section). In all cases the 

compound underwent thermal back reversion following first order kinetics. The thermal half-

lives were on the order of seconds, but the exact values varied with solvent. The longest 

half-life of 28 seconds was obtained in toluene, whereas the fastest relaxation was observed 

in DMSO (t1/2 6.4 seconds). In polar protic solvents such as MeOH and water the thermal 

half-lives were very similar (9.1 and 9.9 seconds respectively).  
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Table 4.3. Z-E thermal isomerisation kinetics of bis2thzH studied at 25 °C in various solvents 

Solvent 
Dielectric 

constanta 
Rateb (k) / s-1 Half-life (t1/2) / s 

PhMe 2.38 24.9 x 10-2 28 

MeCN 37.5 4.35 x 10-2 16 

DMSO 46.7 10.9 x 10-1 6.4 

MeOH 32.7 7.62 x 10-2 9.1 

H2O 80.1 6.98 x 10-2 9.9 

a Taken from Dielectric Constant of Common solvents 204 bMeasured using UV-vis spectroscopy at 25 µM 

concentration. 

The fatigue resistance of the parent bis2thzH was also examined (Figure 4.8). The 

measurements were performed in MeCN at ~50 µM concentration. The compound was 

subjected to cycles of 365 nm irradiation followed by periods of thermal relaxation. The 

absorbance at 407 nm was monitored using UV-vis spectroscopy. No change in the 

absorbance was evident after 10 switching cycles indicating that no photodegradation of the 

chromophore took place rendering bis2thzH a robust photoswitching system.  
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Figure 4.8. Fatigue resistance of bis2thzH 

4.4.3. Photophysical properties of azobisthiazole derivatives 

The UV-vis spectra of the E-azobisthiazoles were recorded in acetonitrile at 100 µM 

concentration using 2 mm pathlength cuvette (Figure 4.9 and Table 4.4). All E isomers 

exhibited bright significantly red-shifted π-π* bands with λmax values between 406 and 481 

nm. Notably, a transition of a n-π* character was not evident in any of the obtained spectra. 

This could be due to either the position or the intensity of the transition. In the former case, 
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the n-π* absorbance might appear under the π-π* band and be hidden by it. In the latter 

scenario, the intensity of the symmetry forbidden n-π* transition might be so weak that it is 

not resolved in the spectrum.  
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Figure 4.9. UV-vis spectra of pure E and Z isomers and Z-rich PSSs of azobisthiazoles studied 
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Table 4.4. E-Z photoswitching and UV-vis spectral characteristics of E and Z azobisthiazoles studied 

 

E-Z 

switching 

(% Z)a,b 

E isomer π-π* Z isomere π-π* Z isomere n-π* 

λmax / 

nm 

102 ε/ 

M-1cm-1 

λmax / 

nm 

102 ε/ 

M-1cm-1 

λmax / 

nm 

102 ε / 

M-1cm-1 

Bis2thzHc 87 ± 3 406 196 335 71 477 18 

Bis2thzCld 59 ± 2 433 259 387 96 503 21 

Bis2thzBrd 58 ± 2 434 289 391 107 508 25 

Bis2thz-mono-Brd 77 ± 3 423 196 361 67 485 18 

Bis2thzOPh -f 481 -g - f - f - f - f 

Bis2thz-5-Med 77 ± 3 430 191 351 67 497 19 

Bis2thz-4-Med 80 ± 3 438 112 356 40 485 13 

Bis2thz-tetra-Med 20 ± 1 463 177 374 63 535 17 

a Composition of highest Z abundance PSS estimated due to accelerated thermal isomerisation kinetics, for more 

information see Section 6.2.1. bMeasurements performed in MeCN. Highest abundance Z PSS achieved with 

c405 nm or d450 nm. e Indicated values are for the estimated Z isomers. fNo photoswitching observed. gValue not 

measured. 

 When examining the π-π* bands of all E isomers, as expected, the unsubstituted analogue 

bis2thzH displayed the least red-shifted λmax at 406 nm. Introduction of substituents resulted 

in shifting the absorption properties towards longer wavelengths culminating with compound 

bis2thzOPh bearing two phenoxy groups. Bis2thzOPh exhibited E π-π* λmax at 481 nm 

revealing a remarkable 75 nm bathochromic shift compared to the unsubstituted bis2thzH 

derivative. This significant shift arises from the extended π-conjugation in the E isomer 

provided by the additional phenoxy substituents. A strong correlation between the level of 

substitution and the E isomer π-π* maximum was observed. For example, the 

azobisimidazole bis2thz-mono-Br bearing one Br substituent demonstrated a π-π* 

transition culminating at 423 nm. Introduction of a second Br substituent red-shifted the 

corresponding transition with 10 nm as the symmetric bis2thzBr equivalent exhibited a λmax 

at 433 nm. Furthermore, similar dependence was observed for the methylated analogues. 

The tetra methylated azobisthiazole bis2thz-tetra-Me demonstrated the most red-shifted 

absorbance within the series (λmax 463 nm), accounting for 33 nm and 25 nm shifts in relation 

to the dimethyl derivatives bis2thz-5-Me (λmax 430 nm) and bis2thz-4-Me (λmax 438 nm) 

respectively. Interestingly, compared to the unsubstituted analogue bis2thzH, the 57 nm red 

shift of the tetramethyl derivative bis2thz-tetra-Me was nearly identical to the sum of the 

shifts of the two dimethyl derivatives bis2thz-5-Me (Δλmax 24 nm) and bis2thz-4-Me (Δλmax 

32 nm). 
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The nature of the substituents played some role in the position of the E isomer π-π* band. 

The only more drastic change was provided by the phenoxy substituents that significantly 

increased the conjugation within the system, hence reducing the π-π*gap and red-shifting 

the transition. All other substituents gave more modest shifts of a similar magnitude as no 

dramatic differences were evident between the absorption spectra of E-bis2thzCl, E-

bis2thzBr and E-bis2thz-5-Me (λmax values of 433 nm, 434 nm and 430 nm, respectively).  

In order to identify optimum photoisomerisation conditions, the E-azobisthiazoles were 

subjected to irradiation with various wavelengths of light (Figure 8.5 in the Appendix). As a 

consequence of the accelerated thermal isomerisation kinetics (vide infra) of those systems, 

photoswitching was performed utilising the same set up used for the parent bis2thzH, vide 

supra, and then the composition of the PSS containing the highest proportion of Z isomer 

was estimated (Figure 6.21 in the Experimental section). The most efficient E-Z 

photoconversion was achieved with 405 nm for the parent bis2thzH, while the other more 

red-shifted azobisthiazoles underwent better forward photoswitching under 450 nm 

irradiation. The only derivative that failed to photoisomerise under any wavelength was the 

diphenoxy derivative bis2thzOPh that also exhibited the most red-shifted E isomer 

absorbance (λmax 481 nm). In general, shifting the spectrum to longer wavelength leads to 

acceleration of the thermal relaxation rate of the Z isomer. In addition, rapid Z-E thermal 

kinetics that occurs at a similar rate to E-Z photoisomerisation could prevent the ‘true’ PSS 

at a given wavelength to be reached. Therefore, the inability of bis2thzOPh to undergo 

photoswitching was attributed to fast thermal back isomerisation kinetics. In theory, this 

could be overcome by the use of a more powerful light source such as a laser that would 

facilitate the E-Z conversion.  

The E-Z photoisomerisation of all other azobisthiazoles afforded PSSs comprising of 20–

87% Z isomer. The parent analogue bis2thzH underwent the most efficient E-Z conversion 

leading to a 405 nm PSS containing around 87% Z isomer. On the other hand, irradiating the 

tetramethyl analogue bis2thz-tetra-Me at the E π-π* band resulted in only 20% Z isomer 

formation. Similar to the diphenoxy derivative bis2thzOPh, the poor E-Z photoswitching of 

bis2thz-tetra-Me was associated with the rapid thermal relaxation rate of this switch (t1/2 

15.4 ms, Table 4.5, vide infra). The dihalogen analogues bis2thzCl and bis2thzBr 

underwent forward photoswitching leading to 450 nm PSSs containing just below 60% of the 

Z form. The moderate photoconversion was attributed once again to the fast thermal half-

lives on the subsecond scale of those systems as well as on the considerable absorbance of 

the Z isomers at the irradiation wavelength. Photoisomerisation of the other azobisthiazoles 
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bis2thz-mono-Br, bis2thz-5-Me and bis2thz-4-Me proceeded with very good conversion 

affording PSSs consisting of 77–80% Z isomer.  

The UV-vis spectrum of the E isomer was extracted from the highest abundance Z PSS in 

order to estimate the spectrum of the pure Z isomer (Figure 4.9). The only azobisthiazole 

that was not considered was bis2thzOPh as it failed to photoisomerise under the conditions 

employed. The UV-vis spectra of all other Z-azobisthiazoles were characterised with a bright 

π-π* transition and a less intense n-π* band. In comparison to the corresponding E 

transitions, the Z π-π* bands were blue-shifted and were nearly three times less intense. 

This is typical for azobenzene and azoheteroarene systems as the conformation of the Z 

state is generally not planar which reduces the level of electron delocalisation within the 

system and therefore increases the π-π* gap and shifts the corresponding transition to 

higher energy shorter wavelengths.50 In addition, due to the non-symmetric geometry of the 

Z form, the n-π* transition is no longer symmetry forbidden in the Z isomer and appears of a 

considerable intensity.  

The π-π* transition of the Z-azobisthiazoles was strongly correlated with the nature and the 

number of substituents. The parent bis2thzH compound exhibited the least red-shifted Z 

isomer spectrum with λmax at 335 nm. When examining halogen versus methyl substituents, 

it becomes evident that halogens lead to higher red shifts in the Z π-π* excitation. 

Introduction of just one Br group resulted in 26 nm bathochromic shift (bis2thz-mono-Br 

λmax 361 nm) which was significantly higher than the 16 nm and 21 nm shifts provided by the 

incorporation of two methyl groups (bis2thz-5-Me and bis2thz-4-Me λmax 351 nm and 356 

nm respectively). As with the E isomers, increasing the level of substitution resulted in more 

red-shifted Z π-π* bands. Therefore, the dihalogenated derivatives exhibited π-π* maxima at 

392 nm and 391 nm accounting for a 30 nm bathochromic shift compared to the bis2thz-

mono-Br analogue bearing one halogen atom. Moreover, the absorbance of the tetramethyl 

derivative bis2thz-tetra-Me culminated at 374 nm that was 23 nm and 18 nm red-shifted in 

relation to the dimethyl analogues bis2thz-5-Me and bis2thz-4-Me respectively. 

The n-π* excitation of the Z-azobisthiazoles studied appeared between 477 nm and 535 nm.  

The former value corresponded to the parent bis2thzH, whereas the latter was associated 

with the tetramethyl derivative bis2thz-tetra-Me. As with the π-π* transition, the nature and 

level of substitution affected the position of the n-π* band. In general, introduction of 

halogens furnished larger shifts than methyl groups, but the level of substitution appeared to 

be more important as the compound with the most significant red shift bis2thz-tetra-Me 

contained four methyl substituents.  
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4.4.4. Thermal isomerisation kinetics of azobisthiazoles 

The thermal back isomerisation rates and thermal half-lives were measured for all 

azobisthiazoles using UV-vis spectroscopy (Table 4.5, Figures 6.51 and 6.52 in the 

Experimental section). The kinetics were studied in MeCN solvent at 25 °C. All Z-

azobisthiazoles underwent thermal isomerisation following first order kinetics (Figures 6.51 

and 6.52 in the Experimental section). The thermal half-lives of the metastable Z isomers 

were on the order of seconds and milliseconds (Table 4.5). The level of substitution played a 

crucial role in the thermal relaxation of the Z-azobisthiazoles studied.  The parent bis2imH 

demonstrated the slowest thermal kinetics with a half-life of 16 seconds. The mono-

substituted analogue bis2thz-mono-Br was the only other azobisthiazole that exhibited a 

thermal half-life on the order of seconds (t1/2 5 s). All other analogues displayed thermal 

relaxation in the millisecond regime. Increasing the number of substituents from one to two 

led to a 6-fold acceleration of the thermal isomerisation rate as the monohalogenated 

derivative bis2thz-mono-Br had a thermal half-life of 5 s whereas its disubstituted 

counterpart bis2thzBr exhibited a thermal half-life of 0.8 s. A more dramatic acceleration 

was evident going from di to tetra functionalisation. The thermal relaxation rate of bis2thz-

tetra-Me bearing four methyl moieties was increased by the remarkable 40 times on average 

compared to the dimethyl analogues bis2thz-5-Me and bis2thz-4-Me (t1/2 20 ms, 700 ms 

and 900 ms respectively). 

Table 4.5. Z-E thermal isomerisation kinetics of azobisthiazoles studied at 25 °C 

 Rate (k)a / s-1 Half-life (t1/2) / s  

Bis2thzH 4.35 x 10-2 16  

Bis2thzCl 9.21 x 10-1 0.7 

Bis2thzBr 9.37 x 10-1 0.8 

Bis2thz-mono-Br 1.54 x 10-1 5 

Bis2thzOPh -b -b 

Bis2thz-5-Me 9.40 x 10-1 0.7 

Bis2thz-4-Me 7.63 x 10-1 0.9 

Bis2thz-tetra-Me 45.0 0.02 

aMeasured in MeCN using UV-vis spectroscopy at 25 µM concentration. bNo photoswitching observed. 
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4.5. Results and Discussion Part III: Azobisimidazole series 

4.5.1. Synthesis 

Seven novel azobisimidazoles based on the bis2imH scaffold have been synthesised 

featuring various substitution patterns (Figure 4.10). Compounds bis2imCl, bis2imBr, 

bis2iml and bis2imOMe are symmetrically functionalised bearing two substituents at the 

imidazoles’ 5-positions. Compound bis2im-mono-I contains one I substituent and switches 

bis2im-tri-Cl and bis2im-tri-Br bear three halogen atoms each.  

 

Figure 4.10. Synthesised azobisimidazoles 

At the beginning the synthesis of the most red-shifted azobisimidazole analogue bis2imOMe 

was prioritised. Retrosynthetic analysis of bis2imOMe revealed that the compound can be 

accessed from the corresponding di-bromo derivative bis2imBr via a cross-coupling 

etherification strategy with methanol (Scheme 4.4). The bis2imBr intermediate can be 

prepared from the literature compound bis2imH following an electrophilic bromination 

approach.  Finally, bis2imH can be synthesised from the commercially available 

nitroimidazole 119 using the method recently reported by Weston and co-workers.86  

Scheme 4.4. Retrosynthetic analysis of bis2imOMe 

The literature protocol for the preparation of bis2imH involved a two-step synthesis initiated 

by methylation of nitroimidazole 119 with methyl iodide affording the N-methylated analogue 

44 in near-quantitative yield (Scheme 4.5).86 Subsequent zinc-mediated reductive 
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dimerisation of 44 furnished the desired bis2imH in 30% yield. It is worth noting that Weston 

et al. reported 54% yield for this key azo-forming step.86 However, such increased yield was 

never achieved in any of the attempts carried out in this study. The zinc-mediated reductive 

coupling suffered from poor reproducibility as the yield varied between 10–30% within the 

different attempts. The moderate yield and reproducibility of this reaction was attributed to 

simultaneously occurring undesired side processes. The main by-product was the azoxy 

derivative 120 which resulted from incomplete reduction of the starting material. In order to 

overcome this, the reduction step was allowed to proceed for longer periods of time (4, 6 or 

24 h), but this led to an overall decrease in yield and increase in the undesired 

decomposition of the staring material. A plausible rational can be provided by the likely over 

reduction of the desired bis2imH leading to the formation of hydrazine and amino by-

products 121 and 122 (Figure 4.11). However, these intermediates have not been 

characterised. 

 

Scheme 4.5. Synthesis of bis2imH. Reagents and conditions: i) MeI, K2CO3, MeCN, 65 °C, 18 h; ii) 

Zn dust, 0.1 M aq. NH4Cl, 45 °C, 2 h. 

 

Figure 4.11. Major azoxy by-product and possible by-products resulting from the reductive 

homocoupling of 44, key step in the synthesis of bis2imH 

Due to the low-yielding azo-forming step and problems associated with its reproducibility, 

alternative approaches towards the synthesis of bis2imH were explored (Scheme 4.6). 

Oxidative homocoupling of the commercially available aminoimidazole hemisulfate 123 using 

in situ generated t-BuOI oxidising agent failed to afford azobisimidazole 124 and led to the 

full decomposition of the starting material.102,103 Diazotisation of the same aminoimidazole 

123 followed by coupling with imidazole under standard conditions also proved 

unsuccessful.97 This was attributed to the diazonium formation step. Testing the diazotisation 

mixture in coupling reactions with strong nucleophilic partners such as phenolate and 

acetylacetonate failed to deliver the expected products. The diazonium coupling strategy 

was also attempted using the methylated aminoimidazole 122 that was obtained from the 
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Pd/C catalysed reduction of nitroimidazole 44 under hydrogen atmosphere in good yield of 

76%.  However, similarly to the N-H aminoimidazole 123, diazotisation of the N-methylated 

analogue 122 proved unsuccessful as the compound failed to react with imidazole and other 

strong nucleophiles as phenolate and acetylacetonate. The aminoimidazole 122 was also 

explored in an oxidative homocoupling using in situ generated t-BuOI.102,103 This strategy 

failed to form any of the desired bis2imH and led to complete decomposition of 122 with no 

isolated side products.  

 

Scheme 4.6. Alternative approaches for the synthesis of bis2imH. Reagents and conditions: i) t-BuOI, 

NaI, DME, -40 °C – rt, 18 h; ii) NaNO2, HCl, H2O, 0 °C, 30 min, iii) imidazole, NaHCO3, H2O, 0 °C, 2 h, 

iv) 10% Pd/C, H2, dry MeOH, rt, 18 h. 

Since all alternative strategies to bis2imH appeared unsuccessful an attempt to improve the 

yield of the Zn-mediated reductive homocoupling of 44 was made. Activation of the Zn metal 

did not affect the yield, or reproducibility of the reaction.205 Various solvent systems were 

examined in order to improve potential solubility issues associated with the reaction (Table 

4.6). Toluene, chloroform, ethyl acetate, acetonitrile and methanol were used to form 1:1 

solvent mixtures with water. All reactions were performed simultaneously using the same 

reagents and starting material, at the same scale and in the same solvent volume.  In all 
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cases, addition of organic solvent reduced the yield of the desired bis2imH. Furthermore, 

when the reaction was carried out in the presence of methanol no azo formation was 

observed and instead the nitroimidazole 44 was fully reduced to its amino analogue 122.  

Table 4.6. Optimisation attempts of key Zn-catalysed azo-forming step in the synthesis of bis2imH 

 

Solvent Yield 

H
2
O 15% 

H
2
O, toluene 8% 

H
2
O, CHCl

3
 7% 

H
2
O, EtOAc 4% 

H
2
O, MeCN 8% 

H
2
O, MeOH only 122 observed 

 

After the multiple unsuccessful attempts to optimise the Zn-mediated dimerisation step, 

efforts were focused on the subsequent transformations in the proposed synthetic route to 

the most promising analogue bis2imOMe. The next step involved double bromination of 

bis2imH via electrophilic aromatic substitution with N-bromosuccinimide (NBS) (Scheme 

4.7). The reaction was carried out in DCE solvent at rt overnight to afford the bis2imBr and 

bis2im-tri-Br derivatives in 44% and 17% yield respectively. The moderate yields obtained 

in this transformation were attributed to the poor solubility of the stating material bis2imH 

under the selected reaction conditions. Then bis2imBr was subjected to an Ullmann type 

Cu-catalysed cross-coupling with methanol following a modified literature procedure (Table 

4.7 entry 1).200 After stirring for 18 h at 60 °C starting material was still present in the reaction 

mixture. TLC along with 1H NMR analysis indicated decomposition of bis2imBr with no 

formation of any useful products. Ullman etherification was then attempted with ethanol and 

benzyl alcohol (Table 4.7 entries 2 and 3). However, both reactions resulted in the complete 

decomposition of the starting material after 18 h at 80 °C. Subsequently, phenol was 

explored as the alcohol partner (Table 4.7 entry 4). Initially, the reaction was performed at 60 

°C, but after 5 h no consumption of bis2imBr was evident, therefore the temperature was 

increased to 80 °C and stirring continued for further 18 h. Substantial amount of the starting 

material was still unreacted at this stage, thus the temperature was further increased to 110  
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Scheme 4.7. Synthesis of azobisimidazoles bearing halogen substituents. Reagents and conditions: i) 

selectfluor, DMF, 80 °C, 1 h; ii) NCS, DCE, 80 °C, 18 h; iii) NBS, DCM, rt, 18 h; iv) NIS, DMF, 80 °C, 

24 h. 

Table 4.7. Ullmann etherification attempts of bis2imBr under various conditions 

 

Entry ROH 
Temp / 

°C 
Time / h Outcome 

1 MeOH 60 18 low conversion; decomposition 

2 EtOH 80 18 decomposition 

3 BnOH 80 18 decomposition 

4 PhOH 60–110  29 traces of bis2imOPh 
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°C leading to the full consumption of the starting material after 6 h. The desired 

azobisimidazole bis2imOPh was obtained in trace amounts as the sole product indicating 

that the predominant process taking place was decomposition of bis2imBr. 

Due to the unsatisfactory reactivity of bis2imBr in the Ullman reactions, a decision was 

made to revise the Cu-catalysed cross-coupling using the di-iodo derivative bis2imI instead. 

Aryl iodides have proved to be significantly more reactive than other aryl halides in many 

metal-catalysed cross-coupling processes.206,207 The synthesis of bis2imI was achieved 

using electrophilic aromatic substitution of bis2imH with N-iodosuccinimide (Table 4.8). The 

reaction was first attempted in DCE solvent at 80 °C, but after 24 h very low conversion of 

the starting material was observed. Changing the solvent to acetonitrile improved the 

conversion but led to very low isolated yield of the desired bis2imI. Finally, when the 

reaction was performed in DMF both excellent conversion and good yields were observed as 

bis2imI along with the mono- bis2im-mono-I and tri-iodo bis2im-tri-l derivatives were 

obtained in 64%, 21% and 17% yield respectively.  

Table 4.8. Solvent effect in the synthesis of bis2imI 

 

Solvent Outcome 

DCE low conversion 

MeCN good conversion, low yield 

DMF 64% bis2imI (21% bis2im-mono-I, 17% bis2im-tri-I) 

 

After the successful synthesis of bis2imI, the compound was subjected to an Ullman 

coupling with methanol following a modified literature protocol (Table 4.9 entries 1, 2).200 

When the reaction was carried out for the first time at 40 °C after 3 h low conversion of the 

starting material along with formation of bis2im-mono-I and bis2imH was observed. This 

suggested that the predominant process occurring was hydrodehalogenation of the starting 

material. Hydrodehalogenation is a relatively common side-process in Cu(I) catalysed 

transformations that can be facilitated in the presence of a proton source.208–211 Hartwig and 

co-workers have demonstrated that protons can be even supplied by non-protic solvents 

such as DMSO.212 In the Ullmann etherification performed with bis2imI protons can be 

supplied by the methanol coupling partner. In order to overcome the low conversion of the 
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substrate at 40 °C, the reaction was repeated at 110 °C, however, after 1 h decomposition of 

bis2imI was observed with no new products forming (Table 4.9 entry 2). This could be due 

to methanol evaporating off at this temperature, instability of the desired product bis2imOMe 

at elevated temperatures, or occurring side processes resulting in decomposition. 

Hydrodehalogenation was not observed suggesting that the former hypothesis is the most 

feasible. In order to test whether the low boiling point of MeOH was problematic, bis2imI 

was reacted with benzyl alcohol and phenol. The Ullmann coupling with benzyl alcohol was 

performed at 110 °C and afforded only hydrodehalogenation products bis2im-mono-I and 

bis2imH (Table 4.9 entry 3). Hydrodehalogenation was also observed with phenol at 40 °C, 

whereas increasing the temperature resulted in decomposition of the starting material 

bis2imI (Table 4.9 entries 4,5).   

Table 4.9. Ullmann etherification attempts of bis2imI under various conditions 

 

Entry ROH Temp / °C Time / h Outcome 

1 MeOH 40 3 
low conversion; mixture of bis2im-

mono-I and bis2imH 

2 MeOH 110 1 decomposition 

3 BnOH 110 1 mixture of bis2im-mono-I and bis2imH 

4 PhOH 40 3 
low conversion; mixture of bis2im-

mono-I and bis2imH 

5 PhOH 80 18 decomposition 

 

As a result of the multiple challenges encountered with the Ullmann coupling strategy, a new 

approach for the synthesis of bis2imOMe was considered (Scheme 4.8). The strategy was 

based on the nucleophilic aromatic substitution (SNAr) of the corresponding difluoro or 

dichloro analogue with sodium methoxide. Fluoride is the best leaving group in SNAr 

processes, therefore decision was made to explore the reaction with bis2imF first. In order 

to access bis2imF, bis2imH was reacted with selectfluor in DMF at 80 °C but this led to 

complete decomposition of the starting material after 1 h (Scheme 4.7). Taking into 

consideration this result and the fact that fluorination is generally more challenging than 
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chlorination, the synthesis of bis2imCl was explored next (Scheme 4.7). In the first attempt 

bis2imH (1.0 equiv.) was reacted with N-chlorosuccinimide (NCS, 2.1 equiv.) in 

dichloroethane (DCE) at 60 °C overnight. This led to formation of the trichlorinated bis2im-

tri-Cl compound as the sole product. In addition, the starting material was not fully 

consumed. These observations suggested problems associated with the solubility of the 

starting material in DCE. To overcome this full dissolution of bis2imH in the solvent prior 

addition of the NCS was ensured by heating the mixture to 80 °C. Then NCS was added, 

and the reaction was left at that temperature overnight to afford bis2imCl in 73% and 

bis2im-tri-Cl in 6% isolated yields (Scheme 4.7). Finally, bis2imCl was subjected to a 

nucleophilic aromatic substitution with sodium methoxide in methanol that afforded the 

desired methoxy product bis2imOMe in 31% yield (Scheme 4.8).  

 

Scheme 4.8. Successful synthesis of bis2imOMe based on a nucleophilic aromatic substitution 

approach. Reagents and conditions: i) NaOMe, dry MeOH, 60 °C, 6 h 

4.5.2. Photoswitching 

The UV-vis spectra of the E isomers of all novel compounds along with the literature 

compound bis2imH were recorded in DMSO at 25 µM concentration (Figure 4.12 and Table 

4.10). All novel E isomers exhibited an intense significantly red-shifted π-π* band with λmax 

between 411–485 nm. Notably, for all azobisimidazoles except the methoxy substituted 

bis2imOMe, this band was characterised with multiple distinct maxima. This could be 

attributed to a partially resolved vibrational fine-structure as observed by Mustroph in the 

spectra of a series of para-amino substituted azobenzene. 149,150 In order to obtain a better 

understanding for the appearance of the π-π* absorption of the E-azobisimidazoles, a 

detailed computational analysis is currently underway.  



102 
 

400 600

0.0

0.2

0.4

0.6

400 600 800

0.0

0.2

0.4

0.6

400 600 800

0.0

0.2

0.4

0.6

0.8

400 600 800

0.0

0.2

0.4

0.6

0.8

400 600 800

0.0

0.2

0.4

0.6

0.8

400 600 800

0.0

0.2

0.4

0.6

400 600 800

0.0

0.2

0.4

0.6

400 600 800

0.0

0.2

0.4

0.6

0.8

A
b
s
o
rb

a
n
c
e
 (

A
U

)

Wavelength (nm)

 E isomer

 405 nm PSS (~97% Z)

 est. pure Z isomer

bis2imH

A
b
s
o
rb

a
n
c
e
 (

A
U

)

Wavelength (nm)

 E isomer

 405 nm PSS (~95% Z)

 est. pure Z  isomer

bis2imCl
A

b
s
o
rb

a
n
c
e
 (

A
U

)

Wavelength (nm)

 E isomer

 405 nm PSS (~93% Z)

 est. pure Z isomer

bis2imBr

A
b
s
o
rb

a
n
c
e
 (

A
U

)

Wavelength (nm)

 E isomer

 450 nm PSS (~90% Z)

 est. pure Z isomer

bis2imI

A
b
s
o
rb

a
n
c
e
 (

A
U

)

Wavelength (nm)

 E isomer

 450 nm PSS (~39% Z)

 est. pure Z isomer

bis2imOMe

A
b
s
o
rb

a
n
c
e
 (

A
U

)

Wavelength (nm)

 E isomer

 405 nm PSS (~95% Z)

 est. pure Z isomer

bis2im-mono-I

A
b
s
o
rb

a
n
c
e
 (

A
U

)

Wavelength (nm)

 E isomer

 405 nm PSS (~90% Z)

 est. pure Z isomer

bis2im-tri-Cl

A
b
s
o
rb

a
n
c
e
 (

A
U

)

Wavelength (nm)

 E isomer

 450 nm PSS (~90% Z) 

 est. pure Z isomer

bis2im-tri-Br

 

Figure 4.12. UV-vis spectra of pure E and Z isomers and Z-rich PSSs of azobisimidazoles studied 
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Table 4.10. E-Z photoswitching and UV-vis spectral characteristics of E- and Z-azobisimidazoles 

studied 

 

E-Z 

switching 

(% Z)a,b,d 

E isomer π-π* Z isomerf π-π* Z isomerf n-π* 

λmax / 

nm 

102 ε/ 

M-1cm-1 

λmax / 

nm 

102 ε/ 

M-1cm-1 

λmax / 

nm 

102 ε / 

M-1cm-1 

bis2imH 97 ± 2 
401 234 

339 109 502 48 
446 165 

bis2imClh 95 ± 2 

411 249 

360 119 508 56 439 224 

464 218 

bis2imBrh 93 ± 2 

416 289 

359 143 512 70 445 278 

469 272 

bis2imIe, h 90 ± 2 

426 268 

372 145 520 79 458 314 

484 315 

bis2imOMee 75 ± 2c 485 268 382 108 532 70 

bis2im-mono-Ih 95 ± 2 

413 256 

346 115 508 58 440 233 

465 227 

bis2im-tri-Clh 90 ± 2 

418 266 

368 138 512 65 448 274 

474 273 

bis2im-tri-Bre, h 90 ± 2 

423 271 

368 143 520 72 455 304 

480 306 

a Composition of highest Z abundance PSS estimated due to accelerated thermal isomerisation 

kinetics, for more information see Section 6.2.1. Measurements performed in bDMSO and cMeCN. 

Highest abundance Z PSS achieved with d405 nm or e450 nm. f Indicated values are for the estimated 

Z isomers. hCompound exhibited three distinct maxima of the E isomer π-π* band, highest intensity 

maximum highlighted.  

The position of the π-π* band was strongly correlated with the number and electronic 

properties of the substituents. Analogues with higher degree of substitution exhibited more 

red-shifted π-π* maxima. For example, all novel E isomers containing various halogen and 

methoxy groups displayed more red-shifted spectra compared to the parent bis2imH 

analogue bearing no substituents. In addition, all three π-π* maxima of the symmetric 

bis2imI azobisimidazole featuring two I groups were red-shifted by 13, 18 and 19 nm 

respectively compared to the mono-I analogue bis2im-mono-I. Moreover, incorporation of a 
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third substituent further red-shifted the absorption spectra of the E-azobisimidazoles. Thus, 

the tri-functionalised derivatives bis2im-tri-Cl and bis2im-tri-Br displayed π-π* maxima that 

were approximately 10 nm bathochromically shifted from the corresponding maxima of their 

di-substituted counterparts bis2imCl and bis2imBr.  

The π-π* band of the E-azobisimidazoles was significantly influenced by the nature, or more 

specifically, by the size and electronic properties of the substituents. A strong correlation 

between the size and inductive effect (-I) of the halogen substituent and the position of π-π* 

transitions becomes apparent upon examination of the di-halogenated series (bis2imCl, 

bis2imBr and bis2imI). Halogens are relatively strong electron acceptors and as a result 

exhibit negative inductive effect (-I) that decreases with increasing size in the following order 

F > Cl > Br > I.213 Looking at the spectral data it becomes evident that the red-shifting of the 

π-π* absorption band increases with the halogen size (and hence decreasing strength of the 

halogen’s -I effect). Therefore, the bis2imI featuring the largest substituent (least potent 

electron acceptor) I in the series displayed the most bathochromically shifted transitions 

(Table 4.10).  Analogous correlation was also seen for a series of mono-substituted 

azobenzenes bearing para halogen moieties (Table 4.11).214 The 4-fluoroazobenzene 

displayed E π-π* maximum of the shortest wavelength (λmax 323 nm in ethanol), whereas 4-

iodoazobenzene exhibited the most red-shifted E π-π* band (λmax 332 nm in ethanol).214 In 

addition, similar dependence was evident in the spectra of the tri-halogenated derivatives 

bis2im-tri-Cl and bis2im-tri-Br, where the π-π* maxima of the latter were the subject of 5, 7 

and 6 nm bathochromic shifts respectively compared to the corresponding transitions of the 

former.  

Table 4.11. E isomer π-π* absorption maxima of some azobenzenes 

 

 R1 R2 λmax
a
 / nm Ref 

1 H H 320 214 

127 F H 323 214 

128 Cl H 327 214 

129 Br H 329 214 

130 I H 331 214 

131 OMe H 346 215 

132 OMe OMe 354 216 

aMeasured in EtOH  
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As expected from the computational screen vide supra, E-bis2imOMe revealed the most 

bathochromically shifted π-π* band at 485 nm. Thus, introduction of two OMe groups to the 

parent bis2imH resulted in a remarkable 84 nm red-shift. This is attributed to the strong 

positive mesomeric effect (+M) exerted by the OMe group (Scheme 4.9). The oxygen lone 

pairs can be directly conjugated onto the azo and imidazole nitrogens affording a resonance 

structure where the azo bond is of a single character. This “push-pull”-like effect reduces the 

azo bond order resulting in a red-shifted absorbance. On a similar note, incorporation of one 

para-methoxy substituent in the structure of azobenzene bathochromically shifted the E π-π* 

maximum by 26 nm, whereas addition of a second para-methoxy group furnished an 

additional 8 nm red shift (Table 4.11).215,216 It is worth noting that the effect of the methoxy 

group on the E isomer’s optical properties was not as pronounced in azobenzene as in the 

azobisimidazoles. This is attributed to the additional resonance stabilisation of the oxygen 

lone pair provided by the imidazole nitrogen (Scheme 4.9). 

 

Scheme 4.9. Resonance stabilisation of oxygen’s lone pair in bis2imOMe and 4,4-

dimethoxyazobenzene 132 

The symmetry forbidden n-π* transition was not evident in the spectra of the E-

azobisimidazoles. This could result from either the position or the intensity of the band. In the 

first case, the n-π* band could appear underneath the more intense π-π* absorbance and 

hence be hidden by it. In the second scenario, the symmetry-forbidden n-π* transition might 

be of a negligible intensity and therefore not resolved in the spectrum.   

All E isomers were subjected to irradiation with various wavelengths in order to determine 

the optimal photoswitching conditions (Figure 8.6 in the Appendix). Due to the accelerated 

thermal isomerisation kinetics of the azobisimidazole scaffold (t1/2 on the order of seconds 

vide infra), the UV-vis spectra of the various PSSs were recorded while the sample was 

being irradiated simultaneously with the corresponding wavelength. Irradiation was 

performed at 90° to the spectrometer probe light either from the top or the side of the 
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spectrometer sample chamber. Then the composition of the PSS with highest Z isomer 

abundance along with the pure Z isomer UV-vis spectrum were estimated for each 

azobisimidazole (for more information see Section 6.2.1 in the Experimental).  

For most analogues the best E-Z switching was achieved with 405 nm irradiation. The 

azobisimidazoles with the most red-shifted E isomer bands bis2im-tri-Br, bis2imI and 

bis2imOMe underwent more efficient E-Z photoconversion with 450 nm light. Overall, the 

azobisimidazoles underwent excellent E-Z photoswitching resulting in PSSs containing ≥ 90 

% of the Z isomer (Table 4.10). This is attributed to the good separation between the E and 

Z absorption bands. The only exception was bis2imOMe that upon 450 nm irradiation 

afforded a PSS comprising of around 75% Z isomer. The less efficient photoconversion of 

this system was rationalised by its rapid isomerisation kinetics on the sub-second timescale 

(vide infra). It is well known that fast thermal isomerisation can prevent the ‘true’ PSS to be 

reached.19 In theory this issue can be overcome by the use of a higher intensity light source. 

However, due to the lack of access to such equipment, this strategy was not explored.  

Irradiation of all novel compounds with red light (630 nm) resulted in quantitative or near 

quantitative Z-E back switching (Figure 6.22 in the Experimental section). Notably, the novel 

azobisimidazoles underwent Z-E isomerisation faster under 630 nm irradiation than in the 

dark.  The only exception was bis2imOMe for which such comparison could not be made 

due to its thermal half-life on the subsecond time scale.  

The UV-vis spectra of the Z isomers were characterised with π-π* bands that were blue-

shifted and less intense compared to the corresponding E isomer π-π* transitions. This is 

typical for azobenzene and azoheteroarene systems as the Z isomer adopts a nonplanar 

geometry which reduces the electron delocalisation and leads to a blue shifted π-π* 

transition.50 Unlike the E counterparts, the Z-azobisimidazoles exhibited smooth π-π* bands 

with single maxima in the range 359–382 nm. Rather intense n-π* transitions were evident in 

the Z isomer UV-vis spectra. This suggested that similarly to most azoarene systems, the 

compounds adopt a non-symmetric twisted conformation in the Z state leading to an n-π* 

band that is no longer symmetry-forbidden and therefore appear quite bright in the spectrum. 

The n-π* transitions of the novel Z-azobisimidazoles culminated between 508–532 nm which 

accounted for a significant red shift in comparison to the parent bis2imH (Z n-π* λmax 504 

nm). As with the E isomers, the absorption characteristics of the Z-azobisimidazoles were 

strongly correlated with the nature, number and electronic properties of the various 

substituents. In a similar fashion, increasing the degree of substitution extended electron 

delocalisation within the system that in turn resulted to a bathochromically shifted π-π* and 

n-π* bands. Like in the E state, the strong electron donating methoxy groups engineered the 
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most pronounced red shifts of 43 nm for the π-π* and 30 nm for the n-π* Z bands compared 

to the unsubstituted bis2imH. 

The fatigue resistance of all novel azobisimidazoles were explored by repeated irradiation 

with 405 nm or 450 nm light (depending on the system) followed by 630 nm light (Figure 

4.13). The change in the absorbance at the λmax of the E isomer was observed by UV-vis 

spectroscopy. Most compounds showed robust photoswitching behaviour with no sign of 

fatigue over 10 switching cycles. The only system that exhibited a modest drop in the 

absorbance was the dimethoxy analogue bis2imOMe suggesting occurring side processes 

involving the chromophore.  
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Figure 4.13 Fatigue resistance of azobisimidazoles studied 
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4.5.3. Thermal Isomerisation Kinetics 

The thermal isomerisation rates and thermal half-lives were measured for all 

azobisimidazoles using UV-vis spectroscopy (Table 4.12, Figures 6.53 and 6.54 in the 

Experimental section). The kinetics were studied in DMSO at 25 °C. All azobisimidazoles 

exhibited first order thermal isomerisation with half-lives ranging from minutes to 

milliseconds. All novel azobisimidazoles displayed thermal relaxation rates faster than the 

parent bis2imH. Increasing the level of substitution of the system led to acceleration of the 

thermal back-isomerisation. For example, addition of one I substituent (bis2im-mono-I) 

accelerated the thermal half-life 2-fold from 127 s to 64 s respectively. Furthermore, 

incorporation of a second I unit (bis2imI) furnished additional 2-fold increase in the 

isomerisation kinetics. Similar effect was seen for di- and tri-substituted Cl and Br derivatives 

as bis2imCl and bis2imBr bearing two halogens each showed thermal half-lives twice 

higher than the corresponding tri-halogenated analogues bis2im-tri-Cl and bis2im-tri-Br. 

The methoxy derivative bis2imOMe underwent by far the fastest Z-E thermal relaxation. 

Surprisingly, this analogue exhibited a thermal half-life on the millisecond time scale (t1/2 220 

ms) that was much faster compared to the other azobisimidazoles. As with the red-shifted 

absorbances vide supra, a possible rational can be provided by the strong +M effect exerted 

by methoxy groups that can donate electron density into the azo bridge and imidazole 

nitrogens (Scheme 4.9). This “push-pull” type effect results in a decrease of the azo bond 

order leading to a reduced thermal barrier and accelerated kinetics.22,217  

Table 4.12. Z-E thermal isomerisation kinetics of azobisimidazoles studied at 25 °C 

 Rate (k)a / s-1 Half-life (t1/2) / s 

bis2imH 5.45 x 10-3 127 

bis2imCl 1.44 x 10-2 48 

bis2imBr 1.45 x 10-2 48 

bis2imI 2.65 x 10-2 26 

bis2imOMe 3.20 0.22 

bis2im-mono-I 1.08 x 10-2 64 

bis2im-tri-Cl 2.83 x 10-2 23 

bis2im-tri-Br 3.06 x 10-2 25 

aMeasured in DMSO using UV-vis spectroscopy at 25 µM concentration 

 

 

 



109 
 

4.5.4. Photophysical properties of bis2imOMe in various solvents 

Due to the significant red-shifting of its optical properties, the photophysics of bis2imOMe 

was further investigated in various solvents in order to probe whether solvation medium 

would have a significant impact on the photoswitch properties (Figure 4.14, Table 4.13). The 

UV-vis spectrum of the E isomer revealed prominent solvatochromism. In all solvents a 

bright π-π* band was observed, whereas the n-π* transition was not resolved. Notably, the 

π-π* transition was characterised with a shoulder around 400 nm in all solvents. 

Furthermore, in toluene and methanol the π-π* absorbance exhibited two distinct maxima. 

This was attributed to a resolved vibrational fine structure that was also evident in the 

spectra of the other azobisimidazole derivatives (vide supra). Correlation between the λmax 

position and the solvent polarity was observed, where the E isomer spectrum was red shifted 

with increasing solvent polarity. Thus, changing the solvent from toluene to water afforded a 

33 nm red shift in the E isomer λmax (from 463 nm to 496 nm respectively). The E-Z  
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Figure 4.14. E-Z photoswitching and UV-vis spectral characteristics of E- and Z-bis2imH in various 

solvents 
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Table 4.13. E-Z photoswitching of bis2imOMe  

Solvent 
Dielectric 

constanta 

E-Z 

switching 

(% Z)b,c 

E-isomer π-π* Z-isomerf π-π* Z-isomerf n-π* 

λmax / 

nm 

102 ε/ 

M-1cm-1 

λmax / 

nm 

102 ε/ 

M-1cm-1 

λmax / 

nm 

102 ε / 

M-1cm-1 

PhMe 2.38 16c 
463 264 

380 102 527 78 
489 258 

MeCN 37.5 41 ± 1 475 261 377 106 528 69 

DMSO 46.7 39 ± 2 485 268 382 108 532 70 

MeOH 32.7 13d 
472 271 

379 102 533 82 
496 283 

H2O 80.1 -e 496 287 - - - - 

a Taken from Dielectric Constant of Common solvents204  b Composition of highest Z abundance PSS 

estimated due to accelerated thermal isomerisation kinetics, for more information see Section 6.2.1. c 

Highest abundance Z PSS achieved with 450 nm. d The indicated values are a rough estimate due to 

the poor E-Z switching as a result of accelerated thermal isomerisation kinetics. e No E-Z switching 

observed. f Indicated values are for the estimated Z isomers. 

photoswitching was strongly affected by the solvation medium. The most efficient 

photoconversion was achieved with 450 nm. Irradiation with this wavelength resulted in 

moderate E-Z photoisomerisation in MeCN and DMSO (PSS450nm ~ 40 % Z in both solvents). 

In toluene and methanol only around 16 and 13 % of E-bis2imOMe was converted to the Z 

form, whereas in water no photoconversion was observed at all. This was rationalised by the 

rapid thermal isomerisation kinetics in those solvents (Table 4.14, vide infra).  

The E-Z photoswitching of bis2imOMe was dramatically affected by the cuvette pathlength. 

All measurements discussed so far for the azobisimidazoles were performed in a quartz 

cuvette with 1 cm pathlength and around 3 mL of 25 µM solutions of the corresponding 

switch. When a 2 mm pathlength quartz cuvette along with ~1 mL of ~85 µM solution were 

employed instead, the E-Z photoconversion of bis2imOMe proceeded more efficiently 

increasing the amount of Z isomer at the 450 nm PSS from 41% to 75% in acetonitrile 

(Figure 6.24 in the Experimental section). A possible rational can be provided by the more 

efficient irradiation of the sample as a consequence of its reduced area and volume (Figure 

4.15).  In both scenarios the samples were irradiated with 450 nm LED from the top when 

the UV-vis spectra were measured. In the 2 mm pathlength cuvette the whole sample 

volume could be covered by the LED irradiation, whereas in the larger 1 cm pathlength 

cuvette only partial irradiation from the top was possible. This resulted in an improved 
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photon flux for the smaller pathlength cuvette leading to photochemistry that better competes 

the thermal chemistry resulting in an overall improved E-Z photoswitching.  

 

Figure 4.15. Irradiation set up of bis2imOMe in a) 10 mm and b) 2 mm pathlength cuvettes 

The Z isomer did not exhibit strong solvatochromism. In all solvents, the UV-vis spectrum 

comprised of symmetry allowed π-π* and n-π* bands of similar intensity, suggesting that Z-

bis2imOMe adopts a conformation severely distorted from planarity. Small changes in the 

position of the transitions were observed in the different solvents. Overall, the π-π* 

maximum was not affected by the solvent polarity, whereas a consistent small red-shift of 

the n-π* λmax was observed with increasing solvent polarity.  

The thermal isomerisation kinetics of bis2imOMe was studied in various solvents (Table 

4.14). The slowest Z-E back isomerisation was observed in polar aprotic solvents such as 

DMSO and MeCN (t1/2 0.22 s and 0.19 s respectively). A slight increase of 30 ms in the 

thermal half-life was observed when anhydrous MeCN was used instead of standard HPLC 

solvent grade. Changing the solvent medium from polar aprotic to non-polar furnished a 3-

fold increase in the thermal isomerisation kinetics as the t1/2 dropped to 76 ms in toluene. In 

MeOH and water the thermal half-life was even shorter and could not be measured by UV-

vis spectroscopy. This significant acceleration of the thermal isomerisation kinetics in polar 

protic media could be attributed to a mechanism proceeding through a solvent assisted 

hydrazone tautomerism (Scheme 4.10).218,219 Venkataramani and co-workers have observed 

similar behaviour for a series of phenylazopyrazoles that also exhibited significantly faster 

thermal back isomerisation in polar protic solvents.219 This was attributed to hydrogen-

bonding between the solvent molecules and the azo nitrogens of the Z isomer resulting in a 

reduced thermal isomerisation barrier through the tautomerisation mechanism. It is worth 

noting that the H-bonding interaction between the solvent and the azo group is more feasible 

when the photoswitch is in the Z state as the azo nitrogens are more exposed to the solvent. 

In a similar fashion, the azo nitrogens of Z-bis2imOMe can participate in an H-bonding 

interaction with polar protic solvent molecules (Scheme 4.10). Conjugation between the 

imidazole N-lone pair and the azo group stabilises the cis hydrazone tautomer 133 which 
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can then rapidly convert to its trans counterpart 134 that tautomerises back to the E-

bis2imOMe. 

Table 4.14. Z-E thermal isomerisation kinetics of bis2imOMe studied at 25 °C in various solvents 

Solvent 
Dielectric 

constanta 

Rateb (k) / 

s-1 

Half-life (t1/2) / 

ms 

PhMe 2.38 9.18 76 

MeCN 37.5 3.69 190 

MeCN 

(anhydrous)  
37.5 3.18 220 

DMSO 46.7 3.20 220 

MeOH 32.7 -c -c 

H2O 80.1 -d -d 

a Taken from Dielectric Constant of Common solvents 204 bMeasured using UV-vis spectroscopy at 25 µM 

concentration. cThermal isomerisation kinetics too fast to be measured dNo E-Z switching observed 

 

 

Scheme 4.10. Proposed thermal relaxation mechanism of Z-bis2imOMe in polar protic media 
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4.6. Results and Discussion Part IV: Azobisoxazole series 

Synthetic accessibility of the azobisoxazole core proved exceptionally challenging. Multiple 

routes and various synthetic protocols have been explored in order to obtain azooxazole 

photoswitches (Table 4.15, Scheme 4.11).  However, despite the broad scope of synthetic 

methodologies employed, all attempts failed to deliver the desired oxazole-based products. 

The first strategy explored involved oxidative dimerisation of the commercially available 2-

aminooxazole 135 to form the unsubstituted azobisoxazole parent bis2oxH. A wide range of 

reaction conditions have been investigated including various oxidising agents, metal 

catalysts, solvents and temperatures (Table 4.15). The Minakata group have recently 

reported the synthesis of a closely related azobisisoxazole system via an oxidative 

homocoupling protocol making use of an in situ generated t-BuOI oxidiser.102,103 When the 

procedure was employed for the dimerisation of 135, this led to the full decomposition of the 

starting material with no formation of any new products evident by TLC or NMR analysis 

(Table 4.15 entry 1). In order to overcome the decomposition of 135, the temperature of the 

reaction was reduced from rt to -40 °C, however this resulted in the same outcome. Next, a 

protocol utilising sodium dichloroisocyanurate (SDIC) oxidising agent was utilised that led to 

no consumption of the starting material after 48 h at rt (Table 4.15  entry 3).106 A classical 

dimerisation procedure employing sodium hypochlorite was also explored, but similarly to 

the previous attempt no consumption of 135 was evident (Table 4.15  entry 4).220 

Surprisingly, addition of HCl to the reaction mixture led to slow decomposition of the starting 

material over 72 hours (Table 4.15  entry 5).221 Subsequently, two protocols using potassium 

permanganate oxidising agent were investigated.50,104 The first one was carried out in 20% 

HCl solvent at 55 °C which resulted  in complete decomposition of 135, therefore the 

reaction was reattempted at rt, but this again led to full consumption of the starting material 

with no formation of any useful products (Table 4.15  entries 6 and 7).104 The second KnMO4 

protocol utilises FeSO4 as a co-oxidant and has been used by Kennedy and co-workers for 

the synthesis of the analogous azobisbenzoxazole derivative, albeit afforded in a very low 

yield of 1%.72  When this method was employed for the preparation of bis2oxH, 

unfortunately only decomposition of the starting material was observed Table 4.15  entry 8). 

Then, a couple of copper-catalysed strategies were investigated.146,222 The first one made 

use of CuI catalyst in combination with 1,10-phenanthroline ligand and t-BuOOH, whereas 

the second approach relayed on CuBr and pyridine (Table 4.15 entries 9 and 10). However, 

both methods failed to initiate any product formation leaving the starting material 

unconsumed. Finally, the reaction between 135 and the hypervalent iodine oxidising agent 

phenyliodine(III) diacetate (PIDA) has been attempted in DCM at rt, but this failed to deliver 

any of the desired bis2oxH (Table 4.15  entry 11).107 
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Table 4.15. Summary of unsuccessful oxidative dimerisation conditions employed for the synthesis of 

bis2oxH 

 

Entry Reagents Solvent Temp / °C Time / h Outcome Ref 

1 t-BuOCl, NaI MeCN rt 2 decomposition 102,103 

2 t-BuOCl, NaI DME -40 1 decomposition 102,103 

3 SDIC, AcOH MeCN, H
2
O 0 - rt 48 no reaction 106 

4 NaOCl H
2
O 0 - rt 48 no reaction 220 

5 NaOCl, HCl H
2
O rt 72 decomposition 221 

6 KMnO
4
 20% HCl 0 - 55 2 decomposition 104 

7 KMnO
4
 20% HCl 0 - rt 4 decomposition 104 

8 

KMnO
4
,  

FeSO
4
. 7H

2
O 

DCM 40 48 h decomposition 50 

9 
CuI, 1,10-phen.,  

t-BuOOH 
DCM rt 48 h no reaction 146 

10 CuBr, pyridine PhMe 60 24 no reaction 222 

11 PIDA DCM rt 3 decomposition 107 

 

Considering the multiple failed attempts to dimerise 135 under oxidative conditions, several 

other strategies towards the bis2oxH system were investigated (Scheme 4.11). The 

classical Mills reaction for synthesis of azoarenes via the condensation of aromatic amines 

with aryl nitroso compounds was explored. This involved preparation of the nitroso derivative 

136 from 2-aminooxazole 135 using oxone in DCM/water under inert conditions.88 Then, an 

acid-catalysed Mills reaction was attempted between 135 and 136 that resulted in the partial 

recovery of 135 after 48 h. A plausible rational can be provided by the unsuccessful 

formation of the nitroso partner 136 prior the Mills coupling step. In general, aromatic nitroso 

compounds are unstable, undergo dimerisation or decomposition at ambient 

conditions.223,224 As result many heteroaromatic nitroso compounds including 2-

nitrosooxazole 136 have never been reported. In order to test whether aminooxazole 135 is 

able to undergo the Mills coupling, the compound was reacted with the commercially 

available nitrosobenzene 39 under acidic conditions. This resulted in a complex mixture that 

did not contain any of the desired product 2oxH. 
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Following from the unsuccessful Mills condensation endeavours, a new approach for the 

synthesis of bis2oxH was proposed based on a diazonium coupling strategy between the 

oxazolyl diazonium electrophile 137 and the lithiated oxazole electrophile 139 (Scheme 

4.11).225 The diasotization of aminooxazole 135 was attempted under both organic and 

inorganic conditions, but in both cases precipitation of the desired tetrafluoroborate salt did 

not take place.225,226 Before further optimisation attempts were made, the reactivity of the 

lithiated oxazole nucleophile 139 was explored in a model reaction with phenyldiazonium 

tetrafluoroborate 140. However, this did not afford any of the desired product 2oxH and 

therefore, further investigation into the synthesis of azooxazole switches was not conducted.  

 

Scheme 4.11. Alternative unsuccessful approaches for the synthesis of azooxazole switches. 

Reagents and conditions: i) oxone, DCM, water, rt, 1 h; ii) 135, AcOH, CHCl3, H2O, rt - 60 °C, 48 h; iii) 

AcOH, DCM, 50 °C, 24 h; iv) NOBF4, EtOAc, 0 °C, 1 h; v) NaNO2, HBF4, water, -10 °C, 2 h; vi) n-BuLi, 

THF, -78 °C, 1 h; vii) THF, -78 °C – rt, 18 h. 

  



116 
 

4.7. Conclusions 

A high-throughput virtual screen was carried out with the aim to identify prominent 

photoswitches with absorbances shifted towards the lower energy of the visible spectrum. 

The screen involved 342 azoheteroarene systems consisting of a broad range of scaffolds 

and substitution patterns. Examining the position of the Z isomer n-π* bands revealed that 

symmetric scaffolds consisting of two 5-membered rings and four ortho heteroatoms 

exhibited the highest degree of red-shifting. In addition, incorporation of strong electron 

donating motifs, such as hydroxy and methoxy groups, further enhanced the bathochromic 

shifts.  Taking into account the computationally derived structure-property relationships, as 

well as the synthetic accessibility of the computed systems, three scaffolds were selected for 

subsequent experimental analysis: the azobisthiazole, azobisimidazole and azobisoxazole.  

Various azobisthiazole and azobisimidazole derivatives have been successfully synthesised 

and their photophysical and photochemical properties investigated. The absorbances of the 

E and Z isomers were well shifted in the visible range allowing for photoswitching to take 

place with visible light in both directions. The most efficient forward E-Z photoconversion 

was observed using violet or blue light (405 nm or 450 nm) depending on the system 

affording PSSs containing up to 97% of the Z form. In some instances, the azobisimidazole 

scaffold underwent quantitative Z-E back conversion facilitated with red light (630 nm).  Both 

azobisthiazole and azobisimidazole systems displayed rapid thermal isomerisation kinetics 

with thermal half-lives on the seconds and milliseconds regimes. In addition, both 

photochromes were characterised with excellent fatigue resistance as little to no sign of 

photodegradation was evident over ten switching cycles.   

On the other hand, the preparation of azobisoxazole derivatives proved exceptionally 

challenging. A wide range of synthetic routes along with a great variety of synthetic methods 

and protocols were explored for the synthesis of the parent analogue bis2oxH. However, 

despite the numerous attempted strategies, all efforts to obtain an oxazole-based 

chromophore proved fruitless. Therefore, the photoswitch characteristics of the 

azobisoxazole scaffold remained experimentally unexplored.  
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5. On the Design of Fully Planar Photoswitches 

 

5.1. Introduction 

Conformation plays a key role in governing the photophysical and photochemical properties 

of azobenzene and azoheteroarene photoswitches. Most E isomers adopt a planar 

conformation. It is possible to deviate from planarity by introducing steric constraints around 

the azo bridge.47,182 This leads to twisting of the E isomer, where the degree of distortion is 

generally proportional to the size of the steric bulk. For example, Langton and co-workers 

have recently explored the properties of various tetra-ortho-substituted azobenzenes.182 

Analysis of the x-ray crystal structures revealed that by introducing SMe substituents the C-

N=N-C dihedral angle in the E isomer can be distorted to ~170° (Figure 5.1). The 

conformational preference of the switch has a significant impact on its properties. Notably, 

deviating the conformation of the E form away from planarity increases the oscillator strength 

for the symmetry-forbidden n-π* transition resulting in a brighter band.  

 

Figure 5.1. Available conformations to E- and Z-azoarenes 
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From a conformational perspective, all azobenzene Z isomers are twisted (Figure 5.1).15,39 It 

has been recognised that azoheteroarenes bearing one or more 5-membered 

heteroaromatic rings can form Z isomer conformations not accessible to 

azobenzene.55,56,72,74,85,86 In general, this is a feature of the smaller size of the 5-membered 

ring as opposed to a larger phenyl ring in azobenzene. While bulkier azoheteroarene Z-

isomers are also twisted, less sterically congested 5-membered azoheteroarenes, for 

example 4pzH, form a ‘T-shape’ Z isomer, where the two aromatic rings are orthogonal to 

one another (Figure 5.1). The T-shape conformation results in a very low oscillator strength 

for the n-π* transition of the Z isomer, since it is symmetry-forbidden.56 There are now a 

number of photoswitches identified that form such T-shaped Z isomer, including phenylazo-

imidazoles,63 -pyrroles,55 -pyrazoles,55 and -thiophenes.74,75 While there are several factors 

that influence this conformational preference, one key feature is an intramolecular interaction 

between the two aromatic rings. In the case of the arylazo-pyrazoles, -imidazoles and 

pyrroles, the stabilising interaction is between the C-H of the pyrazole ring and the π system 

of the phenyl ring. Alternatively, for phenylazothiophenes (e.g. 20), a stabilising LP-> π 

interaction exists between the sulfur lone pair and the phenyl ring.74 

A further reduction in the ring sizes, azobisheteroarenes—with two 5-membered rings—

show yet more conformational possibilities. While there are fewer examples, computational 

studies have found several azobisheteroarenes to form a planar Z isomer conformation 

(Figure 5.1).72,86 In most cases reported thus far, such a conformation is stabilised by an 

intramolecular hydrogen bond between a protonated heteroarene H-bond donor and a 

suitable acceptor on the adjacent ring (e.g. 142 and 143). 

5.2. Aims and Objectives  

The importance of the Z isomer conformation on the properties of the photoswitch combined 

with the lack of research focused on systems able to afford planar Z conformations, led to 

the decision to explore the Z isomer preference towards the planar disposition. In addition, 

since no thorough computational analysis or any experimental evidence have been provided 

so far, the potential benefits of a planar Z conformation remain unclear.  

In theory, the planar Z disposition of azoheteroarenes can be stabilised via various 

intramolecular interactions. In the first part of the project intramolecular chalcogen bonding 

stabilisation has been investigated through the azobisthiazole photoswitches. In the second 

part of the study attention was focused on exploration of planar Z isomers stabilised via 

intramolecular H-bonds.  
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5.3. Results and Discussion Part I: Intramolecular Chalcogen Bond Stabilisation 
 

5.3.1. Parent azobisthiazole bis2thzH 

Following a high throughput virtual screen (HTVS) compound bis2thzH was identified due to 

its predicted significantly red-shifted absorbance (for more information see Chapter 4 

Section 4.2). However, upon closer examination of the available conformations of this 

analogue, it was demonstrated computationally that bis2thzH has an accessible planar Z 

isomer conformation (Figure 5.2). This geometry is stabilised via intramolecular chalcogen 

bond between the thiazole nitrogen lone pair of one ring and the S-C σ* orbital on the 

neighbouring ring. Similar to halogen bonds, chalcogen bonds are noncovalent stabilising 

interactions that occur between an electron donor and the σ* orbital of a C-X bond, where X 

is a chalcogen atom.227 Chalcogen bonds are considered part of the σ-hole interactions with 

many applications in synthesis, catalysis, material design, medicinal and supramolecular 

chemistry.228–232  

 

Figure 5.2. Planar Z conformation of bis2thzH.  

In order to validate the computational predictions, bis2thzH was synthesised and its 

photochemistry explored. The key findings associated with the conformation preference of Z-

bis2thzH are summarised below, but for details about the synthesis and more rigorous 

photochemical analysis the reader is redirected to Chapter 4 Section 4.3. Calculations 

associated with the conformational space of Z-bis2thzH were performed with the help of Dr 

Joaquín Calbo.  

The UV-vis spectrum of E-bis2thzH showed a strong π-π* absorbance centred at 406 nm 

(Figure 5.3). Z-bis2thzH was found to undergo a relatively fast thermal back isomerisation, 

with t1/2 value at 25 °C of 15.9 s in MeCN (Figure 6.51 in the Experimental section). Given 

this, photoswitching was conducted utilising a setup that enabled continuous irradiation at 

405 nm while the UV-vis spectrum was recorded (Figure 5.3). This approach resulted in a 

PSS containing ~87% Z isomer. The UV-vis spectrum of the pure Z isomer was estimated 

using the spectral data of the PSS with the highest Z abundance and the pure E isomer 

(Figure 6.20 in the Experimental section). Z-Bis2thzH displayed a π-π* transition centred at 
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335 nm that is nearly three times less intense than the π-π* transition of the corresponding E 

isomer. Another prominent band at 477 nm also appeared in the spectrum, which was 

attributed to the n-π* transition (Figure 5.3). The rather high intensity of the peak suggested 

that the Z-bis2thzH does not exist solely in a planar conformation originally identified 

computationally. Instead, there appears to be a significant contribution from a twisted 

conformation.  
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Figure 5.3. UV-vis spectra of bis2thzH in MeCN 

To reconcile this result, further computational analysis of bis2thzH was conducted. More 

rigorous conformational analysis indicated three possible ground state conformers for the E 

isomer due to rotation of the thiazole rings relative to the azo linkage (Figure 5.4, Tables 6.5 

and 6.6 in the Experimental section). All three E-conformers were found to be planar, but 

conformer 1-E-bis2thzH was the energetically favoured, accounting for 99.8% of the 

population. This conformational preference is consistent with the solved solid-state structure 

of E-bis2thzH (Figure 8.21 in the Appendix) that displayed a planar Ci-symmetric geometry 

where the disposition of the thiazole rings relative to the azo group was identical to that of 

the computationally derived conformer 1-E-bis2thzH. In contrast, Z-bis2thzH was found to 

adopt two ground state conformations (Figure 5.4): one completely coplanar (1-Z-bis2thzH), 

in which the S atom of one of the thiazole rings faces the N atom of the other ring possibly 

engaging in a chalcogen interaction; and another conformation which is twisted (2-Z-

bis2thzH). In the twisted conformer, the thiazole N atoms are located close to one another 

at a distance of 2.97 Å. A third conformation in which both sulfur atoms are close to each 

other was also considered, but all attempt to optimise this structure yielded planar 1-Z-

bis2thzH suggesting that such conformation is very high in energy most probably due to 

lone pair repulsion of the two S atoms. The stability of the two available Z-bis2thzH 

conformations—planar and twisted—was very similar (energy difference of around 0.08 

kcal/mol), but the most stable was identified to be the planar conformer 1-Z-bis2thzH 

accounting for 53.3 % of the population according to a Boltzmann distribution of the relative 

stabilities at the PBE0-D3/6-31G(d,p) level.  
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Figure 5.4. Available E and Z conformers of bis2thzH. Population of each conformer was obtained 

according to the Boltzmann distribution at 25 °C. 

To further understand the origin of these preferences, the NNCN dihedral angle that 

connects the two possible Z- conformers was scanned computationally (Figure 5.5a). It is 

worth noting the relatively large change in energy between the last two points on the plot: the 

near-planar (dihedral angle: 171°) and planar (dihedral angle: 180°) Z-bis2thzH 

conformation. This sharp change over a small dihedral angle can be rationalised by 

considering repulsive interactions between the sulphur and nitrogen lone pairs until they are 

perfectly aligned.231 To further illustrate this, the relevant natural bond orbitals were 

visualised (Figure 5.5b). In the maximum that connects twisted and planar conformations, a 

clear steric repulsion between the electronic clouds of the S and N lone pairs is evident, 

whereas such repulsion is relieved in the two ground state structures. A bond critical points 

analysis was also performed on the two Z-bis2thzH conformers (Figure 5.5c). The presence 

of a high-density critical point between the N and S atoms for the planar conformer 1-Z-

bis2thzH was confirmed (ρ = 0.192 a.u.), accounting for an N···S non-covalent interaction. 

On the other hand, no N···S bond critical points are predicted in the twisted 2-Z-bis2thzH. 
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Figure 5.5. Computational data for Z-bis2thzH A) Potential energy surface scan of the dihedral angle 

NNCN (θ) between the azo group and the thiazole ring for Z-bis2thzH; B) Natural bond orbitals 

(isovalue = 0.03 a.u.) C) Bond critical points of the two available conformers of Z-bis2thzH. 

TD-DFT calculations at the PBE0/6-31G(d,p) level were performed on all energy-minimised 

E and Z-bis2thzH conformers (Figure 5.6, Table 5.1). All E conformers were predicted to 

have a prominent π-π* band, whereas n-π* excitations were predicted to have zero 

intensities, reflecting their planar geometries. Both the planar and the twisted Z-bis2thzH 

conformers exhibited intense transitions of a π-π* character. However, the twisted 

conformation was predicted to have a far more intense n-π* transition (oscillator strength 

f=0.0778) than the planar conformation (f=0.0011), as expected. When comparing the 

experimental data (Figure 5.3) with computed spectra of Z-bis2thzH (Figure 5.6), it is clear 

that there is a significant contribution from the twisted conformation 2-Z-bis2thzH, given the 

maximum at 485 nm. However, due to the overlap of the π-π* transitions, it is not possible to 

quantitatively assess the ratio between the planar and twisted conformations by UV-vis 

spectroscopy.  
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Figure 5.6. Calculated UV-vis spectra of bis2thzH at the PBE0/6-31G(d,p) level in MeCN as a solvent 

 
Table 5.1. TD-DFT excitation energies in nm and the corresponding oscillator strengths for the π-π* 

and n-π* transitions for bis2thzH. The lowest energy conformers are highlighted. 

isomer conformation 
π-π* λmax/  

nm 
f 

n-π* λmax/  
nm 

f 

E 

1 391 0.5371 475 0.0000 

2 378 0.6036 493 0.0000 

3 359 0.8207 511 0.0000 

Z 
1 353 0.4510 561 0.0011 

2 326 0.2140 514 0.0778 

 

5.3.2. Methyl azobisthiazoles 

Although the planar Z-conformation, stabilised by an N-S interaction, is only one of the 

possible conformations of Z-bis2thzH, it was postulated that it should be possible to further 

stabilise this arrangement through addition of appropriate substituents to the ring(s). To test 

our hypothesis, three azobisthiazoles containing additional ring methyl groups were 

selected, bis2thz-4-Me, bis2thz-5-Me and bis2thz-tetra-Me, and their Z isomers were 

optimised in both the planar and twisted conformations and compared (Tables 6.5 and 6.6 in 

the Experimental section). The data indicate that functionalisation at the 5-position of the 

thiazole ring indeed stabilises the planar conformation with respect to the twisted disposition 

in bis2thz-5-Me and bis2thz-tetra-Me, with the computational energies suggesting that 

91.4% of the population is planar (Table 5.2). In contrast, substitution at the 4-position next 

to the thiazolyl N does not affect the stability of either conformation, giving the planar 

bis2thz-4-Me 55.1% of the population, which is comparable to the planar bis2thzH (53.3%).  
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Table 5.2. Planar Z conformer distribution for azobisthiazoles considered 

 

Compound R1 R2 % planar Z conformer 

bis2thzH H H 53.3 

bis2thz-4-Me Me H 55.1 

bis2thz-5-Me H Me 91.4 

bis2thz-tetra-Me Me Me 91.4 

 

In addition to optimising the available geometries for the Z isomers, the conformational 

space of the E isomers was also explored. Similar to the parent bis2thzH, each methyl 

derivative was predicted to have three available E conformers that were optimised at the 

PBE0-D3/6-31G(d,p) level (Tables 6.5 and 6.6 in the Experimental section). All E conformers 

exhibited planar geometries. The lowest in energy conformer accounted for above 99.7% of 

distribution in all cases possibly due to the two potential chalcogen interactions between the 

sulfur and the nitrogens from the azo bond. A TD-DFT analysis was performed for all 

available E and Z conformers of bis2thz-4-Me, bis2thz-5-Me and bis2thz-tetra-Me (Table 

5.3, Figure 5.7). All E conformers were predicted to have a bright π-π* band, whereas the n-

π* excitations were predicted to have zero intensities as a consequence of their planar 

dispositions. The planar and the twisted conformers of all Z isomers displayed prominent π-

π* transitions. The twisted dispositions were associated with rather intense n-π* excitations 

(f = 0.0828, 0.1116 and 0.1140 for bis2thz-4-Me, bis2thz-5-Me and bis2thz-tetra-Me 

respectively). On the other hand, the planar geometries were predicted to exhibit n-π* bands 

of negligible intensity (f = 0.0010, 0.0011 and 0.0010 for bis2thz-4-Me, bis2thz-5-Me and 

bis2thz-tetra-Me respectively). 

To probe the computational findings the three methyl analogues bis2thz-4-Me, bis2thz-5-

Me and bis2thz-tetra-Me were synthesised and their photoswitch properties characterised. 

For information about the synthesis see Chapter 4 Section 4.3.1. For more detailed 

discussion on the photophysical and photochemical properties of azobisthiazoles see 

Chapter 4 Section 4.3.3. The E isomers of the methyl derivatives exhibited absorption 

spectra closely related to the computed ones (Figure 5.7). In all cases the E isomers were 

characterised with intense π-π* excitations, whereas the symmetry forbidden n-π* bands 

were not resolved in any of the spectra.   
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Table 5.3. TD-DFT excitation energies in nm and corresponding oscillator strengths for the π-π* and 

n-π* transitions for azobisthiazoles bis2thz-4-Me, bis2thz-5-Me and bis2thz-tetra-Me. The lowest 

energy conformers are highlighted. 

compound conformation 
π-π* λmax/  

nm 
f 

n-π* λmax/  
nm 

f 

E-bis2thz-4-Me 

1 414 0.5343 476 0.0000 

2 399 0.6001 493 0.0000 

3 377 0.8142 511 0.0000 

Z-bis2thz-4-Me 
1 (planar) 371 0.4377 561 0.0010 

2 (twisted) 339 0.1838 522 0.0828 

      

E-bis2thz-5-Me 

1 406 0.7001 471 0.0000 

2 395 0.7691 491 0.0000 

3 378 0.9791 510 0.0000 

Z-bis2thz-5-Me 
1 (planar) 371 0.5048 560 0.0011 

2 (twisted) 340 0.2506 526 0.1116 

      

E-bis2thz-tetra-Me 

1 427 0.6812 473 0.0000 

2 414 0.7542 492 0.0000 

3 395 0.9577 511 0.0000 

Z-bis2thz-tetra-Me 
1 (planar) 384 0.5609 550 0.0010 

2 (twisted) 350 0.2084 532 0.1140 

 

The Z isomers demonstrated rapid thermal isomerisation kinetics with thermal half-lives of 

909 ms, 738 ms and 15.4 ms for bis2thz-4-Me, bis2thz-5-Me and bis2thz-tetra-Me 

respectively. As a consequence, like other fast relaxing switches studied so far, the E-Z 

photoswitching was performed using simultaneous light irradiation and spectral acquisition 

(for more information see Section 6.2.1 in the Experimental). Then the Z-rich photostationary 

states along with the spectra of the pure Z isomers were estimated using an approach 

reported by Weston et al (Figure 6.21 in the Experimental section).86 The most efficient E-Z 

conversion was achieved with 450 nm irradiation affording PSSs containing 77%, 80% and 

20% Z-bis2thz-4-Me, Z-bis2thz-5-Me and Z-bis2thz-tetra-Me respectively. All Z isomers 

exhibited a π-π* absorption with intensity that is reduced by approximately 3-fold compared 

to the corresponding transition in the E isomers. In addition, prominent bands were evident 

centred in the 480 – 540 nm that were attributed to n-π* excitations. The relatively high 

intensities of those transitions indicated significant contribution from the twisted Z 

conformers. However, due to the E and Z spectral overlap along with the rapid isomerisation 

kinetics of the methyl derivatives, it was not possible to quantitatively assess the ratio 
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between the planar and twisted conformations by UV-vis spectroscopy, NMR or x-ray 

crystallography.  
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Figure 5.7. Computed (left) and experimental (right) UV-vis spectra of bis2thz-4-Me, bis2thz-5-Me 
and bis2thz-tetra-Me 

 

5.4. Results and Discussion Part II: Intramolecular H-bond stabilisation 

In light of the inconclusive data obtained for the azobisthiazole analogues, a decision was 

made to focus attention to systems which Z conformation could be unambiguously 

established via x-ray crystallography. In order to grow a suitable crystal a relatively high 

thermal stability of the Z state is required with t1/2 ideally over one day.  Hydrogen bonds are 

ubiquitous noncovalent stabilising interactions that are typically stronger than chalcogen 

bonds.233 Therefore, attention was focused towards exploring planar Z isomers stabilised via 

intramolecular H-bonds that should increase the thermal stability of the scaffold and hence 

make x-ray crystallography analysis possible.  
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5.4.1. Design 

It has been demonstrated that incorporation of a 1-methylpyrazole ring connected to the azo 

moiety at the 4-position promotes high thermal stability of the Z isomer (Figure 5.8).55,56,88 

For example, compound 144 bearing this functionality holds the record of longest lived Z-

azoheteroarene switch with thermal half-life of 46 years (at 25 °C in DMSO).88 Taking this 

into account, the 1-methyl-4-azopyrazole (4pz) moiety was selected for the design of planar 

Z isomers as the C-H groups of the pyrazole rings could serve as potential H-bond donors 

(Figure 5.9). For the H-bond acceptor side various heteroaromatic rings that contain a basic 

ortho nitrogen were considered including thiazole (2thz), oxazole (2ox), imidazole (2im), 

benzothiazole (2bthz), benzoxazole (2box) and benzimidazole (2bim) connected to the azo 

bridge at the 2-position. The naming of the proposed designs consists of the codes of the 

two components seperated by ‘-‘, for example compound 2thz-4pz consists of a thiazole 

connected at the 2-position and a pyrazole connected at the 4-position. Where appropriate, 

all heteroaromatic rings that contain free N-H groups were considered as the N-Me 

analogues in order to prevent potential rapid Z-E thermal isomerisation via azo-hydrazone 

tautomerisation.69,234  

 

Figure 5.8. Z-azoheteroarenes with long thermal half-lives bearing a 1-methyl-4-azopyrazole 

functionality (highlighted in blue). 

 

 

Figure 5.9. Azoheteroarene designs with potential to form planar Z isomer stabilised via 

intramolecular H-bond 
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5.4.2. Computational exploration 

All available Z isomer conformers of the selected six designs were subjected to geometry 

optimisation at the PBE0-D3/6-31G(d,p) level utilising acetonitrile as a solvent under the 

polarisable continuum model (PCM). The results are summarised in Table 5.4 and Tables 

6.7 and 6.8 in the Experimental section. Compound Z-2bthz-4pz exhibited three available 

conformations, whereas for all other derivatives four available Z conformations were 

predicted. Azoheteroarenes 2thz-4pz, 2ox-4pz and 2im-4pz bearing smaller 5-membered 

rings displayed two planar conformations stabilised via H-bonding interaction between the 

basic nitrogen and either ortho C-H group from the 4pz ring (Figure 5.9). The planar 

dispositions accounted for 75.8%, 97.6% and 99.9% from the Z isomer distributions of 2thz-

4pz, 2ox-4pz and 2im-4pz respectively. The lower distribution associated with the 2thz-4pz 

system was attributed to the relative stability of the other two non-planar conformers that 

accounted for almost a quarter of the overall population. Those conformers adopted slightly 

distorted T-shape geometries in which the C-H groups of the 4pz ring were engaged in a 

stabilising C-H···π interaction with the thiazole π system. Such C-H···π stabilisation was not 

observed for any of the other Z-2ox-4pz and Z-2im-4pz conformers, thus the planar 

dispositions comprised the vast majority of the conformational space for those systems. It is 

worth mentioning that compound 2thz-4pz has been included in a study recently published 

by Li et al.235 The authors have also observed two available planar dispositions for Z-2thz-

4pz but instead of the distorted T-shaped conformation, a twisted disposition was predicted. 

This could be attributed to the different level of theory employed for the geometry 

optimisation studies in the paper. 

Table 5.4. Planar Z conformer distribution for azoheteroarenes considered 

Compound 
No. total Z 

conformers 
No. planar Z 
conformers 

% planar Z 
conformersa 

2thz-4pz 4 2 75.8 

2ox-4pz 4 2 97.6 

2im-4pz 4 2 99.9 

2bthz-4pz 3 0 0 

2box-4pz 4 1 76.8 

2bim-4pz 4 1 80.5 
a Calculated according to the Boltzmann distribution at 25 °C 

Compound 2bthz-4pz containing a benzothiazole functionality displayed no fully planar Z 

conformers. One conformer accounting for 39.2% of the population was slightly deviated 

from planarity most probably due to the steric hindrance between the lone pairs of the sulfur 

atom and the neighbouring azo nitrogen. The other two available Z-2bthz-4pz conformers 
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comprising 60.8% of the distribution, adopted the slightly distorted T-shape geometry seen 

for the Z-2thz-4pz system. Those conformers were stabilised via non-covalent C-H-π 

interaction between the pyrazole’s ortho C-H moieties and the benzothiazole π system. The 

other two azoheteroarenes containing fused rings 2box-4pz and 2bim-4pz displayed one 

planar conformer each corresponding to 76.8% and 80.5% of the overall population 

respectively. The other Z-2box-4pz and Z-2bim-4pz conformers adopted distorted planar or 

twisted geometries. 

 

 

Figure 5.10. Representative examples of the planar, twisted, distorted T-shape and distorted planar Z 

conformations observed computationally 

Based on the results obtained from the Z isomer conformational analysis of the proposed six 

azoheteroarene designs along with synthetic accessibility, compounds 2im-4pz, 2bim-4pz 

and 2thz-4pz were selected for subsequent experimental investigation. The former two 

analogues were chosen as they exhibited the highest population of planar Z dispositions 

amongst the 5-membered and the fused series. Furthermore, 2im-4pz and 2bim-4pz 

contained the two most basic heterocyclic ring systems: imidazole and benzimidazole with 

pKa values of 6.95 (1-methylimidazole) and 5.6 (1-methylbenzimidazole).236,237 Increasing 

the basicity of the H-bond acceptor should result in a stronger H-bonding interaction and 

therefore more stable planar Z isomer. A decision was made to also explore the thiazole 



130 
 

analogue 2thz-4pz experimentally, as this system demonstrated relatively high abundance 

of the planar Z geometry along with an intriguing T-shaped disposition. It is worth noting that 

despite the high planar distributions obtained for the Z-2ox-4pz and Z-2box-4pz, those 

derivatives were not selected for subsequent study due to concerns associated with the 

synthetic accessibility of switches bearing 2-oxazole and 2-benzoxazole fragments (for more 

information see Chapter 4 Section 4.5).  

5.4.3. Synthesis 

Compounds 2im-4pz and 2thz-4pz were prepared via 2-step synthetic routes (Scheme 5.1). 

Synthesis of the former analogue was initiated by diazotisation of aminopyrazole 70 followed 

by coupling with imidazole to form the azo intermediate 2im-4pz-NH in 29% yield. NMR 

analysis indicated that the rather low yield obtained from this transformation was attributed to 

the formation of side products resulting from homocoupling of the aminopyrazole starting 

material. N-Methylation of 2im-4pz-NH with methyliodide and caesium carbonate in DMF 

furnished the final product 2im-4pz in 84% yield. The synthesis of the thiazole derivative 

2thz-4pz started with diazotisation of aminothiazole 145 affording the corresponding 

diazonium salt that was quenched with sodium malonaldehyde to furnish the dialdehyde 

intermediate 146 which was used without further purification. The dialdehyde 146 was 

subjected to a cyclisation/condensation reaction with methyl hydrazine in EtOH to furnish the 

desired azoheteroarene 2thz-4pz in 10% overall yield from both steps.  

 

Scheme 5.1. Synthesis of 2im-4pz and 2thz-4pz. Reagents and conditions: i) NaNO2, HCl, H2O, 0 °C 

45 min, then ii) imidazole, K2CO3, water, 0 °C, 2h; iii) MeI, Cs2CO3, DMF, 60 °C, 18 h; iv) sodium 

malonaldehyde, NaOAc, water, 0 °C, 2 h; v) methylhydrazine, EtOH, 80 °C, 2 h. 

The synthesis of 2bim-4pz appeared to be more challenging than anticipated as three 

different synthetic routes were explored neither of which proved successful (Scheme 5.2). 

The first proposed route involved the preparation of 2bim-4pz from the commercially 

available 2-amiobenzoimidazole 147 over three steps. The synthesis was initiated with 

diazotisation of 147 using sodium nitrite in HCl/water followed by coupling with sodium 
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malonaldehyde that failed to deliver the desired dialdehyde intermediate 148. In order to test 

whether the diazotisation of 147 was taking place, the reaction was repeated but this time 

the stronger nucleophile acetylacetone was employed as the coupling partner. This also 

proved unsuccessful suggesting that formation of the diazonium species was the problem. 

Poor solubility is a common issue in diazotisation reactions that could prevent formation of 

the diazonium species or lead to its decomposition.238,239 In order to overcome potential 

problems with solubility, the diazotisation of 147 was performed in organic acid (acetic acid) 

instead of the initially employed mineral acid (HCl). However, none of the dialdehyde 

intermediate 148 was observed following this method. Then, both HCl and AcOH 

diazotisation protocols were carried out with addition of EtOH as a cosolvent, but this proved 

unsuccessful as well. Following from this, an alternative approach for the preparation of 

2bim-4pz was explored making use of the already known diazotisation of aminopyrazole 70 

that had been utilised for the syntheses of 2im-4pz (Scheme 5.1) and other 

azoheteroarenes in other chapters (see Chapter 2 Section 2.2.2). Although the analogous 

reaction with imidazole was successful, trapping the resulting diazonium with benzimidazole 

failed to deliver any of the desired intermediate 2bim-4pz-NH. This could be rationalised by 

the reduced nucleophilicity of benzimidazole compared to imidazole. The last strategy 

investigated for the preparation of 2im-4pz was based on the oxidative coupling of 

aminobenzimidazole 147 and aminopyrazole 70. Employing a protocol reported by the 

Minakata group utilising in situ generated t-BuOI oxidising agent led to decomposition of 

both starting materials with no homo- or hetero-coupling products observed.102,103 As a 

consequence of the multiple unsuccessful attempts for the synthesis of 2im-4pz, a decision 

was made to focus efforts on the photophysical and photochemical characterisation of the 

other two already prepared analogues 2im-4pz and 2thz-4pz.  



132 
 

 

Scheme 5.2. Synthetic approaches towards 2bim-4pz. Reagents and conditions: i) NaNO2, HCl, H2O, 

(EtOH), 0 °C 45 min; or ii) NaNO2, AcOH, (EtOH), H2O, 0 °C 45 min; then iii) sodium malonaldehyde, 

NaOAc, water, 0 °C, 2h; iv) benzimidazole, K2CO3, water, 0 °C, 2h; v) t-BuOCl, NaI, DME, -40 °C, 2 h. 

5.4.4. Experimental analysis 

The photophysical and photochemical properties of compounds 2thz-4pz and 2im-4pz were 

studied in acetonitrile and dry toluene at 35 µM and 25 µM concentrations respectively. Dry 

solvent was selected for 2im-4pz in order to prevent possible protonation of the imidazole 

ring by residual water forming an imidazolium species that would no longer have an 

available basic N to engage in an intramolecular H-bonding interaction with the pyrazolyl C-

H groups and hence would not exhibit a planar Z geometry. Both E-2thz-4pz and E-2im-4pz 

displayed intense π-π* excitations (Figure 5.11, Table 5.5). For the former species, the band 

was centred at 365 nm, whereas the latter analogue demonstrated two distinct π-π* maxima 

at 371 nm and 360 nm. For both derivatives, the n-π* band was not well resolved as it 

appeared as a tail on the π-π* transition.  
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Figure 5.11. UV-vis spectra of azoheteroarenes 2thz-4pz (acetonitrile at 35 µM concentration) and 

2im-4pz (dry toluene at 25 µM concentration) 



133 
 

The E-2thz-4pz and E-2im-4pz were irradiated with various wavelengths of light in order to 

find optimal E-Z and Z-E photoisomerisation conditions (Figure 8.8 in the Appendix). Then 

the compositions of the PSSs that contained highest abundance of a single isomer were 

characterised by NMR (Figures 6.16 and 6.17 in the Experimental section). The most 

efficient E-Z photoconversion was induced with 365 nm for 2thz-4pz and 405 nm for 2im-

4pz that afforded PSSs containing 92% and 69% Z isomer respectively. The less efficient 

photoisomerisation of 2im-4pz was attributed to the spectral overlap between the E and Z 

isomers at the irradiation wavelength. This was not the case for the thiazole analogue as the 

good spectral separation resulted in an excellent photoconversion affording 92% of the Z 

form. Irradiating the tail of the Z n-π* absorbance with 525 nm light led to Z-E isomerisation 

for both analogues. The corresponding PSSs consisted of 90% E-2thz-4pz and 95% E-2im-

4pz.  

Table 5.5. Photoswitching and UV-vis spectral characteristics of 2thz-4pz and 2im-4pz 

 

E-Z 

switching 

(% Z)a 

Z-E 

switching 

(% Z)a,f 

E isomer π-π* Z isomerh π-π* Z isomerh n-π* 

λmax / 

nm 

102 ε/  

M-1cm-1 

λmax / 

nm 

102 ε/  

M-1cm-1 

λmax / 

nm 

102 ε / 

M-1cm-1 

2thz-4pzb,d 92 90 365 204 293 114 422 13 

2im-4pzc,e,g 69 95 
371 207 360 166 

433 25 
360 203 342 150 

a Composition of PSSs measured by NMR. Measurements performed in bMeCN or cdry PhMe. Highest 

abundance Z PSS achieved with d365 nm or e405 nm. fHighest abundance E PSS achieved with 525 nm.  gThe 

compound exhibited multiple E π-π* and Z π-π* maxima, the most intense transitions are in bold. hIndicated 

values are for the extracted Z isomers. 

The spectra of the pure Z isomers were obtained by extracting the spectra of the pure E 

isomers from the spectra of the Z-rich PSSs (for more information see Experimental Section 

6.2.1). Both Z-2thz-4pz and Z-2im-4pz displayed π-π* transitions that were less intense to 

the corresponding transitions of the E isomers. The maximum absorbance of the Z-2thz-4pz 

π-π* band was observed at 293 nm, while Z-2im-4pz exhibited two π-π* maxima that were 

considerably more red-shifted and appeared at 342 nm and 360 nm.  In addition to the π-π* 

transitions, the absorption spectra of Z-2thz-4pz and Z-2im-4pz revealed weaker bands 

centred at 422 nm and 433 nm respectively attributed to n-π* excitations. Those bands 

exhibited low intensities, suggesting that the majority of the Z isomers adopted the planar 

conformation. However, despite appearing rather weak, the presence of n-π* bands 

indicated some contribution from the non-symmetrical Z dispositions. Notably, although 

according to the initial computational analysis planar Z-2thz-4pz accounted for 75.8% from 

the overall distribution, whereas Z-2im-4pz was predicted to exist solely in the planar 
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conformation (99.9 %), the former derivative displayed less intense Z n-π* band compared 

to the latter. This could be rationalised by considering the geometries of the minor non-

planar conformers. For Z-2thz-4pz those species adopted slightly distorted T-shape 

dispositions that were still rather symmetric and therefore expected to give rise to weak n-π* 

excitations. On the other hand, the minor Z-2im-4pz conformers were twisted and 

anticipated to induce relatively intense n-π* transitions.  

Since the distribution between planar and non-planar Z conformers could not be established 

quantitatively by UV-vis spectroscopy, a decision was made to study Z-2thz-4pz and Z-2im-

4pz systems via x-ray crystallography. However, in order to grow suitable crystals for such 

analysis, the metastable isomers need to have adequate thermal stability. Therefore, the 

thermal isomerisation kinetics of Z-2thz-4pz and Z-2im-4pz were studied using UV-vis 

spectroscopy. Both derivatives exhibited first order thermal back reversion (Figures 6.55 and 

6.56 in the Experimental section). The thermal relaxation rate of Z-2thz-4pz was followed at 

25 °C in MeCN and its thermal half-life was calculated to 2.2 days (Table 5.6). Compound 

2im-4pz exhibited more thermally stable Z isomer, therefore its thermal isomerisation 

kinetics was followed at elevated temperatures and then the rate at 25 °C was extrapolated 

using Eyring analysis (Figures 6.56 in the Experimental section). Following this method, the 

thermal half-life of Z-2im-4pz was estimated to 213 days (anhydrous toluene, 25 °C).   

Table 5.6. Z-E thermal isomerisation kinetics of 2thz-4pz and 2im-4pz studied at 25 °C 

 Rate (k) / s-1 Half-life (t1/2) / days  

2thz-4pza 3.64 x 10-6 2.20 

2im-4pzb,c 3.77 x 10-8 213 

Measured in aacetonitrile or banhydrous toluene using UV-vis spectroscopy at 25 µM concentration. cKinetic data 

extrapolated using Eyring analysis at elevated temperatures. 

It was demonstrated that both Z isomers exhibited high thermal half-lives that should enable 

them to crystallise and subsequently be studied via x-ray crystallography. The general 

procedure employed for the crystallisation of Z-2thz-4pz and Z-2im-4pz involved irradiation 

of a 20 mM solution of either switch until the PSS is reached. Then the corresponding 

sample would be left in the dark and checked periodically for formation of crystals. Various 

crystallisation techniques such as solvent evaporation, solvent diffusion and vapour diffusion 

were tested along with a wide range of solvents (pentane, hexane, DCM, EtOAc, EtOH, 

MeOH, water) and solvent mixtures at different temperatures (-20 °C, 4 °C and rt). However, 

formation of suitable crystals was not evident in any case. For Z-2im-4pz this was attributed 

to the inefficient E-Z photoisomerisation that leads to a 2:1 Z/E distribution at the 405 nm 

PSS. The relatively high abundance of the E isomer could prevent the Z isomer from 
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crystallising. Therefore, a decision was made to separate both isomers and repeat the 

crystallisation attempts using the pure Z-2im-4pz isomer. Subjecting a mixture of E- and Z-

2im-4pz to column chromatography eluting with DCM: MeOH, 0 – 10% furnished Z-2im-4pz 

in 97% purity according to NMR analysis. Surprisingly, the pure Z-2im-4pz appeared to be 

an oil which explained the multiple unsuccessful crystallisation attempts. Considering this, it 

was proposed to explore other azoheteroarenes structurally related to 2im-4pz with the aim 

to obtain a compound that is solid in the Z state and hence suitable to study its 

conformational preference via x-ray crystallography.   

5.4.5. Further imidazole-pyrazole analogues 

The two regioisomers of 2im-4pz: 2im-3pz and 2im-5pz were selected as potential 

candidates that could adopt planar Z geometries stabilised via intramolecular H-bonds and 

exhibit solid Z isomers that could potentially be crystallised. In order to corroborate this 

hypothesis, the conformational preference of Z-2im-3pz and Z-2im-5pz was explored 

computationally using the DFT framework. Both systems were predicted to exhibit four 

available Z conformers each that were subjected to geometry optimisation at the PBE0-

D3/6-31G(d,p) level (Table 5.7 and Tables 6.7 and 6.8 in the Experimental Section). As 

expected, both compounds exhibited one planar conformer that accounted for 97.1% and 

99.995% of the distributions for Z-2im-3pz and Z-2im-5pz respectively. The high 

distributions of the planar disposition in both systems were attributed to the steric hindrance 

associated with the clashing ortho methyl groups and/or lone pairs in the minor Z conformers 

that adopted twisted geometries (Table 6.8 in the Experimental section). This effect was 

more pronounced in the 2im-5pz derivative bearing two ortho-Me as the three twisted 

conformers accounted for only 0.005%. The steric hindrance of the two ortho-Me groups was 

relieved only in the planar conformer and thus the vast majority of the Z isomer was 

predicted to adopt this geometry.  

Table 5.7. Planar Z conformer distribution for 2im-3pz and 2im-5pz 

Compound Structure 
No. total Z 

conformers 
No. planar Z 
conformers 

% planar Z 
conformersa 

2im-3pz 

 

4 1 97.068 

2im-5pz 

 

4 1 99.995 

a Calculated according to the Boltzmann distribution at 25 °C 

Having validated computationally the propensity of 2im-3pz and 2im-5pz to form planar Z 

isomers, the compounds were prepared and their photophysical and photochemical 
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properties explored. The synthetic routes to both derivatives consisted of two steps, first of 

which involved diazotisation of the commercially available aminopyrazoles 66 and 67 

followed by coupling with imidazole that afforded intermediates 2im-3pz-H and 2im-5pz-H in 

quantitative and 25% yield respectively (Scheme 5.3). In the second step, the free N-H 

intermediates 2im-3pz-H and 2im-5pz-H were subjected to N-methylation reactions with 

methyl iodide furnishing the final compounds 2im-3pz and 2im-5pz in high yields (89% and 

84% respectively).  

 

Scheme 5.3. Synthesis of 2im-3pz and 2im-5pz. Reagents and conditions: i) NaNO2, HCl, H2O, 0 °C 

45 min, then ii) imidazole, K2CO3, water, 0 °C, 2h; iii) MeI, Cs2CO3, DMF, 60 °C, 1–3  h. 

Similar to 2im-4pz, the photoswitching of 2im-3pz and 2im-5pz was studied at 25 µM 

concentration in anhydrous toluene in order to prevent potential protonation of the imidazole 

moiety by residual water that would interfere with the analysis of the absorbance bands. E-

2im-3pz and E-2im-5pz displayed bright transitions of a π-π* character ranging from 357 

nm to 423 nm (Figure 5.12 and Table 5.8). In both cases the bands exhibited multiple 

maxima that could be attributed to a partially resolved vibrational-fine structure that has been 

observed in the UV-vis spectra of other azoarene systems.149,150 Notably, the π-π* 

absorbance of E-2im-5pz was more red-shifted than that of its regioisomer E-2im-3pz. A 

plausible explanation can be provided by the more extensive conjugation between the 

pyrazolyl N-lone pair and the azo functionality in the former analogue. A similar effect has 

been observed for the corresponding phenylazopyrazole and azobispyrazole analogues.56,143 

The n-π* bands of E-2im-3pz and E-2im-5pz were not well resolved in the UV-vis spectra 

as they appeared as tails on the π-π* transitions.  
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Figure 5.12. UV-vis spectra of azoheteroarenes 2im-3pz and 2im-5pz 

Compounds 2im-3pz and 2im-5pz were subjected to photoswitching with various 

wavelengths (Figure 8.8 in the Appendix). Then the compositions of the Z-rich and E-rich 

states were quantified by NMR (Figures 6.18 and 6.19 in the Experimental section). 

Compounds 2im-3pz and 2im-5pz underwent E-Z photoisomerisation with 405 nm light 

producing PSSs comprising of 72% and 74% Z isomer respectively. Irradiating 2im-3pz and 

2im-5pz with 525 nm light induced near quantitative Z-E photoconversion leading to 97% 

and 96% E isomer respectively.   

Table 5.8. Photoswitching and UV-vis spectral characteristics of 2im-3pz and 2im-5pz 

 

E-Z 

switching 

(% Z)a,b,c 

Z-E 

switching 

(% Z)a,b,d 

E isomer π-π* Z isomerf π-π* Z isomerf n-π* 

λmax / 

nm 

102 ε/  

M-1cm-1 

λmax / 

nm 

102 ε/  

M-1cm-1 

λmax / 

nm 

102 ε / 

M-1cm-1 

2im-3pze 72 97 
357 228 

341 113 459 28 
370 231 

2im-5pze 74 96 
388 215 359 155 

461 39 
423 117 376 179 

aComposition of PSSs measured by NMR. bMeasurements performed in dry PhMe. cHighest abundance Z PSS 

achieved with 405 nm. dHighest abundance E PSS achieved with 525 nm.  eThe compound exhibited multiple E 

π-π* and Z π-π* maxima, the most intense transitions are in bold. fIndicated values are for the extracted Z 

isomers. 

The spectra of Z-2im-3pz and Z-2im-5pz revealed bright π-π* transitions centred at 341 and 

376 nm respectively. In addition, a secondary shoulder at 423 nm was evident in the π-π* 

transition of the latter compound. Less intense n-π* bands were observed for both 

azoheteroarenes. Notably, Z-2im-5pz displayed a rather intense n-π* excitation indicating a 

considerable contribution from the twisted conformations. In contrast, the significantly 

weaker n-π* band of Z-2im-3pz suggested that a substantial proportion of the Z isomer 

adopted the planar disposition.  
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In order to establish whether both Z isomers exhibit good thermal stability that would enable 

subsequent analysis by x-ray crystallography, the thermal isomerisation kinetics of Z-2im-

3pz and Z-2im-5pz were examined (Table 5.9 and Figure 6.57 in the Experimental Section). 

Both analogues underwent first order thermal Z-E relaxation. The thermal half-lives at 25 °C 

in anhydrous toluene were equal to 20.1 hours and 11.8 hours for the 3- and 5-analogue 

respectively. Remarkably, those derivatives exhibited thermal isomerisation rates two orders 

of magnitude faster than the corresponding 4-analogue 2im-4pz. This dramatic effect on the 

Z isomer thermal stability exerted by the connectivity of the pyrazole ring with respect to the 

azo bridge holds true not only for the imidazolylazopyrazole systems subject of this study, 

but also for their phenylazopyrazole and azobispyrazole counterparts.56,143  

Table 5.9. Z-E thermal isomerisation kinetics of 2im-3pz and 2im-5pz studied at 25 °C 

 Rate (k)a / s-1 Half-life (t1/2) / hours  

2im-3pz 9.58 x 10-6 20.1 

2im-5pz 1.63 x 10-5 11.8 

aMeasured in anhydrous toluene using UV-vis spectroscopy at 25 µM concentration.  

 

Various crystallisation attempts were made to obtain the crystal structures of Z-2im-3pz and 

Z-2im-5pz. Similar approaches to the ones employed previously for the Z-2im-4pz analogue 

were utilised, vide supra. Due to the significantly accelerated thermal isomerisation rates of 

those derivatives, most crystallisation attempts were performed at lower temperatures (-20 

°C or 4 °C) utilising solvent evaporation and layer diffusion. Vapour diffusion was not 

explored as the technique is relatively slow and not compatible with the thermal stability of 

the Z isomers studied. However, despite the multiple attempts, suitable crystals for x-ray 

diffraction analysis failed to form.  

5.5. Conclusions and Future Work 

The smaller steric size of some azobisheteroarenes results in a variety of conformations, 

which, in turn, impacts their photophysical properties. In many cases where the molecular 

geometry is not stabilised via additional non-covalent interactions, these switches adopt the 

twisted Z isomer conformation common in bulky azo systems. Conversely, unlike bulkier azo 

switches, a planar Z isomer disposition is possible for azobisheteroarenes when a suitable 

intramolecular stabilising interaction is available. In the first part of this work (Section 5.2), it 

has been demonstrated that this interaction could be a stabilising N···S interaction, 

computationally predicted in the structures of various Z-azobisthiazoles. In order to reconcile 

the computational results, azobisthiazoles bis2thzH, bis2thz-4-Me, bis2thz-5-Me and 

bis2thz-tetra-Me were prepared and their photophysical and photochemical properties 
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explored. UV-vis analysis revealed presence of n-π* excitations in the spectra of all Z 

isomers indicating considerable contribution from twisted dispositions. The distribution 

between the planar and twisted Z conformers could not be quantified via x-ray 

crystallography, as all azobisthiazoles exhibited rapid thermal relaxation rates with half-lives 

in the second and millisecond temporal domains.   

In addition, in the second part of this study (Section 5.3) it has been shown that the planar Z 

isomer could be promoted via intramolecular H-bonding between suitable donor-acceptor 

pairs. The Z conformational preference of various azoheteroarene systems was probed 

using the DFT framework. Some compounds exhibited exceptionally high preference to the 

planar Z disposition accounting for up to 99.995% of the overall population in some 

instances. The four promising analogues 2thz-4pz, 2im-4pz, 2im-3pz and 2im-5pz were 

explored experimentally. In general, the compounds displayed weak Z n-π* bands, 

suggesting significant contribution from geometries with higher symmetry. The 

azoheteroarenes exhibited thermally stable Z states with half-lives on the order of hours and 

days, making them suitable candidates for x-ray crystallography analysis. However, all 

crystallisation attempts proved unsuccessful, therefore the crystal structures of the Z isomers 

could not be obtained.  

In the future, efforts would be focused on the more rigorous characterisation of the 

synthesised analogues via x-ray crystallography. This technique should provide a deeper 

insight into the Z conformation preference of the proposed analogues and be able to 

quantitatively characterise the presence of the planar Z disposition. Furthermore, 

introduction of substituents that would not perturb the planar geometry, but aid crystallisation 

could be explored. In addition, a more comprehensive computational study on a wide range 

of azoheteroarene systems would be beneficial. Azoheteroarenes containing better 

donor/acceptor pairs that would engage in stronger H-bonding interactions could be 

explored. For example, changing the pyrazole moiety for a more potent H-bond donor such 

as triazole could be investigated.  
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6. Experimental  

6.1. Synthesis 

6.1.1. General methods 

All reactions were performed in the dark. Reagents and solvents were obtained from 

commercial sources and used as supplied unless otherwise stated. Reactions were 

monitored by thin-layer chromatography (TLC). TLC plates were visualised using UV light 

(254 nm) and/or by using the appropriate TLC stain. Column chromatography was 

performed with technical grade solvents used as supplied. Concentration under reduced 

pressure was performed by rotary evaporation at 40 °C or lower at the appropriate pressure, 

in the dark, and compounds were dried further using high vacuum pumps. Infrared spectra 

were recorded neat on an Agilent Cary 630 FTIR. Reported absorptions are in wavenumbers 

(cm−1).1H NMR spectra were recorded on a Bruker Avance 400 spectrometer at 400 MHz. 

Chemical shifts (δ) are reported in ppm (parts per million) referenced to residual solvent 

signals: 7.26 (CHCl3), 2.50 (DMSO), 1.94 (MeCN), 2.07 (PhMe). Coupling constants (J) are 

reported in hertz (Hz). Signals are reported as follows: chemical shift δ/ppm, multiplicity (s = 

singlet, d = doublet, t = triplet, q = quartet, m = multiplet, br. = broad signal), coupling 

constants J/Hz (where applicable), integration and assignment. All 13C NMR spectra were 

recorded on a Bruker Avance 400 spectrometer at 100 MHz. Chemical shifts (δ) are reported 

in ppm referenced to solvent signals: 77.16 (CHCl3), 39.52 (DMSO). Signals are reported as 

follows: chemical shift δ/ppm and assignment. High-resolution mass spectra (ESI, APCI) 

were recorded by the Imperial College London Department of Chemistry Mass Spectroscopy 

Service using a Micromass Autospec Premier and Micromass LCT Premier spectrometer. 

6.1.2. Azobispyrazoles 

(E)-1,2-bis(1-methyl-1H-pyrazol-3-yl)diazene (bis3pzH)102,103 

 

To a stirred solution of 66 (97.1 mg, 1.0 mmol) and NaI (300 mg, 2.0 mmol) in DME (6 mL) 

at -10 °C under N2 was added t-BuOCl (217 mg, 2.0 mmol). The resulting mixture was 

stirred for 2 h at -10 °C and then the reaction was quenched by the addition of aqueous 

Na2S2O3 (1 M, 30 mL). The resulting mixture was extracted with DCM (3 x 30 mL). The 

combined organic extracts were dried over MgSO4, filtered and concentrated under reduced 

pressure. Purification by column chromatography on silica gel eluting with pentane: EtOAc, 0 

– 100 % afforded compound bis3pzH (28 mg, 30 % yield) as a yellow solid. Recrystallisation 
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of bis3pzH by vapour diffusion of pentane into DCM gave a yellow crystal, from which the 

absolute structure was unambiguously determined by X-ray crystallography (Appendix 

Figure 8.9). Rf 0.35 (EtOAc); IR (neat) 3120, 2921, 1692, 1305, 1210, 768; 1H NMR (400 

MHz, DMSO) δ 7.81 (d, J = 2.4 Hz, 2H, C(3)H and C(3’)H), 6.49 (d, J = 2.5 Hz, 2H, C(2)H 

and C(2’)H), 3.95 (s, 6H, C(4)H3 and C(4’)H3); 13C NMR (101 MHz, CDCl3) δ 164.1 (C(1) and 

C(1’)), 132.0 (C(3) and C(3’)), 95.5 (C(2) and C(2’)), 39.8 (C(4) and C(4’)); HRMS (CI) m/z 

calc. for C8H11N6 [M+H]+ 191.1040, found: 191.1038. 

(E)-1,2-bis(1-methyl-1H-pyrazol-5-yl)diazene (bis5pzH)240 

 

To a stirred solution of 67 (100 mg, 1.03 mmol) in DCM (2 mL) at rt were added CuI (9.8 mg, 

0.05 mmol), 1,10-phenanthroline (27.8 mg, 0.15 mmol) and t-BuOOH (70 % aq. solution, 

0.16 mL, 1.55 mmol). The resulting mixture was stirred at rt for 3 h, then concentrated under 

reduced pressure. Purification by column chromatography on silica gel eluting with pentane-

EtOAc, 0 – 25 % afforded compound bis5pzH (37 mg, 38%) as an orange solid. 

Recrystallisation of bis5pzH by vapour diffusion of pentane into DCM gave a yellow crystal, 

from which the absolute structure was unambiguously determined by X-ray crystallography 

(Appendix Figure 8.13). Rf 0.14 (pentane : EtOAc, 5 : 1); IR (neat) 3100, 2947, 1503, 1315, 

1290, 1019; 1H NMR (400 MHz, CDCl3) δ 7.56 (d, J = 2.2 Hz, 2H, C(3)H and C(3’)H), 6.55 

(d, J = 2.3 Hz, 2H, C(2)H and C(2’)H), 4.18 (s, 6H, C(4)H3 and C(4’)H3); 13C NMR (101 MHz, 

CDCl3) δ 153.7 (C(1) and C(1’)), 139.4 (C(3) and C(3’)), 94.1 (C(2) and C(2’)), 36.3 (C(4) 

and C(4’)); HRMS (CI) m/z calc. for C8H11N6 [M+H]+ 191.1040, found: 191.1039. 

1-methyl-4-nitro-1H-pyrazole (69) 

 

To a stirred solution of 68 (3.00 g, 26.5 mmol) in MeCN (50 ml) at rt were added K2CO3 (7.33 

g, 53.0 mmol) and methyl iodide (1.98 ml, 31.8 mmol). The resulting mixture was stirred at 

60 °C overnight, then cooled to rt and diluted with water (50 mL). The resulting mixture was 

concentrated under reduced pressure and extracted with EtOAc (4 x 50 mL). The combined 

organic extracts were dried over MgSO4 and concentrated under reduced pressure to afford 
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69 (3.36 g, 100%) as an off-white solid. Rf (pentane : EtOAc, 5 : 1) = 0.15; IR (neat) 3111, 

1502, 1399, 1310, 884; 1H NMR (400 MHz, CDCl3) δ 8.12 (s, 1H, C(1)H), 8.06 (s, 1H, 

C(3)H), 3.97 (s, 3H, C(4)H3), 13C NMR (101 MHz, CDCl3) δ 136.0 (C(1)), 129.2 (C(3)), 40.28 

(C(4)), C(2) was not observed; HRMS (CI) m/z calc. for C4H6N3O2 [M+H]+ 128.0455, found: 

128.0456. 

(E)-1,2-bis(1-methyl-1H-pyrazol-4-yl)diazene (bis4pzH)108 

 

To a stirred solution of 69 (200 mg, 1.57 mmol, 1.0 equiv.) in aqueous NH4Cl (0.1 M, 18 mL) 

at rt was added Zn (205 mg, 3.14 mmol, 2.0 equiv.). The reaction mixture was heated to 45 

oC and stirred for 3 h. The reaction mixture was cooled to rt, the solid was filtered off and the 

resulting filtrate was extracted with EtOAc (3 x 40 mL).  The combined organic extracts were 

dried over MgSO4 and concentrated under reduced pressure. Purification by column 

chromatography on silica gel eluting with pentane: EtOAc, 6:1 to pure EtOAc afforded 

compound bis4pzH (18.0 mg, 12 % yield) as a green solid. Recrystallisation of bis4pzH by 

vapour diffusion of pentane into DCM gave a yellow crystal, from which the absolute 

structure was unambiguously determined by X-ray crystallography (Appendix Figures 8.10 

and 8.11). Rf 0.09 (pentane : EtOAc, 1 : 1); IR (neat) 3099, 2926, 1541, 1412, 1390, 1179; 

1H NMR (400 MHz, CDCl3) δ 7.90 (s, 2H, C(2)H and C(2’)H), 7.84 (s, 2H, C(3)H and C(3’)H), 

3.94 (s, 6H, C(4)H3 and C(4’)H3); 13C NMR (101 MHz, CDCl3) δ 142.0 (C(1) and C(1’)), 132.9 

(C(2) and C(2’)), 126.1 (C(3) and C(3’)), 39.7 (C(4) and C(4’)); HRMS (CI) m/z calc. for 

C8H11N6 [M+H]+ 191.1040, found: 191.1038. 

4-methyl-5-nitro-1H-pyrazole (73)56,147 

 

To a stirred solution of 71 (1.00 g, 12.2 mmol) in AcOH (4 mL) at rt were added conc. HNO3 

(1.1 mL, 12.2 mmol) and Ac2O (2.3 mL, 24.4 mmol). The resulting mixture was stirred at rt 

for 4 h, then diluted with water (50 mL) and extracted with (3 x 50 mL). The combined 

organic extracts were dried over MgSO4, filtered and concentrated under reduced pressure 

to afford crude 4-methyl-1-nitro-pyrazole 72. This was then dissolved in benzonitrile (5 mL) 

and stirred at 165 oC for 7 h. The reaction mixture was cooled to rt and n-hexane was added. 
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The resulting precipitate was collected by vacuum filtration to afford 73 (184 mg, 12 % yield) 

as an off-white solid. Rf 0.07 (pentane : EtOAc, 3 : 1); IR (neat) 3133, 2928, 1605, 1291; 1H 

NMR (400 MHz, CDCl3) δ 13.59 (br. s, NH), 7.74 (d, J = 0.6 Hz, 1H, C(1)H), 2.43 (d, J = 0.5 

Hz, 3H, C(4)H3); 13C NMR (101 MHz, CDCl3) δ 154.0 (C(3)), 131.9 (C(1)), 114.3(C(2)), 9.8 

(C(4)); HRMS (Cl) m/z calc. for C4H6N3O2 [M+H]+ 128.0455, found: 128.0452. 

1,4-dimethyl-3-nitro-1H-pyrazole (74) and 1,4-dimethyl-5-nitro-1H-pyrazole (75)56,241 

 

To a stirred solution of 76 (1.00 g, 10.4 mmol) in c. H2SO4 (98%, 8 mL) at 0 °C under 

nitrogen was added HNO3 (65%, 1.07 mL, 15.6 mmol). The resulting mixture was stirred for 

1 h at 0 °C. The reaction mixture was warmed to rt and stirring continued for further 23 h. 

The reaction mixture was poured onto crushed ice and the pH was adjusted to pH ~ 4 using 

10 M aqueous NaOH. The resulting mixture was extracted with DCM (3 x 75 mL). The 

combined organic extracts were dried over MgSO4, filtered and concentrated under reduced 

pressure. Purification by column chromatography on silica gel eluting with pentane: EtOAc, 0 

– 50 % afforded compound 75 (305 mg, 21 % yield) as a pale yellow oil and compound 74 

(228 mg, 16 % yield) as a white solid.  

Compound 74: Rf 0.12 (pentane : EtOAc, 5 : 1); IR (neat) 1785, 1513, 1342, 1146, 727; 1H 

NMR (400 MHz, CDCl3) δ 7.26 (s, 1H, C(1)H), 3.94 (s, 3H, C(5)H3), 2.33 (d, J = 0.9 Hz, 3H, 

C(4)H3); 13C NMR (101 MHz, CDCl3) δ 153.6 (C(3)), 132.3 (C(1)), 115.3 (C(2)), 40.4(C(5)), 

9.8, (C(4)); HRMS (ESI) m/z calc. for C5H7N3O2 [M]+ 141.0533, found: 141.0533. 

Compound 75: Rf 0.34 (pentane : EtOAc, 10 : 1); IR (neat) 1505, 1441, 1407, 1339, 1012, 

832; 1H NMR (400 MHz, CDCl3) δ 7.34 (s, 1H, C(1)H), 4.19 (s, 3H, C(5)H3), 2.33 (s, 3H, 

C(4)H3); 13C NMR (101 MHz, CDCl3) δ 143.4 (C(3)), 139.0 (C(1)), 118.6 (C(2)), 41.4 (C(5)), 

10.7 (C(4)); HRMS (ESI) m/z calc. for C5H7N3O2 [M]+ 141.0533, found: 141.0539. 
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1,4-dimethyl-1H-pyrazol-3-amine (77)242 

 

To a stirred solution of 74 (137 mg, 0.97 mmol) in degassed MeOH (6 mL) under nitrogen at 

rt was added 10% Pd/C (21 mg, 0.02 mmol). H2 gas was then bubbled through the 

suspension for 15 min and the resulting mixture was stirred under hydrogen atmosphere 

overnight. The reaction mixture was filtered through celite plug and concentration under 

reduced pressure. Purification by column chromatography on silica gel eluting with pentane : 

EtOAc, 0 – 100 % afforded compound 77 (78 mg, 72 % yield) as a colourless oil. Rf 0.12 

(EtOAc); IR (neat) 3318, 2919, 1611, 1503, 978; 1H NMR (400 MHz, CDCl3) δ 6.90 (d, J = 

0.9 Hz, 1H, C(1)H), 3.66 (s, 3H, C(5)H3), 1.90 (d, J = 0.8 Hz, 3H, C(4)H3); 13C NMR (101 

MHz, CDCl3) δ 152.7 (C(3)), 130.2 (C(1)), 101.7 (C(2)), 38.2(C(5)), 7.5 (C(4)); HRMS (Cl) 

m/z calc. for C5H10N3 [M+H]+ 112.0869, found: 112.0869. 

1,4-dimethyl-1H-pyrazol-5-amine (78)242 

 

To a stirred solution of 75 (175 mg, 1.24 mmol) in degassed MeOH (7 mL) under nitrogen at 

rt was added 10% Pd/C (26.4 mg, 0.025 mmol). H2 gas was then bubbled through the 

suspension for 15 min and the resulting mixture was stirred under hydrogen atmosphere 

overnight. The reaction mixture was filtered through celite plug and concentration under 

reduced pressure. Purification by column chromatography on silica gel eluting with pentane : 

EtOAc, 0 – 100 % afforded compound 78 (124 mg, 90 % yield) as a white solid. Rf 0.14 

(EtOAc); IR (neat) 3378, 3134, 1636, 1584, 1540, 1430, 977; 1H NMR (400 MHz, CDCl3) δ 

7.12 (s, 1H, C(1)H), 3.66 (s, 3H, C(5)H3), 3.24 (s, 2H, NH2), 1.90 (d, J = 0.6 Hz, 3H, C(4)H3); 

13C NMR (101 MHz, CDCl3) δ 141.5 (C(3)), 138.4 (C(1)), 100.3 (C(2)), 34.7 (C(5)), 8.1 

(C(4)); HRMS (Cl) m/z calc. for C5H10N3 [M+H]+ 112.0869, found: 112.0869.  
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(E)-1,2-bis(1,4-dimethyl-1H-pyrazol-3-yl)diazene (bis3pzMe)102,103 

 

To a stirred solution of 77 (75 mg, 0.676 mmol) and NaI (202 mg, 1.35 mmol) in DME (4 mL) 

at - 40 oC under N2 was added tBuOCl (147 mg, 1.35 mmol). The resulting mixture was 

stirred at - 40 °C for 1 h and then the reaction was quenched by the addition of aqueous 

Na2S2O3 (1 M, 20 mL). The resulting mixture was extracted with EtOAc (3 x 25 mL). The 

combined organic extracts were dried over MgSO4, filtered, and concentrated under reduced 

pressure. Purification by column chromatography on silica gel eluting with pentane: EtOAc, 0 

– 100 %, followed by EtOAc: MeOH, 10 % afforded compound bis3pzMe (44 mg, 60 % 

yield) as a yellow solid. Rf 0.08 (EtOAc); IR (neat) 2924, 1356, 1316, 1186, 828; 1H NMR 

(400 MHz, CDCl3) δ 7.16 (d, J = 1.0 Hz, 2H, C(3)H and C(3’)H), 3.94 (s, 6H, C(5)H3 and 

C(5’)H3), 2.32 (d, J = 0.9 Hz, 6H, C(4)H3 and C(4’)H3); 13C NMR (101 MHz, CDCl3) δ 160.1 

(C(1) and C(1’)), 131.3 (C(3) and C(3’)), 110.6 (C(2) and C(2’)), 39.6 (C(5) and C(5’)), 10.5 

(C(4) and C(4’)); HRMS (CI) m/z calc. for C10H15N6 [M+H]+ 219.1347, found: 219.1353 

(E)-1,2-bis(1,4-dimethyl-1H-pyrazol-5-yl)diazene (bis5pzMe)103 

 

To a stirred solution of 78 (65 mg, 0.586 mmol) and NaI (176 mg, 1.17 mmol) in DME (3.5 

mL) at -40 °C under N2 was added t-BuOCl (127 mg, 1.17 mmol). The resulting mixture was 

stirred at -40 °C for 1 h and then the reaction was quenched by the addition of aqueous 

Na2S2O3 (1 M, 20 mL). The resulting mixture was extracted with EtOAc (3 x 25 mL). The 

combined organic extracts were dried over MgSO4, filtered and concentrated under reduced 

pressure. Purification by column chromatography on silica gel eluting with pentane: EtOAc, 0 

– 100 %, afforded compound bis5pzMe (25 mg, 39 % yield) as a yellow solid. 

Recrystallisation of bis5pzMe by vapour diffusion of pentane into DCM gave a yellow 

crystal, from which the absolute structure was unambiguously determined by X-ray 

crystallography (Appendix Figure 8.14). Rf 0.19 (pentane : EtOAc, 5 : 1); IR (neat) 2922, 

1546, 1434, 1303, 1003, 834; 1H NMR (400 MHz, CDCl3) δ 7.38 (s, 2H, C(3)H and C(3’)H), 

4.11 (s, 6H, C(5)H3 and C(5’)H3), 2.29 (s, 6H, C(4)H3 and C(4’)H3); 13C NMR (101 MHz, 
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CDCl3) δ 149.6 (C(1) and C(1’)), 140.0 (C(3) and C(3’)), 108.2 (C(2) and C(2’)), 36.7 (C(5) 

and C(5’)), 11.2 (C(4) and C(4’)); HRMS (ESI) m/z calc. for C10H15N6 [M+H]+ 219.1358, 

found: 219.1360 

3,5-dimethyl-4-nitro-1H-pyrazole (80)148 

 

To a stirred solution of 79 (100 mg, 1.04 mmol, 1.0 equiv.) in conc. H2SO4 (1.5 mL) at 0 oC 

was added KNO3 (168 mg, 1.66 mmol, 1.6 equiv.). The resulting mixture was stirred at 0 oC 

for 5 min, then the temperature was increased to 100 oC and stirring continued for further 18 

h. The reaction mixture was then poured onto ice and the pH was adjusted to pH ~3 using 

NaOH (10 M aqueous solution). The resulting mixture was extracted with EtOAc (3 x 50 mL). 

The combined organic layers were dried over MgSO4, filtered and concentrated under 

reduced pressure to afford 80 (145 mg, 99 % yield) as an off-white solid. Rf 0.09 (pentane: 

EtOAc, 3: 1); IR (neat) 2987, 2876, 1593, 1508, 1362, 1175; 1H NMR (400 MHz, CDCl3) δ 

2.60 (s, 6H, C(3)H3 and C(3’)H3); 13C NMR (101 MHz, CDCl3) δ 144.6 (C(1) and C(1’)), 13.4 

(C(3) and C(3’)), C(2) was not observed; HRMS (ESI) m/z calc. for C5H6N3O2 [M+H]+ 

140.0456, found: 140.0460. 

1,3,5-trimethyl-4-nitro-1H-pyrazole (81)86 

 

To a stirred solution of 80 (200 mg, 1.42 mmol) in MeCN (5 ml) at rt were added K2CO3 (393 

mg, 2.84 mmol) and methyl iodide (0.11 ml, 1.70 mmol). The resulting mixture was stirred at 

60 °C overnight, then cooled to rt and diluted with water (50 mL). The resulting mixture was 

concentrated under reduced pressure and extracted with EtOAc (4 x 50 mL). The combined 

organic extracts were dried over MgSO4, filtered and concentrated under reduced pressure 

to afford 81 (220 mg, 100 % yield) as an off-white solid. Rf 0.21 (pentane : EtOAc, 3 : 1); IR 

(neat) 2925, 1561, 1470, 1349, 1193; 1H NMR (400 MHz, CDCl3) δ 3.77 (s, 3H, C(6)H3), 

2.62 (s, 3H, C(4)H3), 2.50 (s, 3H, C(5)H3); 13C NMR (101 MHz, CDCl3) δ 146.1 (C(2)), 140.7 

(C(3)), 135.0 (C(1)), 36.9 (C(6)), 14.2 (C(4)), 11.8 (C(5)); HRMS (ESI) m/z calc. for 

C6H10N3O2 [M+H]+ 156.0773, found: 156.0780. 
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1,3,5-trimethyl-1H-pyrazol-4-amine (82)242 

 

To a stirred solution of 81 (2.0 g, 12.9 mmol) in degassed MeOH (50 mL) under nitrogen at rt 

was added 10% Pd/C (275 mg, 0.258 mmol). H2 gas was then bubbled through the 

suspension for 15 min and the resulting mixture was stirred under hydrogen atmosphere 

overnight. The reaction mixture was filtered through celite plug and concentration under 

reduced pressure. Purification by column chromatography on silica gel eluting with pentane: 

EtOAc, 0 – 100 % afforded compound 82 (1.55 g, 96 % yield) as a white solid. Rf 0.04 

(EtOAc); IR (neat) 3345, 2919, 1586, 1443, 1314, 988; 1H NMR (400 MHz, CDCl3) δ 3.65 (s, 

3H, C(6)H3), 2.45 (br. s, 2H, NH2), 2.15 (s, 3H, C(4)H3), 2.13 (s, 3H, C(5)H3); 13C NMR (101 

MHz, CDCl3) δ 138.8 (C(2)), 128.2 (C(3)), 122.8 (C(2)), 36.2 (C(6)), 10.9 (C(4)), 8.9 (C(5)); 

HRMS (Cl) m/z calc. for C6H12N3 [M+H]+ 126.1026, found: 126.1026. 

(E)-1,2-bis(1,3,5-trimethyl-1H-pyrazol-4-yl)diazene (bis4pzMe)102,103 

 

To a stirred solution of 82 (125 mg, 1.0 mmol) and NaI (300 mg, 2.0 mmol) in DME (6 mL) at 

- 40 oC under N2 was added tBuOCl (217 mg, 2.0 mmol). The resulting mixture was stirred 

for 5 h at - 40 °C and then the reaction was quenched by the addition of aqueous Na2S2O3 (1 

M, 30 mL). The resulting mixture was extracted with EtOAc (3 x 40 mL). The combined 

organic extracts were dried over MgSO4, filtered and concentrated under reduced pressure. 

Purification by column chromatography on silica gel eluting with pentane: EtOAc, 0 – 100 % 

afforded compound bis4pzMe (40.3 mg, 33 % yield) as an orange solid. Recrystallisation of 

bis4pzMe by vapour diffusion of pentane into DCM gave a yellow crystal, from which the 

absolute structure was unambiguously determined by X-ray crystallography (Appendix 

Figure 8.12). Rf 0.23 (EtOAc); IR (neat) 2921, 1554, 1497, 1413, 731; 1H NMR (400 MHz, 

CDCl3) δ 3.76 (s, 6H, C(6)H3 and C(6’)H3), 2.50 (s, 6H, C(5)H3 and C(5’)H3), 2.44 (s, 6H, 

C(4)H3 and C(4’)H3); 13C NMR (101 MHz, CDCl3) δ 141.2 (C(2) and C(2’)), 136.9 (C(3) and 

C(3’)), 135.6 (C(1) and C(1’)), 36.0 (C(6) and C(6’)), 14.07 (C(4) and C(4’)), 10.0 (C(5) and 

C(5’)); HRMS (ESI) m/z calc. for C12H19N6 [M+H]+ 247.1671, found: 247.1678 
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3-(2-(1,3,5-trimethyl-1H-pyrazol-4-yl)hydrazineylidene)pentane-2,4-dione (83) 

 

To the stirred solution of aminopyrazole 82 (1.25 g, 10.0 mmol) in water (15 mL) at 0 °C was 

added HCl (12 M, 4.8 mL) and the resulting mixture was stirred for 10 min. Then prechilled 

solution of NaNO2 (828 mg, 12.0 mmol) in water (5 mL) was added dropwise resulting in the 

formation of a purple solution that was stirred at 0 °C for 30 min. Then the solution was 

added dropwise to a premixed suspension of acetylacetone (1.34 mL, 13.0 mmol) and 

NaOAc (2.46 g, 30.0 mmol) in EtOH (10 mL) and water (5 mL) resulting in the formation of a 

yellow precipitate. The pH was adjusted to 7 by the addition of more NaOAc and the reaction 

mixture was left stirring at 0 °C for 1 h. The precipitate was collected by vacuum filtration, 

washed with water (3 x 10 mL) and dried under vacuum to afford 83 (1.80 g, 76% yield) as a 

yellow solid. Rf 0.31 (EtOAc); 1H NMR (400 MHz, CDCl3) δ 15.26 (br. s, 1H, NH), 3.74 (s, 

3H, C(6)H3), 2.58 (s, 3H, C(11)H3), 2.37 (s, 6H, C(5)H3, C(9)H3), 2.33 (s, 3H, C(4)H3); 13C 

NMR (101 MHz, CDCl3) δ 197.4 (C(10)), 196.8 (C(8)), 138.9 (C(2)), 133.2 (C(3)), 130.3 

(C(1)), 121.8 (C(7)), 36.4 (C(6)), 31.5 (C(11)), 27.0 (C(9)), 12.2 (C(4)), 9.9 (C(5)); HRMS 

(ESI) m/z calc. for C11H17N4O2 [M+H]+ 237.1352, found: 237.1345. 

6.1.3. Azobispyrazole MOST materials 

3-(2-(1-methyl-1H-pyrazol-5-yl)hydrazineylidene)pentane-2,4-dione (90) 

 

To the stirred solution of aminopyrazole 66 (486 mg, 5.00 mmol) in water (10 mL) at 0 °C 

was added HCl (12 M, 2.4 mL) and the resulting mixture was stirred for 10 min. Then 

prechilled solution of NaNO2 (414 mg, 6.0 mmol) in water (5 mL) was added dropwise and 

the resulting mixture was stirred at 0 °C for 45 min. Then the reaction mixture was added 

dropwise to a premixed suspension of acetylacetone (0.70 mL, 6.50 mmol) and NaOAc (1.23 

g, 15.0 mmol) in EtOH (5 mL) and water (2 mL) resulting in the formation of a yellow 

precipitate. The pH was adjusted to ~7 by the addition of NaOAc and the reaction mixture 

was left stirring at 0 °C for 1 h. The precipitate was collected by vacuum filtration, washed 

with water (3 x 10 mL) and dried under vacuum to afford 90 (967 mg, 93% yield) as a yellow 
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solid. Rf 0.60 (EtOAc);1H NMR (400 MHz, CDCl3) δ 14.65 (br. s, 1H), 7.29 (d, J = 2.3 Hz, 

1H), 6.32 (d, J = 2.3 Hz, 1H), 3.84 (s, 3H), 2.56 (s, 3H), 2.42 (s, 3H);13C NMR (101 MHz, 

CDCl3) δ 197.6, 197.1, 152.4, 133.3, 132.00, 94.1, 39.3, 31.7, 26.6; HRMS (ESI) m/z calc. 

for C9H13N4O2 [M+H]+ 209.1039, found: 209.1040. 

(E)-1,3,5-trimethyl-4-((1-methyl-1H-pyrazol-5-yl)diazenyl)-1H-pyrazole (3pzH-4pzMe) 

 

To the stirred solution of 90 (947 mg, 4.55 mmol) in EtOH (20 mL) at rt under nitrogen was 

added methylhydrazine (263 µL, 5.00 mmol). The resulting mixture was warmed to 80 °C 

and stirred for 3 h. Then the reaction mixture was cooled to rt and concentrated under 

reduced pressure. Purification by column chromatography eluting with hexane: EtOAc, 0 – 

100% afforded compound 3pzH-4pzMe (1.09 g, 98% yield) as a yellow solid. Rf 0.25 

(EtOAc); 1H NMR (400 MHz, CDCl3) δ 7.30 (d, J = 2.4 Hz, 1H), 6.46 (d, J = 2.4 Hz, 1H), 3.95 

(s, 3H), 3.74 (s, 3H), 2.52 (s, 3H), 2.48 (s, 3H); 13C NMR (101 MHz, CDCl3) δ 165.0, 142.8, 

138.6, 135.1, 131.5, 94.3, 39.5, 36.0, 13.9, 10.2; HRMS (ESI) m/z calc. for C10H15N6 [M+H]+ 

219.1358, found: 219.1362. 

3-(2-(1-methyl-1H-pyrazol-5-yl)hydrazineylidene)pentane-2,4-dione (91) 

 

To the stirred solution of aminopyrazole 70 (486 mg, 5.00 mmol) in water (10 mL) at 0 °C 

was added HCl (12 M, 2.4 mL) and the resulting mixture was stirred for 10 min. Then 

prechilled solution of NaNO2 (414 mg, 6.0 mmol) in water (5 mL) was added dropwise and 

the resulting mixture was stirred at 0 °C for 45 min. Then the reaction mixture was added 

dropwise to a premixed suspension of acetylacetone (0.70 mL, 6.50 mmol) and NaOAc (1.23 

g, 15.0 mmol) in EtOH (5 mL) and water (2 mL) resulting in the formation of a yellow 

precipitate. The pH was adjusted to ~7 by the addition of NaOAc and the reaction mixture 

was left stirring at 0 °C for 1 h. The precipitate was collected by vacuum filtration, washed 

with water (3 x 10 mL) and dried under vacuum to afford 91 (867 mg, 83% yield) as a yellow 

solid.  Rf 0.45 (EtOAc); 1H NMR (400 MHz, CDCl3) δ 14.81 (br. s, 1H), 7.58 (d, J = 0.8 Hz, 

1H), 7.50 (d, J = 0.8 Hz, 1H), 3.91 (s, 3H), 2.56 (s, 3H), 2.40 (s, 3H); 13C NMR (101 MHz, 
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CDCl3) δ 197.8, 196.8, 133.1, 129.4, 128.5, 119.8, 39.8, 31.6, 26.6; HRMS (ESI) m/z calc. 

for C9H13N4O2 [M+H]+ 209.1039, found: 209.1046. 

(E)-1,3,5-trimethyl-4-((1-methyl-1H-pyrazol-4-yl)diazenyl)-1H-pyrazole (4pzH-4pzMe) 

 

To the stirred solution of 91 (848 mg, 4.07 mmol) in EtOH (20 mL) at rt under nitrogen was 

added methylhydrazine (236 µL, 4.48 mmol). The resulting mixture was warmed to 80 °C 

and stirred for 3 h. Then the reaction mixture was cooled to rt and concentrated under 

reduced pressure. Purification by column chromatography eluting with hexane: EtOAc, 0 – 

100% afforded compound 4pzH-4pzMe (613 mg, 69% yield) as a yellow solid. Rf 0.30 

(EtOAc); 1H NMR (400 MHz, CDCl3) δ 7.86 (d, J = 0.7 Hz, 1H), 7.78 (s, 1H), 3.91 (s, 3H), 

3.73 (s, 3H), 2.48 (s, 3H), 2.41 (s, 3H); 13C NMR (101 MHz, CDCl3) δ 142.7, 141.9, 137.7, 

134.9, 132.5, 125.2, 39.5, 36.0, 13.8, 9.9; HRMS (ESI) m/z calc. for C10H15N6 [M+H]+ 

219.1358, found: 219.1369. 

3-(2-(1-methyl-1H-pyrazol-5-yl)hydrazineylidene)pentane-2,4-dione (92) 

 

To the stirred solution of 67 (2.91 g, 30.0 mmol) in water (60 mL) at 0 °C was added HCl (12 

M, 14 mL) and the resulting mixture was stirred for 10 min. Prechilled solution of NaNO2 

(2.48 g, 36.0 mmol) in water (30 mL) was added dropwise and the resulting mixture was 

stirred at 0 °C for 45 min. Then the reaction mixture was added dropwise to a premixed 

suspension of acetylacetone (3.71 mL, 36.0 mmol) and NaOAc (14.8 g, 180 mmol) in EtOH 

(25 mL) and water (20 mL) resulting in the formation of a yellow precipitate. The pH was 

adjusted to ~7 by the addition of NaOAc and the reaction mixture was left stirring at 0 °C for 

1 h. The precipitate was collected by vacuum filtration, washed with water (3x 30 mL) and 

the resulting filtrate was extracted with DCM (3x 200 mL). The combined organic fractions 

were dried over MgSO4, filtered, concentrated under reduced pressure and purified by 

column chromatography eluting with hexane: EtOAc, 0 – 100%. The purified material was 

combined with the precipitate to afford compound 92 (1.81 g, 29% yield) as a yellow solid. Rf 

0.41 (hexane: EtOAc, 1: 1); 1H NMR (400 MHz, CDCl3) δ 14.94 (s, 1H), 7.43 (d, J = 2.1 Hz, 

1H), 6.24 (d, J = 2.1 Hz, 1H), 3.91 (s, 3H), 2.62 (s, 3H);13C NMR (101 MHz, CDCl3) δ 13C 
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NMR (101 MHz, CDCl3) δ 198.9, 196.8, 141.5, 139.1, 134.8, 94.8, 36.4, 31.8, 26.7; HRMS 

(ESI) m/z calc. for C9H13N4O2 [M+H]+ 209.1039, found: 209.1037. 

(E)-1,3,5-trimethyl-4-((1-methyl-1H-pyrazol-5-yl)diazenyl)-1H-pyrazole (5pzH-4pzMe) 

 

To the stirred solution of 92 (724 mg, 3.48 mmol) in EtOH (18 mL) at rt under nitrogen was 

added methylhydrazine (220 µL, 4.18 mmol). The resulting mixture was warmed to 80 °C 

and stirred for 3 h. Then the reaction mixture was cooled to rt and concentrated under 

reduced pressure. Purification by column chromatography eluting with hexane: EtOAc, 0 – 

100% afforded compound 5pzH-4pzMe (355 mg, 47% yield) as a yellow solid. 

Recrystallisation of 5pzH-4pzMe by solvent diffusion of water into ethanol gave a yellow 

crystal, from which the absolute structure was unambiguously determined by X-ray 

crystallography (Appendix Figure 8.19). Rf 0.17 (hexane: EtOAc, 1: 1); 1H NMR (400 MHz, 

CDCl3) δ 7.46 (d, J = 2.2 Hz, 1H), 6.37 (d, J = 2.2 Hz, 1H), 4.08 (s, 3H), 3.75 (s, 3H), 2.51 (s, 

3H), 2.43 (s, 3H); 13C NMR (101 MHz, CDCl3) δ 154.2, 141.8, 140.3, 138.9, 135.8, 92.0, 

36.1, 35.8, 14.4, 9.9; HRMS (ESI) m/z calc. for C10H15N6 [M+H]+ 219.1358, found: 219.1361. 

(E)-3,5-dimethyl-4-((1-methyl-1H-pyrazol-5-yl)diazenyl)-1H-pyrazole (5pzH-4pzMe-H) 

 

To the stirred solution of 92 (940 mg, 4.51 mmol) in EtOH (20 mL) at rt under nitrogen was 

added hydrazine (50 % in water, 310 µL, 4.97 mmol). The resulting mixture was warmed to 

50 °C and stirred for 30 min. Then the reaction mixture was cooled to rt and concentrated 

under reduced pressure. Purification by column chromatography eluting with DCM: MeOH, 0 

– 10 % afforded compound 5pzH-4pzMe-H (762 mg, 83 % yield) as a yellow solid. Rf 0.49 

(EtOAc); 1H NMR (400 MHz, DMSO) δ 12.94 (s, 1H), 7.50 (d, J = 2.0 Hz, 1H), 6.36 (d, J = 

2.0 Hz, 1H), 4.03 (s, 3H), 2.48 (s, 3H), 2.38 (s, 3H); 13C NMR (101 MHz, DMSO) δ 153.4, 

142.6, 139.3, 138.5, 134.9, 91.7, 35.6, 14.0, 10.1; HRMS (CI) m/z calc. for C9H13N6 [M+H]+ 

205.1196, found: 205.1196. 
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(E)-1-ethyl-3,5-dimethyl-4-((1-methyl-1H-pyrazol-5-yl)diazenyl)-1H-pyrazole (5pzH-4pzMe-

Et) 

 

To a stirred solution of azobispyrazole 5pzH-4pzMe-H (153 mg, 0.750 mmol) and K2CO3 

(207 mg, 1.50 mmol) in MeCN (4 mL) under nitrogen at rt was added iodoethane (121 µL, 

1.50 mmol). The temperature was increased to 60 °C and the resulting mixture was stirred 

overnight. The reaction was cooled to rt and concentrated under reduced pressure. The 

resulting residue was diluted with water (30 mL) and extracted with EtOAc (3x 30 mL). The 

combined organic extracts were dried over MgSO4, filtered and concentrated under reduced 

pressure. Purification by column chromatography eluting with hexane: EtOAc, 0 – 100 % 

afforded compound 5pzH-4pzMe-Et (142 mg, 82 % yield) as an orange oil that crystallised 

upon standing. Rf 0.20 (hexane: EtOAc, 3: 2);1H NMR (400 MHz, CDCl3) δ 7.49 (d, J = 1.7 

Hz, 1H), 6.40 (d, J = 1.7 Hz, 1H), 4.19 – 4.07 (m, 5H), 2.55 (s, 3H), 2.47 (s, 3H), 1.44 (t, J = 

7.3 Hz, 3H); 13C NMR (101 MHz, CDCl3) δ 154.3, 141.9, 139.8, 138.9, 135.9, 92.1, 44.2, 

35.9, 15.3, 14.6, 9.7; HRMS (CI) m/z calc. for C11H17N6 [M+H]+ 233.1499, found: 233.1509. 

(E)-1-isopropyl-3,5-dimethyl-4-((1-methyl-1H-pyrazol-5-yl)diazenyl)-1H-pyrazole (5pzH-

4pzMe-iPr) 

 

To a stirred solution of 5pzH-4pzMe-H (204 mg, 1.00 mmol) and K2CO3 (276 mg, 2.00 

mmol) in MeCN (5 mL) under nitrogen at rt was added 2-iodopropane (200 µL, 2.00 mmol). 

The temperature was increased to 60 °C and the resulting mixture was stirred overnight. 

Then, more 2-idopropane (200 µL, 2.00 mmol) was added, the temperature was increased 

to 80 °C and stirring continued for further 2 h. The reaction was cooled to rt and 

concentrated under reduced pressure. The resulting residue was diluted with water (40 mL) 

and extracted with EtOAc (3x 40 mL). The combined organic extracts were dried over 

MgSO4, filtered and concentrated under reduced pressure. Purification by column 

chromatography eluting with hexane: EtOAc, 0 – 100 % afforded compound 5pzH-4pzMe-

iPr (123 mg, 50 % yield) as an orange oil that crystallised upon standing. Recrystallisation of 

5pzH-4pzMe-iPr by solvent diffusion of water into ethanol gave a yellow crystal, from which 

the absolute structure was unambiguously determined by X-ray crystallography (Appendix 
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Figure 8.20). Rf 0.55 (hexane: EtOAc, 3: 2);1H NMR (400 MHz, CDCl3) δ 7.48 (d, J = 1.8 Hz, 

1H), 6.38 (d, J = 1.8 Hz, 1H), 4.45 (hept, J = 6.7 Hz, 1H), 4.10 (s, 3H), 2.55 (s, 3H), 2.48 (s, 

3H), 1.50 (d, J = 6.7 Hz, 6H);13C NMR (101 MHz, CDCl3) δ 154.3, 141.4, 139.6, 138.9, 

135.7, 91.9, 50.1, 35.8, 22.2, 14.9, 9.6; HRMS (CI) m/z calc. for C12H19N6 [M+H]+ 247.1666, 

found: 247.1655. 

(E)-3,5-dimethyl-4-((1-methyl-1H-pyrazol-5-yl)diazenyl)-1-propyl-1H-pyrazole (5pzH-4pzMe-

nPr) 

 

To a stirred solution of 5pzH-4pzMe-H (153 mg, 0.750 mmol) and K2CO3 (207 mg, 1.50 

mmol) in MeCN (4 mL) under nitrogen at rt was added 1-iodopropane (146 µL, 1.50 mmol). 

The temperature was increased to 60 °C and the resulting mixture was stirred overnight. The 

reaction was cooled to rt and concentrated under reduced pressure. The resulting residue 

was diluted with water (30 mL) and extracted with EtOAc (3x 30 mL). The combined organic 

extracts were dried over MgSO4, filtered and concentrated under reduced pressure. 

Purification by column chromatography eluting with hexane: EtOAc, 0 – 100 % afforded 

compound 5pzH-4pzMe-nPr (186 mg, 90 % yield) as an orange oil. Rf 0.24 (hexane: EtOAc, 

3: 2); 1H NMR (400 MHz, CDCl3) δ 7.49 (d, J = 2.1 Hz, 1H), 6.39 (d, J = 2.1 Hz, 1H), 4.11 (s, 

3H), 3.99 (t, J = 7.3 Hz, 2H), 2.55 (s, 3H), 2.47 (s, 3H), 1.87 (h, J = 7.3 Hz, 2H), 0.95 (t, J = 

7.3 Hz, 3H); 13C NMR (101 MHz, CDCl3) δ 154.3, 141.8, 140.3, 138.9, 135.8, 92.1, 50.8, 

35.9, 23.4, 14.7, 11.3, 9.9; HRMS (CI) m/z calc. for C12H19N6 [M+H]+ 247.1666, found: 

247.1657. 

6.1.4. Azobisthiazoles 

(E)-1,2-di(thiazol-2-yl)diazene (bis2thzH)199  

 

To a stirred solution of 2,5-dithiobiurea 110 (3.00 g, 20.0 mmol) in EtOH (30 mL) under 

nitrogen at rt was added chloroacetaldehyde (50 % aqueous solution, 5.23 mL, 40.0 mmol) 

dropwise. The resulting mixture was stirred under nitrogen at reflux for 2 hours, followed by 

the addition of another equivalent of chloroacetaldehyde (50 % aqueous solution, 2.62 mL, 

20.0 mmol). The reaction mixture was stirred for further 1 h under reflux, then cooled to rt 
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and concentrated under reduced pressure to afford the crude bisthiazolehydrazine 

dihydrochloride that has been used directly without further purification. The crude hydrazine 

dihydrochloride was dissolved in H2O (20 mL). To the resulting solution was added dropwise 

a solution of NaNO2 (1.38 g, 20.0 mmol) in H2O (20 mL) leading to the instantaneous 

evolution of nitrous gases and formation of a blood orange precipitate. The resulting 

precipitate was filtered and washed with H2O (50 mL). The precipitate was dissolved in 

DCM, the aqueous washings were extracted with DCM (4 x 50 mL). All organic fractions 

were combined, dried over MgSO4, filtered and concentrated under reduced pressure. 

Purification by column chromatography on silica gel eluting with DCM : MeOH, 0 – 5% 

afforded compound bis2thzH (1.85 g, 47 % overall yield from both steps) as a blood orange 

solid. Recrystallisation of bis2thzH by vapour diffusion of pentane into DCM gave a red 

crystal, from which the absolute structure was unambiguously determined by X-ray 

crystallography (Appendix Figure 8.21). Rf 0.47 (DCM: EtOAc, 20:1); 1H NMR (400 MHz, 

CDCl3) δ 8.14 (d, J = 3.2 Hz, 2H, C(3)H and C(3’)H), 7.59 (d, J = 3.2 Hz, 2H, C(2)H and 

C(2’)H); 13C NMR (101 MHz, CDCl3) δ 175.2 (C(1) and C(1’)), 145.3 (C(3) and C(3’)), 123.9 

(C(2) and C(2’)); HRMS (CI) m/z calc. for C6H5N4S2 [M+H]+ 196.9950, found: 196.9950. 

(E)-1,2-bis(5-chlorothiazol-2-yl)diazene (bis2thzCl) 

 

To a stirred solution of bis2thzH (50 mg, 0.255 mmol) in DCE (2.0 mL) at rt was added NCS 

(102 mg, 0.765 mmol). The resulting mixture was heated to 80 °C and stirred for 18 h. The 

reaction mixture was cooled to rt and quenched by the addition of sat. aq. NaHCO3 (20 mL). 

The resulting mixture was extracted with DCM (4 x 20 mL). The combined organic extracts 

were dried over MgSO4, filtered and concentrated under reduced pressure. Purification by 

column chromatography on silica gel eluting with pentane: EtOAc = 20: 1  afforded 

compound bis2thzCl (47.2 mg, 70 % yield) as a red solid. Recrystallisation of bis2thzCl by 

vapour diffusion of pentane into DCM gave a red crystal, from which the absolute structure 

was unambiguously determined by X-ray crystallography (Appendix Figure 8.22). Rf 0.43 

(pentane: EtOAc, 10:1);1H NMR (400 MHz, CDCl3) δ 7.95 (s, 2H, C(3)H and C(3’)H); 13C 

NMR (101 MHz, CDCl3) δ 171.7 (C(1) and C(1’)), 143.6 (C(3) and C(3’)), 134.3 (C(2) and 

C(2’)); HRMS (ESI) m/z calc. for C6H3N4S2Cl2 [M+H]+ 264.9176, found: 264.9183. 
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 (E)-1,2-bis(5-bromothiazol-2-yl)diazene (bis2thzBr) 

 

To a stirred solution of bis2thzH (50 mg, 0.255 mmol) in DCE (2.0 mL) at rt was added NBS 

(99.8 mg, 0.561 mmol). The resulting mixture was heated to 60 °C and stirred for 18 h, then 

the temperature was increased to 80 °C and stirring continued for further 24 h. The reaction 

mixture was cooled to rt and quenched by the addition of sat. aq. NaHCO3 (20 mL). The 

resulting mixture was extracted with DCM (4 x 20 mL). The combined organic extracts were 

dried over MgSO4, filtered and concentrated under reduced pressure. Purification by column 

chromatography on silica gel eluting with pentane: EtOAc = 20: 1 afforded compound 

bis2thzBr (36.8 mg, 41% yield) as a red solid. Recrystallisation of bis2thzBr by solvent 

evaporation of CDCl3 gave a red crystal, from which the absolute structure was 

unambiguously determined by X-ray crystallography (Appendix Figure 8.23). Rf 0.41 

(pentane: EtOAc, 10: 1);1H NMR (400 MHz, CDCl3) δ 8.06 (s, 2H, C(3)H and C(3’)H); 13C 

NMR (101 MHz, CDCl3) δ 174.5 (C(1) and C(1’)), 146.8 (C(3) and C(3’)), 117.8 (C(2) and 

C(2’)); HRMS (CI) m/z calc. for C6H3N4S2Br2 [M+H]+ 354.8160, found: 354.8151. 

(E)-5-bromo-2-(thiazol-2-yldiazenyl)thiazole (bis2thz-mono-Br) 

 

To a stirred solution of bis2thzH (393 mg, 2.00 mmol) in DCE (12 mL) at rt was added NBS 

(1.07 g, 6.00 mmol). The resulting mixture was heated to 80 °C and left stirring overnight. 

Then another equivalent of NBS (356 mg, 2.00 mmol) was added and stirring continued for 

further 4 h. The reaction mixture was cooled to rt and quenched by the addition of sat. aq. 

NaHCO3 (50 mL). The resulting mixture was extracted with DCM (3 x 50 mL). The combined 

organic extracts were dried over MgSO4, filtered and concentrated under reduced pressure. 

Purification by column chromatography on silica gel eluting with DCM afforded compound 

bis2thzBr (214.3 mg, 30 % yield) as a red solid and compound bis2thz-mono-Br (80.0 mg, 

15 % yield) as a red solid. Rf 0.11 (pentane: EtOAc, 10: 1); 1H NMR (400 MHz, CDCl3) δ 

8.12 (d, J = 3.2 Hz, 1H, C(6)H), 8.03 (s, 1H, C(3)H), 7.60 (d, J = 3.3 Hz, 1H, C(5)H); 13C 

NMR (101 MHz, CDCl3) δ 174.8 (C(4)), 174.8 (C(1)), 146.5 (C(3)), 145.5 (C(6)), 124.3 

(C(5)), 117.2 (C(2)); HRMS (ESI) m/z calc. for C6H4N4S2Br [M+H]+ 274.9061, found: 

274.9066. 
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5-methoxythiazol-2-amine (112) 

 

To a stirred solution of bromothiazole 111 (250 mg, 1.40 mmol) in MeOH (2.5 mL) at rt was 

added NaOMe (378 mg, 7.00 mmol). The resulting mixture was stirred at rt overnight and 

then concentrated under reduced pressure. Purification by column chromatography on silica 

gel eluting with pentane: EtOAc, 0 – 100% afforded compound 112 (50 mg, 27%) as an 

orange solid. Rf 0.18 (pentane: EtOAc, 1: 3); 1H NMR (400 MHz, CDCl3) δ 6.40 (s, 1H, 

C(3)H), 3.82 (s, 3H, C(4)H3); 13C NMR (101 MHz, CDCl3) δ 157.9 (C(1)), 153.8 (C(2)), 116.4 

(C(3)), 62.1(C(4)); HRMS (CI) m/z calc. for C4H7NO2S [M+H]+ 131.0724, found: 131.0720. 

(E)-1,2-bis(5-phenoxythiazol-2-yl)diazene (bis2thzOPh)200 

 

In a dried microwave tube equipped with a stirrer bar were added bis2thzBr (35.4 mg, 0.10 

mmol), CuI (1.9 mg, 0.01 mmol), Me4-phenanthroline (4.7 mg, 0.02 mmol), Cs2CO3 (78.2 

mg, 0.24 mmol) and phenol (37.6 mg, 0.4 mmol).  The tube was sealed, the contents dried 

under high vacuum and flushed with nitrogen. To the resulting mixture at rt were added dried 

degassed PhMe (0.5 mL). The resulting suspension was heated to 80 °C and left stirring 

overnight. The reaction mixture was cooled to rt and concentrated under reduced pressure. 

Purification by column chromatography eluting with pentane: EtOAc, 0 – 50% afforded 

compound bis2thzOPh (9 mg, 24% yield) as a red solid. Rf 0.30 (pentane: EtOAc, 9: 1);1H 

NMR (400 MHz, CDCl3) δ 7.58 (s, 2H, C(3)H and C(3’)H), 7.45 – 7.40 (m, 4H, C(6a)H,  

C(6a’)H,  C(6b)H and C(6b’)H), 7.29 – 7.24 (m, 2H, C(7)H and C(7’)H), 7.23 – 7.19 (m, 4H, 

C(5a)H,  C(5a’)H,  C(5b)H and C(5b’)H ); 13C NMR (101 MHz, CDCl3) δ 164.1 (C(1) and 

C(1’)), 163.8 (C(2) and C(2’)), 157.4 (C(4a) and C(4a’)), 130.4 ((C(6a), C(6a’), C(6b) and 

C(6b’)), 129.9 (C(3) and C(3’)), 126.1 (C(7) and C(7’)), 118.8 ((C(5a), C(5a’), C(5b) and 

C(5b’)); HRMS (ESI) m/z calc. for C18H13N4O2S2 [M+H]+ 381.0480, found: 381.0486. 
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(E)-1,2-bis(4-methylthiazol-2-yl)diazene (bis2thz-4-Me)199 

 

To a stirred solution of 2,5-dithiobiurea 110 (300 mg, 2.00 mmol) in EtOH (3 mL) under 

nitrogen at rt was added chloroacetone 115 (478 µL, 6.0 mmol). The resulting mixture was 

stirred under nitrogen at reflux for 2 h followed by the addition of more chloroacetone (319 

µL, 4.0 mmol). The reaction mixture was stirred for further 1 h under reflux, then cooled to rt 

and concentrated under reduced pressure to afford crude hydrazine dihydrochloride 116 that 

has been used directly without further purification. The crude hydrazine dihydrochloride 116 

was dissolved in H2O (5 mL). To the resulting solution was added dropwise a solution of 

NaNO2 (138 mg, 2.00 mmol) in H2O (2 mL) leading to the instantaneous evolution of nitrous 

gases and formation of a blood orange precipitate. The resulting precipitate was filtered and 

washed with H2O (50 mL). The precipitate was dissolved in DCM, the aqueous washings 

were extracted with DCM (4 x 50 mL). All organic fractions were combined, dried over 

MgSO4, filtered and concentrated under reduced pressure. Purification by column 

chromatography on silica gel eluting with DCM: MeOH, 0–5% afforded compound bis2thz-4-

Me (154 mg, 35 % overall yield from both steps) as a blood orange solid. Rf 0.77 (DCM: 

EtOAc, 4:1) 1H NMR (400 MHz, CDCl3) δ 7.14 (d, J = 1.0 Hz, 2H, C(2)H and C(2’)H), 2.57 

(d, J = 1.0 Hz, 6H, C(4)H3 and C(4’)H3); 13C NMR (101 MHz, CDCl3) δ 174.2 (C(1) and 

C(1’)), 155.6 (C(3) and C(3’)), 119.0 (C(2) and C(2’)), 17.6 (C(4) and C(4’)); HRMS (ESI) m/z 

calc. for C8H9N4S2 [M+H]+ 225.0269, found: 225.0274. 

(E)-1,2-bis(5-methylthiazol-2-yl)diazene (bis2thz-5-Me)199 

 

To a stirred solution of 2,5-dithiobiurea 110 (300 mg, 2.00 mmol) in EtOH (3 mL) under 

nitrogen at rt was added 113 (822 mg, 6.0 mmol). The resulting mixture was stirred under 

nitrogen at reflux for 2 h followed by the addition of more 113 (411 mg, 3.0 mmol). The 

reaction mixture was stirred for further 1 h under reflux, then cooled to rt and concentrated 

under reduced pressure to afford the crude hydrazine dihydrobromide 114 that has been 

used directly without further purification. The crude hydrazine dihydrobromide 114 was 

dissolved in H2O (5 mL). To the resulting solution was added dropwise a solution of NaNO2 

(138 mg, 2.00 mmol) in H2O (2 mL) leading to the instantaneous evolution of nitrous gases 
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and formation of a blood orange precipitate. The resulting precipitate was filtered and 

washed with H2O (50 mL). The precipitate was dissolved in DCM, the aqueous washings 

were extracted with DCM (4 x 50 mL). All organic fractions were combined, dried over 

MgSO4, filtered and concentrated under reduced pressure. Purification by column 

chromatography on silica gel eluting with DCM: MeOH, 0 – 5% afforded compound bis2thz-

5-Me (125 mg, 28 % overall yield from both steps) as a blood orange solid. Rf 0.79 (DCM: 

EtOAc, 4: 1) ; 1H NMR (400 MHz, CDCl3) δ 7.79 (d, J = 1.1 Hz, 2H, C(3)H and C(3’)H), 2.57 

(d, J = 1.1 Hz, 6H, C(4)H3 and C(4’)H3); 13C NMR (101 MHz, CDCl3) δ 173.4 (C(1) and 

C(1’)), 143.5 (C(3) and C(3’)), 140.0 (C(2) and C(2’)), 13.3 (C(4) and C(4’)); HRMS (ESI) m/z 

calc. for C8H9N4S2 [M+H]+ 225.0269, found: 225.0272. 

(E)-1,2-bis(4,5-dimethylthiazol-2-yl)diazene (bis2thz-tetra-Me)199 

 

To a stirred solution of 2,5-dithiobiurea 110 (300 mg, 2.00 mmol) in EtOH (3 mL) under 

nitrogen at rt was added 117 (630 µL, 6.0 mmol). The resulting mixture was stirred under 

nitrogen at reflux for 2 h followed by the addition of more 117 (210 µL, 2.0 mmol). The 

reaction mixture was stirred for further 1 h under reflux, then cooled to rt and concentrated 

under reduced pressure to afford the crude hydrazine dihydrobromide 118 that has been 

used directly without further purification. The crude hydrazine dihydrobromide 118 was 

dissolved in H2O (5 mL). To the resulting solution was added dropwise a solution of NaNO2 

(138 mg, 2.00 mmol) in H2O (2 mL) leading to the instantaneous evolution of nitrous gases 

and formation of a blood orange precipitate. The resulting precipitate was filtered and 

washed with H2O (50 mL). The precipitate was dissolved in DCM, the aqueous washings 

were extracted with DCM (4 x 50 mL). All organic fractions were combined, dried over 

MgSO4, filtered and concentrated under reduced pressure. Purification by column 

chromatography on silica gel eluting with DCM : MeOH, 0 – 5% afforded compound bis2thz-

tetra-Me (356 mg, 71 % overall yield from both steps) as a blood orange solid. Rf 0.28 

(DCM: MeOH, 3%); 1H NMR (400 MHz, CDCl3) δ 2.45 (s, 6H, C(4)H3 and C(4’)H3), 2.45 (s, 

6H, C(5)H3 and C(5’)H3);13C NMR (101 MHz, CDCl3) δ 170.4 (C(1) and C(1’)), 151.8 (C(3) 

and C(3’)), 133.5 (C(2) and C(2’)), 15.1 (C(4) and C(4’)), 12.6 (C(5) and C(5’));HRMS (ESI) 

m/z calc. for C10H13N4S2 [M+H]+ 253.0582, found: 253.0587. 
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6.1.5. Azobisimidazoles 

1-methyl-2-nitro-1H-imidazole (44)86 

 

To a stirred suspension of 2-nitroimidazole 119 (4.52 g, 40.0 mmol) and K2CO3 (8.29 g, 60.0 

mmol) in MeCN (80 mL) at rt was added methyl iodide (2.99 mL, 48.0 mmol) dropwise. The 

resulting mixture was stirred at 65 oC for 18 h and then quenched by the addition of water 

(100 mL). The resulting mixture was concentrated under reduced pressure, diluted with 

water (50 mL) and extracted with EtOAc (3 x 150 mL). The combined organic extracts were 

dried over MgSO4, filtered and concentrated under reduced pressure to afford 44 (5.02 g, 

99% yield) as an off-white solid. Rf 0.49 (EtOAc); 1H NMR (400 MHz, CDCl3) δ 7.12 (d, J = 

1.1 Hz, 1H, C(3)H), 7.07 (d, J = 1.1 Hz, 1H, C(2)H), 4.07 (s, 3H, C(4)H); 13C NMR (101 MHz, 

CDCl3) δ 145.3 (C(1)), 128.4 (C(3)), 127.0 (C(2)), 37.6 (C(4)); HRMS (CI) m/z calc. for 

C4H6N3O2 [M+H]+ 128.0455, found: 128.0455. 

(E)-1,2-bis(1-methyl-1H-imidazol-2-yl)diazene (bis2imH)86 

 

To a stirred solution of nitroimidazole 44 (3.05 g, 24.0 mmol) in aqueous NH4Cl (0.1 M, 300 

mL) at 45 °C was added Zn dust (3.14 g, 48.0 mmol). The reaction mixture was stirred at 45 

°C for 2 h. The reaction mixture was cooled to rt, the solid was filtered off and the resulting 

filtrate was extracted with CHCl3: i-PrOH (3: 1, 3 x 200 mL).  The combined organic extracts 

were dried over MgSO4, filtered and concentrated under reduced pressure. Purification by 

column chromatography on alumina eluting with EtOAc: DCM: MeOH, 5: 1: 0 to 30: 6: 1 

afforded compound bis2thzH (675 mg, 30% yield) as a yellow solid. Rf 0.29 (EtOAc: DCM: 

MeOH, 30: 6: 1); 1H NMR (400 MHz, CDCl3) δ 7.30 (d, J = 1.0 Hz, 2H), 7.18 (d, J = 1.1 Hz, 

2H), 4.08 (s, 6H); 13C NMR (101 MHz, CDCl3) δ 153.7, 131.1, 124.7, 33.1; HRMS (ESI) m/z 

calc. for C8H11N6 [M+H]+ 191.1045, found: 191.1037. 
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1-methyl-1H-imidazol-2-amine (122) 

 

To the stirred solution of nitroimidazole 44 (636 mg, 5.00 mmol) in degassed dry MeOH (13 

mL) under nitrogen at rt was added Pd/C (10%, 107 mg, 0.100 mmol). H2 gas was then 

bubbled through the suspension for 15 min and the resulting mixture was stirred under 

hydrogen atmosphere overnight. The reaction mixture was filtered through celite and 

concentration under reduced pressure to afford a 3.5:1 mixture of aminoimidazole 122 and 

nitroimidazole 44. This was resubmitted to hydrogenation. The crude was dissolved in 

degassed MeOH (13 mL) under nitrogen at rt. To the corresponding mixture was added 

Pd/C (10%, 107 mg, 0.100 mmol). H2 gas was then bubbled through the suspension for 15 

min and the resulting mixture was stirred under hydrogen atmosphere overnight. The 

reaction mixture was filtered through celite and concentration under reduced pressure to 

afford aminoimidazole 122 (370 mg, 76% yield) as a pale yellow oil. Rf 0.09 (EtOAc: MeOH, 

5%); 1H NMR (400 MHz, CDCl3) δ 6.58 (d, J = 1.7 Hz, 1H, C(3)H), 6.47 (d, J = 1.7 Hz, 1H, 

C(2)H), 3.41 (s, 3H, C(4)H); 13C NMR (101 MHz, CDCl3) δ 148.1 (C(1)), 123.1 (C(3)), 116.5 

(C(2)), 31.7 (C(4)); HRMS (CI) m/z calc. for C4H8N3 [M+H]+ 98.0713, found: 98.0717. 

(E)-1,2-bis(5-bromo-1-methyl-1H-imidazol-2-yl)diazene (bis2imBr) and (E)-4,5-dibromo-2-

((5-bromo-1-methyl-1H-imidazol-2-yl)diazenyl)-1-methyl-1H-imidazole (bis2im-tri-Br) 

 

To a stirred solution of bis2imH (200 mg, 1.05 mmol) in DCM (15 mL) at rt was added NBS 

(412 mg, 2.31 mmol). The reaction mixture was stirred at rt for 18 h. The reaction mixture 

was diluted with DCM (35 mL) and then washed consecutively with Na2S2O3 (1 M, 50 mL) 

and sat. aq. NaHCO3 (3 x 50 mL). The organic layer was dried over MgSO4, filtered and 

concentrated under reduced pressure. Purification by column chromatography on silica gel 

eluting with DCM: EtOAc, 0 – 100% afforded compounds bis2imBr (154 mg, 44% yield) as 

an orange solid and bis2im-tri-Br (76.0 mg, 17% yield) as an orange solid. Recrystallisation 

of bis2imBr by solvent evaporation of DCM gave an orange crystal, from which the absolute 

structure was unambiguously determined by X-ray crystallography (Appendix Figure 8.24). 
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Bis2imBr: Rf 0.15 (DCM: EtOAc, 1: 1); 1H NMR (400 MHz, CDCl3) δ 7.31 (s, 2H), 4.01 (s, 

6H); 13C NMR (101 MHz, CDCl3) δ 153.7, 131.7, 109.7, 32.0; HRMS (CI) m/z calc. for 

C8H9N6Br2 [M+H]+ 346.9250, found: 346.9239. 

Bis2im-triBr: Rf 0.35 (DCM: EtOAc, 1: 1); 1H NMR (400 MHz, CDCl3) δ 7.33 (s, 1H), 4.03 

(s, 3H), 4.01 (s, 3H); 13C NMR (101 MHz, CDCl3) δ 153.7, 152.8, 132.2, 121.7, 110.2, 33.2, 

32.1; HRMS (ESI) m/z calc. for C8H8N6Br3 [M+H]+ 426.8340, found: 426.8356. 

(E)-1,2-bis(5-chloro-1-methyl-1H-imidazol-2-yl)diazene (bis2imCl) and (E)-4,5-dichloro-2-

((5-chloro-1-methyl-1H-imidazol-2-yl)diazenyl)-1-methyl-1H-imidazole (bis2im-tri-Cl) 

 

To a stirred solution of bis2imH (304 mg, 1.60 mmol) in DCE (16 mL) at 80 °C was added 

NCS (427 mg, 3.20 mmol). The reaction mixture was stirred at 80 °C for 18 h. The reaction 

mixture was cooled to rt, diluted with CHCl3 (50 mL) and then washed consecutively with 

Na2S2O3 (1 M, 75 mL) and sat. aq. NaHCO3 (3 x 75 mL). The organic layer was dried over 

MgSO4, filtered and concentrated under reduced pressure. Purification by column 

chromatography on silica gel eluting with DCM: EtOAc, 0 – 100% followed by EtOAc: MeOH, 

0 – 10% afforded compounds bis2imCl (302 mg, 73% yield) as an orange solid and bis2im-

triCl (25.6 mg, 6% yield) as an orange solid. 

bis2imCl: Rf 0.28 (EtOAc: MeOH, 5%); 1H NMR (400 MHz, MeOD) δ 7.34 (s, 2H), 4.03 (s, 

6H); 13C NMR (101 MHz, CDCl3) δ 152.4, 128.3, 123.0, 30.8; HRMS (CI) m/z calc. for 

C8H9Cl2N6 [M+H]+ 259.0260, found: 259.0262. 

bis2im-triCl: Rf 0.51 (EtOAc: MeOH, 5%); 1H NMR (400 MHz, CDCl3) δ 7.27 (s, 1H), 4.01 

(s, 3H), 4.00 (s, 3H); 13C NMR (101 MHz, CDCl3) δ 152.4, 149.7, 130.2, 128.7, 123.5, 118.7, 

31.6, 30.9; HRMS (CI) m/z calc. for C8H8Cl3N6 [M+H]+ 292.9871, found: 292.9871. 

(E)-1,2-bis(5-iodo-1-methyl-1H-imidazol-2-yl)diazene (bis2imI), and (E)-5-iodo-1-methyl-2-

((1-methyl-1H-imidazol-2-yl)diazenyl)-1H-imidazole (bis2im-mono-I) 

 

To a stirred solution of bis2im (159 mg, 0.836 mmol) in DMF (10 mL) at 80 °C was added 

NIS (385 mg, 1.71 mmol). The reaction mixture was stirred at 80 °C for 18 h. The reaction 
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mixture was cooled to rt, diluted with CHCl3 (50 mL) and then washed consecutively with 

Na2S2O3 (1 M, 50 mL), sat. aq. NaHCO3 (3 x 50 mL) and aq. LiCl (5%, 2 x 50 mL). The 

organic layer was dried over MgSO4, filtered and concentrated under reduced pressure. 

Purification by column chromatography on silica gel eluting with CHCl3: EtOAc, 0 – 100% 

followed by EtOAc: MeOH, 0 – 10% afforded compounds bis2iml (237 mg, 64% yield) as an 

orange solid and bis2im-mono-I (56.1 mg, 21% yield) as an orange solid. 

bis2imI: Rf 0.21 (CHCl3: EtOAc, 2: 3); 1H NMR (400 MHz, CDCl3) δ 7.43 (s, 2H), 4.03 (s, 

6H);  13C NMR (101 MHz, CDCl3) δ 155.6, 138.6, 78.3, 34.1; HRMS (CI) m/z calc. for 

C8H9I2N6 [M+H]+ 442.8973, found: 442.8952. 

bis2im-mono-I: Rf 0.17 (CHCl3: MeOH, 4%); 1H NMR (400 MHz, CDCl3) δ 7.40 (s, 1H), 7.33 

(d, J = 1.0 Hz, 1H), 7.20 (d, J = 1.0 Hz, 1H), 4.07 (s, 3H), 4.03 (s, 3H); 13C NMR (101 MHz, 

CDCl3) δ 155.8, 153.5, 138.2, 131.5, 125.1, 77.7, 34.1, 33.1; HRMS (CI) m/z calc. for 

C8H10IN6 [M+H]+ 317.0006, found: 317.0007. 

(E)-1,2-bis(5-methoxy-1-methyl-1H-imidazol-2-yl)diazene (bis2imOMe) 

 

To a stirred solution of bis2imCl (50 mg, 0.193 mmol) in dry MeOH (2 mL) at rt under 

nitrogen was added NaOMe (42.0 mg, 0.772 mmol). The reaction mixture was heated to 60 

°C and stirred for 1 h. Additional NaOMe (2 x 42.0 mg, 0.772 mmol) was consecutively 

added after 1 h and 3 h. The reaction was stirred for additional 1 h at 60 °C and then the 

mixture was cooled to rt, diluted with H2O (20 mL) and extracted with CHCl3 (3 x 20 mL). The 

combined organic extracts were dried over MgSO4, filtered and concentrated under reduced 

pressure. Purification by column chromatography on silica gel eluting with hexane: EtOAc, 0 

– 100% followed by EtOAc: DCM, 0 – 100% and DCM: MeOH, 0 – 5% afforded compound 

bis2imOMe (15.0 mg, 31% yield) as a red solid. Rf 0.22 (DCM: MeOH, 5%); 1H NMR (400 

MHz, CDCl3) δ 6.68 (s, 2H), 4.00 (s, 6H), 3.82 (s, 6H); 13C NMR (101 MHz, CDCl3) δ 151.1, 

148.03, 107.8, 58.2, 28.9; HRMS (ESI) m/z calc. for C10H15N6O2 [M+H]+ 251.1256, found: 

251.1255. 
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6.1.6. Non-symmetric azoheteroarenes 

(E)-2-((1-methyl-1H-pyrazol-4-yl)diazenyl)thiazole (2thz-4pz) 

 

To the stirred solution of aminothiazole 145 (200 mg, 2.00 mmol) in water (4 mL) at 0 °C was 

added HCl (12 M, 1.0 mL) and the resulting mixture was stirred for 10 min. Then prechilled 

solution of NaNO2 (166 mg, 2.40 mmol) in water (1 mL) was added dropwise and the 

resulting mixture was stirred at 0 °C for 45 min. Then the reaction mixture was added 

dropwise to a premixed suspension of sodium malonaldehyde (376 mg, 4.00 mmol) and 

NaOAc (492 mg, 6.00 mmol) in water (3 mL) resulting in the formation of a red precipitate. 

The pH was adjusted to ~7 by the addition of NaOAc and the reaction mixture was left 

stirring at 0 °C for 1 h. The precipitate was collected by vacuum filtration, washed with water 

(3 x 10 mL) and the resulting filtrate was extracted with DCM (3x 20 mL). The combined 

organic fractions were dried over MgSO4, filtered, concentrated under reduced pressure and 

combined with the collected precipitate to afford crude dialdehyde 146 (125 mg). To the 

stirred solution of crude dialdehyde 146 (72.5 mg, 0.396 mmol) in EtOH (3 mL) at rt under 

nitrogen was added methylhydrazine (32 µL, 0.594 mmol). The resulting mixture was 

warmed to 80 °C and stirred for 2 h. Then the reaction mixture was cooled to rt and 

concentrated under reduced pressure. Purification by column chromatography eluting with 

DCM: MeOH, 0 – 10% afforded compound 2thz-4pz (37 mg, 10% combined yield over two 

steps) as a yellow solid. Rf 0.47 (DCM: MeOH, 5%); 1H NMR (400 MHz, CDCl3) δ 8.07 (d, J 

= 16.9 Hz, 2H), 7.94 (d, J = 3.3 Hz, 1H), 7.33 (d, J = 3.3 Hz, 1H), 3.98 (s, 3H); 13C NMR (101 

MHz, CDCl3) δ 177.7, 143.5, 141.0, 135.0, 128.0, 120.4, 40.0; HRMS (ESI) m/z calc. for 

C7H8N5S [M+H]+ 194.0500, found: 194.0495. 

(E)-4-((1H-imidazol-2-yl)diazenyl)-1-methyl-1H-pyrazole (2im-4pz-NH) 

 

To the stirred solution of aminopyrazole 70 (194 mg, 2.00 mmol) in water (3 mL) at 0 °C was 

added HCl (12 M, 1.0 mL) and the resulting mixture was stirred for 10 min. Then prechilled 

solution of NaNO2 (166 mg, 2.40 mmol) in water (2 mL) was added dropwise and the 

resulting mixture was stirred at 0 °C for 45 min. Then the reaction mixture was added 

dropwise to a premixed suspension of imidazole (177 mg, 2.60 mmol) and K2CO3 (1.66 g, 
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12.0 mmol) in water (5 mL) resulting in the formation of a dark red solution. The reaction 

mixture was left stirring at 0 °C for 2 h and then diluted with water (30 mL). The resulting 

mixture was extracted with CHCl3: i-PrOH (3: 1, 3x 50 mL). The combined organic extracts 

were dried over MgSO4, filtered and concentrated under reduced pressure. Purification by 

column chromatography eluting with DCM: MeOH, 0 – 10% afforded compound 2im-4pz-NH 

(101 mg, 29% yield) as an orange solid. Recrystallisation of 2im-4pz-NH by solvent 

evaporation of DCM: MeOH mixture gave a yellow crystal, from which the absolute structure 

was unambiguously determined by X-ray crystallography (Appendix Figure 8.25). Rf 0.16 

(DCM: MeOH, 4%); 1H NMR (400 MHz, MeOD) δ 8.26 (s, 1H), 7.97 (s, 1H), 7.21 (s, 2H), 

3.95 (s, 3H); 13C NMR (101 MHz, MeOD) δ 156.1, 142.8, 133.9, 129.5, 39.6, imidazole CHs 

not observed due to exchange; HRMS (CI) m/z calc. for C7H9N6 [M+H]+ 177.0883, found: 

177.0885. 

(E)-1-methyl-4-((1-methyl-1H-imidazol-2-yl)diazenyl)-1H-pyrazole (2im-4pz) 

 

To a stirred solution of 2im-4pz-NH (62.0 mg, 0.362 mmol) and Cs2CO3 (172 mg, 0.528 

mmol) in DMF (3 mL) under nitrogen at rt was added iodomethane (21.9 µL, 0.352 mmol). 

The temperature was increased to 60 °C and the resulting mixture was stirred overnight. 

Then additional iodomethane (8.0 µL, 0.125 mmol) was added. The reaction was stirred for 

further 1 h, then cooled to rt and concentrated under reduced pressure. The resulting 

residue was diluted with water (20 mL) and extracted with DCM (3x 20 mL). The combined 

organic extracts were dried over MgSO4, filtered and concentrated under reduced pressure. 

Purification by column chromatography eluting with DCM: MeOH, 0 – 10% afforded 

compound 2im-4pz (56.5 mg, 84% yield) as an orange solid. Rf 0.25 (DCM: MeOH, 6%); 1H 

NMR (400 MHz, CDCl3) δ 8.04 (s, 1H), 7.96 (s, 1H), 7.17 (d, J = 1.1 Hz, 1H), 7.04 (d, J = 1.1 

Hz, 1H), 3.95 (s, 3H), 3.94 (s, 3H).13C NMR (101 MHz, CDCl3) δ 152.9, 142.5, 132.0, 130.0, 

129.3, 123.0, 39.7, 32.6; HRMS (ESI) m/z calc. for C8H11N6 [M+H]+ 191.1045, found: 

191.1034. 
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(E)-3-((1H-imidazol-2-yl)diazenyl)-1-methyl-1H-pyrazole (2im-3pz-NH) 

 

To the stirred solution of aminopyrazole 66 (291 mg, 3.00 mmol) in water (5 mL) at 0 °C was 

added HCl (12 M, 1.5 mL) and the resulting mixture was stirred for 10 min. Then prechilled 

solution of NaNO2 (248 mg, 3.60 mmol) in water (3 mL) was added dropwise and the 

resulting mixture was stirred at 0 °C for 45 min. Then the reaction mixture was added 

dropwise to a premixed suspension of imidazole (266 mg, 3.90 mmol) and K2CO3 (2.49 g, 

18.0 mmol) in water (7 mL) resulting in the formation of a yellow solution. The reaction 

mixture was left stirring at 0 °C for 2 h and then diluted with water (30 mL). The resulting 

mixture was extracted with CHCl3: i-PrOH (3: 1, 3x 50 mL). The combined organic extracts 

were dried over MgSO4, filtered and concentrated under reduced pressure. Purification by 

column chromatography eluting with DCM: MeOH, 0 – 10% afforded compound 2im-3pz-NH 

(527 mg, quant. yield) as a yellow solid. Rf 0.38 (DCM: MeOH, 10%); 1H NMR (400 MHz, 

CD3CN) δ 10.79 (br. s, 1H), 7.56 (d, J = 2.5 Hz, 1H), 7.25 (s, 2H), 6.58 (d, J = 2.5 Hz, 1H), 

3.97 (s, 3H); 13C NMR (101 MHz, MeOD) δ 164.8, 156.1, 134.3, 96.1, 39.8, imidazole CHs 

not observed due to exchange; HRMS (ESI) m/z calc. for C7H9N6 [M+H]+ 177.0889, found: 

177.0888. 

(E)-1-methyl-3-((1-methyl-1H-imidazol-2-yl)diazenyl)-1H-pyrazole (2im-3pz) 

 

To a stirred solution of 2im-3pz-NH (183 mg, 1.04 mmol) and Cs2CO3 (508 mg, 1.56 mmol) 

in DMF (9 mL) under nitrogen at rt was added iodomethane (64.7 µL, 1.04 mmol). The 

temperature was increased to 60 °C and the resulting mixture was stirred for 2 h. Then 

additional iodomethane (6.5 µL, 0.104 mmol) was added. The reaction was stirred for further 

30 min, then cooled to rt and concentrated under reduced pressure. The resulting residue 

was diluted with water (40 mL) and extracted with CHCl3: i-PrOH (3: 1, 3x 40 mL). The 

combined organic extracts were dried over MgSO4, filtered and concentrated under reduced 

pressure. Purification by column chromatography eluting with DCM: MeOH, 0 – 10% 

afforded compound 2im-3pz (176 mg, 89% yield) as a yellow solid. Rf 0.25 (DCM: MeOH, 

5%); 1H NMR (400 MHz, CDCl3) δ 7.38 (d, J = 2.5 Hz, 1H), 7.29 (s, 1H), 7.07 (s, 1H), 6.71 

(d, J = 2.4 Hz, 1H), 4.00 (s, 3H), 4.00 (s, 3H);13C NMR (101 MHz, CDCl3) δ 163.9, 152.6, 
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132.0, 130.6, 124.4, 98.3, 39.9, 34.3; HRMS (ESI) m/z calc. for C8H11N6 [M+H]+ 191.1045, 

found: 191.1042. 

(E)-5-((1H-imidazol-2-yl)diazenyl)-1-methyl-1H-pyrazole (2im-5pz-NH) 

 

To the stirred solution of aminopyrazole 67 (291 mg, 3.00 mmol) in water (5 mL) at 0 °C was 

added HCl (12 M, 1.5 mL) and the resulting mixture was stirred for 10 min. Then prechilled 

solution of NaNO2 (248 mg, 3.60 mmol) in water (3 mL) was added dropwise and the 

resulting mixture was stirred at 0 °C for 30 min. Then the reaction mixture was added 

dropwise to a premixed suspension of imidazole (266 mg, 3.90 mmol) and K2CO3 (2.49 g, 

18.0 mmol) in water (7 mL) resulting in the formation of a dark red solution. The reaction 

mixture was left stirring at 0 °C for 2 h and then diluted with water (30 mL). The resulting 

mixture was extracted with CHCl3: i-PrOH (3: 1, 3x 50 mL). The combined organic extracts 

were dried over MgSO4, filtered and concentrated under reduced pressure. Purification by 

column chromatography eluting with DCM: MeOH, 0 – 10% afforded compound 2im-5pz-NH 

(130 mg, 25% yield) as a red solid. Recrystallisation of 2im-5pz-NH by solvent evaporation 

of DCM: MeOH mixture gave a red crystal, from which the absolute structure was 

unambiguously determined by X-ray crystallography (Appendix Figure 8.26). Rf 0.13 (DCM: 

MeOH, 4%); 1H NMR (400 MHz, MeOD) δ 7.57 (d, J = 2.3 Hz, 1H), 7.37 (s, 2H), 6.60 (d, J = 

2.3 Hz, 1H), 4.20 (s, 3H); 13C NMR (101 MHz, MeOD) δ 164.8, 156.1, 134.3, 96.1, 39.8, 

imidazole CHs not observed due to exchange; HRMS (ESI) m/z calc. for C7H9N6 [M+H]+ 

177.0889, found: 177.0893. 

(E)-1-methyl-5-((1-methyl-1H-imidazol-2-yl)diazenyl)-1H-pyrazole (2im-5pz) 

 

To a stirred solution of 2im-5pz-NH (83.5 mg, 0.474 mmol) and Cs2CO3 (232 mg, 0.711 

mmol) in DMF (5 mL) under nitrogen at rt was added iodomethane (29.5 µL, 0.474 mmol). 

The temperature was increased to 60 °C and the resulting mixture was stirred for 1 h. Then 

the reaction was cooled to rt and concentrated under reduced pressure. The resulting 

residue was diluted with water (20 mL) and extracted with CHCl3: i-PrOH (3: 1, 3x 20 mL). 

The combined organic extracts were dried over MgSO4, filtered and concentrated under 

reduced pressure. Purification by column chromatography eluting with DCM: EtOAc, 0 – 
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100% afforded compound 2im-5pz (75.9 mg, 84% yield) as a red solid. Recrystallisation of 

2im-5pz by vapour diffusion of pentane into DCM gave an orange crystal, from which the 

absolute structure was unambiguously determined by X-ray crystallography (Appendix 

Figure 8.27). Rf 0.10 (DCM: EtOAc, 1: 4); 1H NMR (400 MHz, CDCl3) δ 7.55 (d, J = 2.3 Hz, 

1H), 7.35 – 7.31 (m, 1H), 7.18 (d, J = 1.0 Hz, 1H), 6.55 (d, J = 2.3 Hz, 1H), 4.26 (s, 3H), 4.01 

(s, 3H); 13C NMR (101 MHz, CDCl3) δ 154.2, 152.7, 139.3, 130.8, 124.5, 94.1, 36.7, 33.0; 

HRMS (ESI) m/z calc. for C8H11N6 [M+H]+ 191.1045, found: 191.1048. 
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6.2. Photoswitching in solution 

6.2.1. General methods 

UV-vis spectroscopy was performed on Agilent Cary 60 UV-vis spectrophotometer equipped 

with a temperature probe or Agilent HP 8453 UV-vis spectrophotometer using quartz 

cuvettes with path length of 10 mm or 2 mm. Solutions of the photoswitches were prepared 

with HPLC or higher-grade solvents. Samples were irradiated in a custom-built irradiation set 

up provided by Sahlmann Photochemical Solutions using 308 nm, 340 nm (Seoul 

CUD4AF1B LEDs 3 × 50 mW), 365 nm (Nichia NCSU276A LEDs 3 × 800 mW), 405 nm 

(Nichia NCSU119C LEDs 3 × 770 mW), 450 nm (Nichia NCSC219B-V1 LEDs 3 × 900 mW), 

495 nm (Nichia NCSE119B-V1 LEDs 3 × 750 mW), 525 nm (NCSG219B-V1 LEDs 3 × 450 

mW) or 630 nm LED light sources or Luzchem LZC-4V photoreactor fitted with fitted with 

either 10 × 8 W LZC-UVA (emission band 315–400 nm, λmax 351 nm), 10 × 8 W LZC-UVB 

(emission band 280–380 nm, λmax 312 nm) or LZC-420 nm lamps. To verify that PSS at each 

wavelength was reached, the sample was irradiated until no change in the spectrum was 

observed either by UV-vis spectroscopy or 1H NMR. According to NMR analysis all 

photoswitches were prepared as the pure E isomers, therefore thermal equilibration of the 

samples was not necessary. All samples were prepared, handled and stored in the dark. 

Spectra of the freshly prepared compounds obtained prior light irradiation were treated as 

those of the corresponding pure E isomers.  

For slow thermally Z-E relaxing compounds (t1/2 > 1 h) UV-vis or 1H NMR measurements 

were taken immediately after irradiation. Photoswitching was first performed using UV-vis 

spectroscopy in order to identify optimal irradiation conditions.  Then, the compositions of the 

PSSs containing the highest abundance of a single isomer were quantified by 1H NMR.  For 

compounds that did not undergo quantitative photoconversion, the UV-vis spectrum of the 

pure Z isomer was obtained by extracting the UV-vis spectrum of the pure E isomer from the 

UV-vis spectrum of the Z-rich PSS following equation 6.1.56   

𝐴𝑍 =
𝐴𝑃𝑆𝑆 − 𝐴𝐸 × 𝑓

1 − 𝑓
              (6.1) 

where 𝑓= fraction of E isomer present in the PSS, and 𝐴 = absorbance in the PSS, E or Z 

spectrum. 

For fast thermally relaxing compounds, the UV-vis spectra at the different PSSs were 

recorded while the sample was simultaneously being irradiated with the corresponding light 

source. Irradiation was performed at 90° to the spectrometer probe (either from the side or 

the top of the cuvette). Then, the E/Z distribution at the Z-rich PSS was estimated using an 

approach reported by Weston et al.55,86 The fraction 𝑓 of the E-isomer present was initially 
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guessed and the spectrum of the pure E isomer was then extracted from the spectrum of the 

Z-rich PSS following equation 2. The 𝑓 was then varied until a sensible spectrum for the pure 

Z isomer was obtained, where no contribution from the E π-π* absorbance or any negative 

absorbances are observed. This produces a minimum and a maximum value for f 

respectively which are averaged and then the average f is used to generate the estimated 

pure Z spectrum following equation 6.1.   

6.2.2. UV-vis spectra of azobispyrazoles 
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Figure 6.1. UV-vis spectra of pure E and Z isomers and Z-rich and E-rich PSSs of azobispyrazoles 

studied in acetonitrile 
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Figure 6.2. UV-vis spectra of pure E isomer, Z-rich and E-rich PSSs of azobispyrazoles 3pzH-4pzMe, 

4pzH-4pzMe and 5pzH-4pzMe 
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Figure 6.3. UV-vis spectra of pure E isomer, Z-rich and E-rich PSSs of azobispyrazoles based on the 

5pzH-4pzMe scaffold with small substituents 
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6.2.3. Quantification of PSS composition via 1H NMR 

bis3pzH 

 

 

 

Figure 6.4. Photoswitching of bis3pzH at 25 mM concentration in MeCN-d3. a) preirradiated; b) 365 

nm PSS; c) 495 nm PSS. 
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Figure 6.5. Photoswitching of bis3pzMe at 25 mM concentration in MeCN-d3. a) preirradiated; b) 365 

nm PSS; c) 495 nm PSS. 
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Figure 6.6. Photoswitching of bis4pzH at 25 mM concentration in MeCN-d3. a) preirradiated; b) 365 

nm PSS; c) 495 nm PSS. 
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Figure 6.7. Photoswitching of bis3pzH at 25 mM concentration in MeCN-d3. a) preirradiated; b) 365 

nm PSS; c) 495 nm PSS 
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Figure 6.8. Photoswitching of bis5pzH at 25 mM concentration in MeCN-d3. a) preirradiated; b) 365 

nm PSS; c) 495 nm PSS 
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Figure 6.9. Photoswitching of bis5pzMe at 25 mM concentration in MeCN-d3. a) preirradiated; b) 365 

nm PSS; c) 495 nm PSS 
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Figure 6.10. Photoswitching of 3pzH-4pzMe at 20 mM concentration in MeCN-d3. a) preirradiated; b) 

340 nm PSS; c) 525 nm PSS 
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Figure 6.11. Photoswitching of 4pzH-4pzMe at 20 mM concentration in MeCN-d3. a) preirradiated; b) 

340 nm PSS; c) 525 nm PSS 
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Figure 6.12. Photoswitching of 5pzH-4pzMe at 20 mM concentration in MeCN-d3. a) preirradiated; b) 

365 nm PSS; c) 525 nm PSS. 
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Figure 6.13. Photoswitching of 5pzH-4pzMe-Et at 20 mM concentration in MeCN-d3. a) preirradiated; 

b) 365 nm PSS; c) 525 nm PSS 
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Figure 6.14. Photoswitching of 5pzH-4pzMe-iPr at 20 mM concentration in MeCN-d3. a) preirradiated; 

b) 365 nm PSS; c) 525 nm PSS 
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Figure 6.15. Photoswitching of 5pzH-4pzMe-nPr at 20 mM concentration in MeCN-d3. a) 

preirradiated; b) 365 nm PSS; c) 525 nm PSS 
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Figure 6.16. Photoswitching of 2thz-4pz at 20 mM concentration in MeCN-d3. a) preirradiated; b) 365 

nm PSS; c) 525 nm PSS 
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Figure 6.17. Photoswitching of 2im-4pz at 10 mM concentration in PhMe-d8. a) preirradiated; b) 405 

nm PSS; c) 525 nm PSS 
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Figure 6.18. Photoswitching of 2im-3pz at 10 mM concentration in PhMe-d8. a) preirradiated; b) 405 

nm PSS; c) 525 nm PSS 

 

  

a 

b 

c 



187 
 

2im-5pz 

 

 

 

Figure 6.19. Photoswitching of 2im-5pz at 10 mM concentration in PhMe-d8. a) preirradiated; b) 405 

nm PSS; c) 525 nm PSS 
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6.2.4. Estimation of PSS composition via UV-vis spectroscopy 
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Figure 6.20. UV-vis spectra of pure E isomer, Z-rich PSS and estimated pure Z isomer of bis2thzH in 

various solvents at 25 µM concentration. 
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Figure 6.21. UV-vis spectra of pure E isomer, Z-rich PSS and estimated pure Z isomer of 

azobisthiazoles 
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Figure 6.22. UV-vis spectra of pure E isomer, Z-rich and E-rich PSSs and estimated pure Z isomer of 

azobisimidazoles studied 
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Figure 6.23. UV-vis spectra of pure E isomer, Z-rich and E-rich PSSs and estimated pure Z isomer of 

bis2imOMe in various solvents 
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Figure 6.24. UV-vis spectra of pure E isomer, Z-rich and E-rich PSSs and estimated pure Z isomer of 

bis2imOMe in MeCN recorded in 10 mm (left) and 2 mm (right) pathlength quartz cuvettes 
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6.3. Photoswitching in condensed phases 

Apart from photo-liquefaction of phenylazopyrazoles 4pzMe, 5pzH and 4pzH, the data in 

section 6.3 has been generated by Alejandra Gonzalez and My Le.  

Differential Scanning Calorimetry Plots of Compounds 2 and 3 

 

 

 

Figure 6.25. DSC plots demonstrating thermal properties of Z-E photoisomerisation (top 

curve), E (middle curve), and Z (bottom curve) isomers upon heating and cooling for a) 

5pzH-4pzMe-Et and b) 5pzH-4pzMe-iPr.  

Tiso – isomerisation temperature, Tcc – cold-crystallisation temperature, and Tm – melting 

temperature. Scan rate is 10 ˚C/min. The first heating curve is shown in purple, and first 

cooling shown in grey. 
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Reversible photoisomerisation in the condensed phase of azobispyrazoles 5pzH-

4pzMe-Me, 5pzH-4pzMe-Et, 5pzH-4pzMe-iPr and 5pzH-4pzMe-nPr 

 

5pzH-4pzMe-Me  

 

Figure 6.26. a) Optical images illustrating light-induced isomerisation and phase transition of 

azobispyrazole 5pzH-4pzMe-Me. The first image depicts the pure E state, and the following 

images demonstrate the phase transition of the material upon irradiation with 365 nm and 

530 nm light. b) The content of the Z isomer in the corresponding samples was measured by 

1H NMR. 
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5pzH-4pzMe-Et  

 

 

Figure 6.27. a) Optical images illustrating light-induced isomerisation and phase transition of 

azobispyrazole 5pzH-4pzMe-Et. The first image depicts the pure E state, the following 

images demonstrate the phase transition of the material upon irradiation with 365 nm and 

530 nm light. b) The content of the Z isomer in the corresponding samples was measured by 

1H NMR. 
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5pzH-4pzMe-iPr 

 

 

Figure 6.28. a) Optical images illustrating light-induced isomerisation and phase transition of 

azobispyrazole 5pzH-4pzMe-iPr. The first image depicts the pure E state, the following 

images demonstrate the phase transition of the material upon irradiation with 365 nm and 

530 nm light. b) The content of the Z isomer in the corresponding samples was measured by 

1H NMR. 
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5pzH-4pzMe-nPr 

 

 

Figure 6.29. a) Optical images illustrating light-induced isomerisation of azobispyrazole 

5pzH-4pzMe-nPr with no associated phase transition. The first image depicts the pure E 

state, the following images demonstrate the change in the material upon irradiation with 365 

nm and 530 nm light. b) The content of the Z isomer in the corresponding samples was 

measured by 1H NMR. 
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Static Penetration Depth Measurements 

 

Figure 6.30. Static penetration depth plots of the E and Z isomers of azobispyrazoles a) 

5pzH-4pzMe-Me, b) 5pzH-4pzMe-iPr and c) 5pzH-4pzMe-nPr. Calculations were carried 

out following the method reported by Grossman et. al.174 The UV-vis absorption data used in 

the calculation was smoothed using the Savitzky-Golay method (points window 10, 

polynomial order 2).   
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Experimental effective light penetration depth measurements of azobispyrazole 5pzH-

4pzMe-Et 

 

Figure 6.31. The Z isomer content in azobispyrazole 5pzH-4pzMe-Et samples following UV 

light irradiation at different sample thickness measured by 1H NMR. 
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Figure 6.32. The E isomer content in azobispyrazole 5pzH-4pzMe-Et samples following 530 

nm irradiation at different sample thickness measured by 1H NMR. 
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Control experiment for the molecular convection test performed with 5pzH-4pzMe-Et 

 

 

Figure 6.33. Control experiment for the molecular convection test performed with 5pzH-

4pzMe-Et a) Schematic of the control experiment b) Optical images obtained illustrating the 

change in both layers 

 

Photothermal effect of UV (365 nm) and visible (530 nm) irradiation monitored by IR 

camera 

 

Figure 6.34. Photothermal effect of UV (365 nm) and visible (530 nm) irradiation monitored 

by IR camera. T1 was measured from the center of the sample, and T2 is measured from the 

styrofoam insulation around the sample. 
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Bulk Isomerisation Experiment of 5pzH-4pzMe-Et 

 

 

Figure 6.35. The Z isomer content in bulk sample of 5pzH-4pzMe-Et (115 mg) following UV 

light irradiation measured by 1H NMR over time.  
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Figure 6.36. The Z isomer content in bulk sample of 5pzH-4pzMe-Et (115 mg) following 530 

nm light irradiation measured by 1H NMR over time.  
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Photo-liquefaction of phenylazopyrazoles 4pzMe, 5pzH and 4pzH 

 

Figure 6.37. Images depicting the change in phenylazopyrazole samples upon irradiation 

with UVA and UVB light for 24 h.  a) 4pzMe underwent photo-liquefaction under both 

conditions, b) 5pzH photo-liquefied under UVA irradiation, and c) 4pzH did not undergo 

photo-liquefaction.  
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6.4. Thermal isomerisation kinetics 

6.4.1. General methods 

Thermal isomerisation kinetics of all Z isomers were measured by UV-vis spectroscopy. The 

measurements were performed at 25 μM concentration using HPLC or higher grade 

solvents. Initially, the sample was thermally equilibrated and then irradiated with the 

appropriate light source until a Z-rich PSS was obtained. Then, the absorbance of the Z-rich 

sample was recorded at a given time interval. Between measurements the sample was left 

inside the spectrophotometer at a constant temperature and in the absence of ambient light.  

For faster relaxing switches (t1/2 < 2 days) the thermal isomerisation kinetics was directly 

followed at 25 °C. For all other switches the thermal Z-E back conversion was followed at a 

range of elevated temperatures that allowed determination of the kinetics at 25 °C via 

extrapolation using the Eyring equation 6.2. The rate constants obtained at elevated 

temperatures are fitted to a straight line using equation 6.2 which was then extrapolated to 

obtain the rate constant at 25 °C (298 K). Once the rate constant at 25 °C was obtained 

either directly (fast relaxing switches) or by extrapolation (slow relaxing switches), the half-

live t1/2 was calculated using equation 6.3 applicable to first-order processes. 

 
𝑙𝑛 

𝑘

𝑇
 =

−𝛥𝐻

𝑅
×

1

𝑇
 + 𝑙𝑛 

𝑘𝐵

ℎ
  +

𝛥𝑆

𝑅
  (6.2) 

 

k = rate constant; T = absolute temperature; ΔH = isomerisation enthalpy; R = gas constant; 

kB = Boltzmann constant; h = Planck’s constant; ΔS = isomerisation entropy.  

 
𝑡1/2 =

𝑙𝑛 (2) 

𝑘
            (6.3) 

t1/2 = thermal half-life; k = rate constant. 
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6.4.2. Azobispyrazoles 
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Figure 6.38. Thermal isomerization kinetics of bis3pzH at 25 µM concentration in DMSO at various 

temperatures and the corresponding Eyring plot. The absorbance at 328 nm at each temperature was 

fitted to an exponential fit. The fitted parameters were used to obtain a Eyring plot that allowed 

determination of the thermal half-life at 25 °C to 82 days by extrapolation. 
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Figure 6.39. Thermal isomerization kinetics of bis3pzMe at 25 µM concentration in DMSO at various 

temperatures and the corresponding Eyring plot. The absorbance at 336 nm at each temperature was 

fitted to an exponential fit. The fitted parameters were used to obtain a Eyring plot that allowed 

determination of the thermal half-life at 25 °C to 4.2 days by extrapolation. 
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Figure 6.40. Thermal isomerization kinetics of bis4pzH at 25 µM concentration in DMSO at various 

temperatures and the corresponding Eyring plot. The absorbance at 332 nm at each temperature was 

fitted to an exponential fit. The fitted parameters were used to obtain a Eyring plot that allowed 

determination of the thermal half-life at 25 °C to 683 days by extrapolation. 

 



208 
 

0 20000 40000 60000

0.0

0.2

0.4

0.6

0 5000 10000 15000

0.0

0.1

0.2

0.3

0.4

0 2000 4000 6000 8000

0.0

0.1

0.2

0.3

0.4

0 2000 4000 6000 8000

0.0

0.2

0.4

0.6

0.0028 0.0030 0.0032 0.0034

-23

-22

-21

-20

-19

-18

-17

-16

-15

-14

-13

Time (s)

A
b

s
 <

3
4

5
n

m
>

70 oC

Model Exponential

Equation y = y0 + A*exp(R0*x)

Plot Abs <345nm>

y0 0.57092 ± 3.78624E-4

A -0.54126 ± 3.52236E-4

R0 -4.32967E-5 ± 8.23621

Reduced Chi-S 1.14901E-7

R-Square (COD 1

Adj. R-Square 1

Time (s)

A
b

s
 <

3
4

5
n

m
>

75 oC

Model Exponential

Equation y = y0 + A*exp(R0*x)

Plot Abs <345nm>

y0 0.561 ± 6.86198E-4

A -0.53049 ± 6.31018E-4

R0 -7.77996E-5 ± 1.77339

Reduced Chi-S 2.16945E-8

R-Square (COD 1

Adj. R-Square 1

Time (s)

A
b

s
 <

3
4

5
n

m
>

80 oC

Model Exponential

Equation y = y0 + A*exp(R0*x)

Plot Abs <345nm>

y0 0.55785 ± 7.95067E-4

A -0.52798 ± 7.53597E-4

R0 -1.33007E-4 ± 3.11629

Reduced Chi-S 9.4399E-9

R-Square (COD 1

Adj. R-Square 1

Time (s)

A
b

s
 <

3
4

5
n

m
>

90 oC

Model Exponential

Equation y = y0 + A*exp(R0*x)

Plot Abs <345nm>

y0 0.54972 ± 6.02903E-4

A -0.51568 ± 5.78366E-4

R0 -3.83256E-4 ± 1.22023

Reduced Chi-S 2.30248E-7

R-Square (COD 0.99999

Adj. R-Square 0.99999

1/T

L
n

(k
/T

)

Equation y = a + b*x

Plot Ln(k/T)

Weight No Weighting

Intercept 22.58345 ± 0.24342

Slope -13198.1256 ± 85.6027

Residual Sum of Square 2.05653E-4

Pearson's r -0.99996

R-Square (COD) 0.99992

Adj. R-Square 0.99987

 

Figure 6.41. Thermal isomerization kinetics of bis4pzMe at 25 µM concentration in DMSO at various 

temperatures and the corresponding Eyring plot. The absorbance at 345 nm at each temperature was 

fitted to an exponential fit. The fitted parameters were used to obtain a Eyring plot that allowed 

determination of the thermal half-life at 25 °C to 70 days by extrapolation. 
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Figure 6.42. Thermal isomerization kinetics of bis5pzH at 25 µM concentration in DMSO at 25 °C. 

The absorbance at 361 nm at each temperature was fitted to an exponential fit to allow determination 

of the thermal half-life to 7.2 h.  
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Figure 6.43. Thermal isomerization kinetics of bis5pzMe at 25 µM concentration in DMSO at 25 °C. 

The absorbance at 366 nm at each temperature was fitted to an exponential fit to allow determination 

of the thermal half-life to 1.7 h.  
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6.4.3. Azobispyrazoles as MOST materials 
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Figure 6.44. Thermal isomerization kinetics of 3pzH-4pzMe at 25 µM concentration in DMSO at 

various temperatures and the corresponding Eyring plot. The absorbance at 334 nm at each 

temperature was fitted to an exponential fit. The fitted parameters were used to obtain a Eyring plot 

that allowed determination of the thermal half-life at 25 °C to 58.9 days by extrapolation. 
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Figure 6.45. Thermal isomerization kinetics of 4pzH-4pzMe at 25 µM concentration in DMSO at 

various temperatures and the corresponding Eyring plot. The absorbance at 334 nm at each 

temperature was fitted to an exponential fit. The fitted parameters were used to obtain a Eyring plot 

that allowed determination of the thermal half-life at 25 °C to 397 days by extrapolation. 
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Figure 6.46.  Thermal isomerization kinetics of 5pzH-4pzMe(-Me) at 25 µM concentration in DMSO at 

various temperatures and the corresponding Eyring plot. The absorbance at 350 nm at each 

temperature was fitted to an exponential fit. The fitted parameters were used to obtain a Eyring plot 

that allowed determination of the thermal half-life at 25 °C to 6.0 days by extrapolation. 
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Figure 6.47. Thermal isomerization kinetics of 5pzH-4pzMe-Et at 25 µM concentration in DMSO at 

various temperatures and the corresponding Eyring plot. The absorbance at 350 nm at each 

temperature was fitted to an exponential fit. The fitted parameters were used to obtain a Eyring plot 

that allowed determination of the thermal half-life at 25 °C to 5.9 days by extrapolation. 
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Figure 6.48. Thermal isomerization kinetics of 5pzH-4pzMe-iPr at 25 µM concentration in DMSO at 

various temperatures and the corresponding Eyring plot. The absorbance at 350 nm at each 

temperature was fitted to an exponential fit. The fitted parameters were used to obtain a Eyring plot 

that allowed determination of the thermal half-life at 25 °C to 6.2 days by extrapolation. 
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Figure 6.49. Thermal isomerization kinetics of 5pzH-4pzMe-nPr at 25 µM concentration in DMSO at 

various temperatures and the corresponding Eyring plot. The absorbance at 351 nm at each 

temperature was fitted to an exponential fit. The fitted parameters were used to obtain a Eyring plot 

that allowed determination of the thermal half-life at 25 °C to 6.7 days by extrapolation. 
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Figure 6.50. Thermal isomerization kinetics of 5pzH-4pzMe-H at 25 µM concentration in DMSO at 25 

°C. The absorbance at 348 nm at each temperature was fitted to an exponential fit to allow 

determination of the thermal half-life to 1.5 h. 
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6.4.4. Azobisthiazoles 
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Figure 6.51. Thermal isomerization kinetics of bis2thzH at 25 °C in various solvents at 25 µM 

concentration. The absorbance in each solvent was fitted to an exponential fit to allow determination 

of the thermal half-life to 27.9 s in PhMe, 15.9 s in MeCN, 6.37 s in DMSO, 9.10 s in MeOH, 9.92 s in 

water and 10.0 s in water/HCl mixture (1000 equiv. of acid compared to the photoswitch).  
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Figure 6.52. Thermal isomerization kinetics of azobisthiazole switches at 25 °C in acetonitrile at 25 

µM concentration. The absorbance of each switch was fitted to an exponential fit to allow 

determination of the thermal half-life of bis2thzCl to 740 ms; bis2thzBr to 750 ms;  bis2thz-mono-Br 

to 4.5 s;  bis2thz-5-Me to 740 ms;  bis2thz-4-Me to 910 ms; and bis2thz-tetra-Me to 15 ms. 
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6.4.5. Azobisimidazoles 
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Figure 6.53. Thermal isomerization kinetics of azobisimidazole switches at 25 °C in DMSO at 25 µM 

concentration. The absorbance of each switch was fitted to an exponential fit to allow determination of 

the thermal half-life of bis2imH to 127 s; bis2imCl to 48 s; bis2imBr to 48 s; bis2imI to 26 s; bis2im-

mono-I to 64 s; bis2im-tri-Cl to 23 s; and bis2im-tri-Br to 25 s. 
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Figure 6.54. Thermal isomerization kinetics of bis2imOMe at 25 °C in various solvents at 25 µM 

concentration. The absorbance in each solvent was fitted to an exponential fit to allow determination 

of the thermal half-life to 76 ms in PhMe; 190 ms in MeCN; 220 ms in dry MeCN; and 220 ms in 

DMSO.  
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6.4.6. Non-symmetric azoheteroarenes 
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Figure 6.55. Thermal isomerization kinetics of 2thz-4pz at 25 µM concentration in MeCN at 25 °C. 

The absorbance at 366 nm at each temperature was fitted to an exponential fit to allow determination 

of the thermal half-life to 2.2 days. 
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Figure 6.56. Thermal isomerization kinetics of 2im-4pz at 25 µM concentration in anhydrous toluene 

at various temperatures and the corresponding Eyring plot. The absorbance at 371 nm at each 
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temperature was fitted to an exponential fit. The fitted parameters were used to obtain a Eyring plot 

that allowed determination of the thermal half-life at 25 °C to 213 days by extrapolation. 
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Figure 6.57. Thermal isomerization kinetics of azoheteroarenes 2im-3pz and 2im-5pz at 25 °C in 

anhydrous toluene at 25 µM concentration. The absorbance of each switch was fitted to an 

exponential fit to allow determination of the thermal half-life of 2im-3pz to 20.1 h and 2im-5pz to 11.8 

h. 
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6.5. Computational 

6.5.1. General methods 

Theoretical calculations were carried out in Gaussian16.243 In the HTVS screening the lowest 

energy conformers of the E and Z isomers were optimized at the M06/6-31+G(d,p) level. The 

vertical excitation energies were computed using ωB97X-D/6-31+G(d,p) level of theory. All 

other geometry optimisations and frequency calculations were performed in the density 

functional theory (DFT) framework using either the hybrid exchange−correlation PBE0244 

functional together with the latest D3 version of Grimme’s dispersion correction152 or the 

hybrid exchange−correlation B3LYP151 functional together with the original D3 version of 

Grimme’s dispersion correction152. The split-valence Pople’s 6-31G(d,p) basis set was used 

throughput.153 Calculations were performed either in vacuum or in acetonitrile solvent 

following the polarizable continuum model (PCM).154 All geometry optimisations were carried 

out until convergence, followed by a frequency calculation in order to ensure a true local 

minimum on the potential energy surface (PES) was achieved. Time-dependent DFT (TD-

DFT) calculations were performed either at the at the CAM-B3LYP/6-31G(d,p)155 level of 

theory in acetonitrile utilising the same PCM solvent model or at the PBE0/6-31G(d,p)153,244 

level of theory in the gas phase. Visualisation and subsequent analysis of the energy-

minimised structures was performed using Avogadro software245 and Chemcraft. The 

noncovalent index (NCI) analysis was performed through the reduced density gradient 

according to the NCIPLOT-3.0 software156,157 by employing promolecular (atomic-based) 

densities. The bond critical point (BCP) analysis was performed under the TopChem2246 

(version 2018) package. The electrostatic potential surfaces were plotted onto the electron 

density through a Merz-Singh-Kollman charge scheme.247 Natural bond order analysis was 

performed using Gaussian-16 through the NBO version 3 program.248 

6.5.2. Azobispyrazoles 

6.5.2.1. Structures of optimised conformers 

Three conformers were obtained for each E and Z-azobispyrazole. The SCF and free 

energies are computed relative to the lowest energy conformer of the E-isomer of the 

compound. Keq is determined as the equilibrium constant between the lowest energy E 

conformer and the given conformer. Population of each conformer were obtained according 

to the Boltzmann distribution. The free energy, Keq and population are computed at 25 °C. 
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Table 6.1. Calculated data for the optimised geometries of all azobispyrazoles considering all possible 

E and Z conformations at the B3LYP-D3/6-31G(d,p) level in MeCN solvent. The lowest energy 

conformers are highlighted.  

 

compound 
confor

. 

C-N=N-C 
Dihedral 

Angle 
θ1 θ2 

Δ SCF 
energy/ 
kJ mol-1 

Δ Free 
energy/  
kJ mol-1 

Keq 
population

/ % 

E-bis3pzH  

1 180.0 0.0 0.0 0.00 0.0 1 95.8 

2 180.0 0.0 180.0 8.98 7.8 4.3 x10-2 4.1 

3 180.0 180.0 180.0 17.75 17.6 8.4 x10-4 0.1 

Z-bis3pzH 

1 12.0 35.9 35.9 52.79 54.0 3.4 x10-10 55.6 

2 9.3 19.9 -128.0 54.34 54.9 2.4 x10-10 39.3 

3 11.9 -146.7 -146.7 61.08 59.9 3.2 x10-11 5.1 
         

E-
bis3pzMe 

1 179.9 0.1 -0.1 0.00 0.0 1 49.7 

2 179.9 0.2 179.8 6.28 1.4 5.7 x10-1 28.3 

3 -179.6 -178.3 -178.3 15.28 2.0 4.4 x10-1 22.1 

Z-
bis3pzMe 

1 13.4 46.8 46.8 47.70 51.5 9.5 x10-10 23.6 

2 13.3 48.9 -155.1 49.94 49.5 2.1 x10-9 53.6 

3 12.7 -149.2 -149.2 57.80 51.6 9.2 x10-10 22.8 
         

E-bis4pzH 

1 180.0 0.0 0.0 0.00 1.1 6.4 x10-1 34.3 

2 180.0 0.0 180.0 1.61 0.0 1 53.3 

3 180.0 180.0 180.0 2.97 3.6 2.3 x10-1 12.4 

Z-bis4pzH 

1 10.3 33.5 33.5 47.70 47.8 4.2 x10-9 38.9 

2 9.7 36.0 -162.6 49.02 47.6 4.5 x10-9 41.9 

3 9.0 -160.5 -160.5 50.58 49.6 2.1 x10-9 19.2 
         

E-
bis4pzMe 

1 180.0 0.1 -0.1 0.00 0.0 1 95.4 

2 180.0 0.2 180.0 4.69 8.2 3.7 x10-2 3.5 

3 180.0 180.0 180.0 9.13 11.2 1.1 x10-2 1.1 

Z-
bis4pzMe 

1 13.0 32.8 32.8 48.06 56.5 1.3 x10-10 52.8 

2 12.4 46.0 -147.8 49.58 57.6 8.0 x10-11 33.6 

3 11.9 -134.4 -134.4 51.30 59.9 3.3 x10-11 13.6 
         

E-bis5pzH 

1 180.0 0.0 0.0 0.00 0.0 1 95.5 

2 179.8 -1.8 -179.8 6.05 7.6 4.6 x10-2 4.4 

3 180.0 180.0 180.0 13.18 18.7 5.3 x10-4 0.1 

Z-bis5pzH 1 11.7 30.5 30.5 46.10 49.8 1.9 x10-9 93.3 
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2 8.7 18.2 -125.4 51.77 56.3 1.4 x10-10 6.7 

3 10.0 -144.5 -144.5 68.68 79.2 1.3 x10-14 0.0 
         

E-
bis5pzMe 

1 180.0 0.0 0.0 0.00 2.6 3.5 x10-1 26.2 

2 180.0 0.0 180.0 6.56 0.0 1 73.8 

3 180.0 180.0 180.0 31.67 31.1 3.6 x10-6 0.0 

Z-
bis5pzMe 

1 16.9 43.1 43.1 43.97 52.9 5.4 x10-10 99.1 

2 14.3 41.5 -144.7 55.04 64.6 4.9 x10-12 0.9 

3 11.6 -145.9 -145.9 66.04 75.4 6.3 x10-14 0.0 

 

 

Table 6.2. Optimised geometries for all azobispyrazoles considering the three possible conformations 

for each E and Z isomer at the B3LYP-D3/6-31G(d,p) level in MeCN solvent. The lowest energy 

conformers are highlighted. 

E-1-bis3pzH E-2-bis3pzH E-3-bis3pzH 

   
Z-1-bis3pzH Z-2-bis3pzH Z-3-bis3pzH 

   
E-1-bis3pzMe E-2-bis3pzMe E-3-bis3pzMe 

   
Z-1-bis3pzMe Z-2-bis3pzMe Z-3-bis3pzMe 

   
E-1-bis4pzH E-2-bis4pzH E-3-bis4pzH 

   
Z-1-bis4pzH Z-2-bis4pzH Z-3-bis4pzH 

   
E-1-bis4pzMe E-2-bis4pzMe E-3-bis4pzMe 
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Z-1-bis4pzMe Z-2-bis4pzMe Z-3-bis4pzMe 

   
E-1-bis5pzH E-2-bis5pzH E-3-bis5pzH 

   
Z-1-bis5pzH Z-2-bis5pzH Z-3-bis5pzH 

   

E-1-bis5pzMe E-2-bis5pzMe E-3-bis5pzMe 

   
Z-1-bis5pzMe Z-2-bis5pzMe Z-3-bis5pzMe 
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6.5.2.2. Time-dependent DFT 

Table 6.3. TD-DFT excitation energies in nm and corresponding oscillator strengths for the π-π* and 

n-π* transitions for E-azobispyrazoles considering all available conformers at the CAM-B3LYP/6-

31G(d,p) level in acetonitrile. The lowest energy conformers are highlighted. 

compound conformation π-π* λmax / nm f n-π* λmax / nm f 

E-bis3pzH  

1 306 0.89 415 0 

2 308 0.875 431 0 

3 310 0.875 447 0 

      

E-bis3pzMe 

1 311 0.822 423 0 

2 318 0.836 436 0 

3 326 0.842 451 0.0001 

      

E-bis4pzH 

1 310 0.904 400 0 

2 315 0.851 402 0 

3 320 0.817 403 0 

      

E-bis4pzMe 

1 316 0.88 397 0 

2 323 0.801 400 0 

3 330 0.756 403 0 

      

E-bis5pzH 

1 344 0.797 420 0 

2 336 0.803 425 0.0004 

3 329 0.824 430 0 

      

E-bis5pzMe 

1 352 0.729 425 0 

2 346 0.772 425 0 

3 339 0.843 424 0 
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Table 6.4. TD-DFT excitation energies in nm and corresponding oscillator strengths for the π-π* and 

n-π* transitions for Z-azobispyrazoles considering all available conformations at the CAM-B3LYP/6-

31G(d,p) level in acetonitrile. The lowest energy conformers are highlighted. 

compound conformation π-π* λmax / nm f n-π* λmax / nm f 

Z-bis3pzH 

1 286 0.307 456 0.047 

2 280 0.191 439 0.035 

3 283 0.157 453 0.041 

      

Z-bis3pzMe 

1 284 0.208 448 0.041 

2 296 0.144 457 0.044 

3 290 0.241 458 0.051 

      

Z-bis4pzH 

1 285 0.405 432 0.058 

2 289 0.325 434 0.055 

3 294 0.263 437 0.054 

      

Z-bis4pzMe 

1 279 0.347 433 0.063 

2 282 0.237 435 0.058 

3 284 0.181 437 0.054 

      

Z-bis5pzH 

1 316 0.346 462 0.074 

2 304 0.137 447 0.038 

3 293 0.223 472 0.05 

      

Z-bis5pzMe 

1 303 0.186 457 0.08 

2 306 0.193 466 0.072 

3 305 0.284 472 0.07 
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6.5.2.3. Comparison between bis4pzH and 4pzH 

The following data has been generated by Dr Joaquín Calbo. 

 

Non-covalent index (NCI) analysis 

The noncovalent index (NCI) analysis of the reduced density gradient (RDG) with respect to 

the density indicates a very similar scenario of weak C-H stabilising forces for both 4pzH and 

bis4pzH. Nevertheless, a careful inspection of the density at low RDG values for this 

interaction suggests that the C-H···π stabilisation is slightly stronger in 4pzH (ρ = -0.024 au) 

compared to bis4pzH (ρ = -0.023 au).  

 

Figure 6.58. Reduced density gradient behaviour with respect to the density for T-shaped Z-

4pzH and Z-bis4pzH conformers. 

 

Bond critical points 

 

Figure 6.59. Bond critical points of T-shaped Z isomers of bis4pzH (left) and 4pzH (right). 
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Electrostatic potential surfaces 

 

Figure 6.60. Electrostatic potential surfaces of T-shaped Z isomers of bis4pzH (left) and 4pzH (right). 

 

Natural bond order (NBO) charge analysis 

 

Figure 6.61. NBO charge difference over the relevant H atom on Z isomer with respect to E isomer of 

bis4pzH (left) and 4pzH (right). 

 

6.5.3. Azobisthiazoles 

6.5.3.1. Structures of optimised conformers 

Three conformers were obtained for E-bis2thzH. Two conformers were obtained for Z-

bis2thzH. A third conformation in which both sulfur atoms are close to each other was also 

considered, but all attempts to optimise this structure yielded planar 1-Z-bis2thzH 

suggesting that such conformation is very high in energy most probably due to lone pair 

repulsion of the two S atoms. Only the planar (1) and the twisted (2) Z-conformations were 

considered for compounds bis2thz-4-Me, bis2thz-5-Me and bis2thz-4,5-Me.  The SCF and 

free energies are computed relative to the lowest energy conformer of the isomer of the 

compound. Population of each conformer were obtained according to the Boltzmann 

distribution. The free energy and population are computed at 25 °C. 
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Table 6.5. Calculated data for the optimised geometries of azobisthiazoles considered in this study at 

the PBE0-D3/6-31G(d,p) level in the gas phase. The lowest energy conformers are highlighted.  

 

compound confor. 

C-N=N-C 

Dihedral 

Angle 

θ1 θ2 

Δ SCF 

energy/ 

kJ mol-¹ 

Δ Free 

energy/ 

kJ mol-¹ 

population/ 

% 

E-bis2thzH 

1 180.0 0.0 0.0 0 0 99.8 

2 180.0 0.0 180.0 16.7 15.2 0.2 

3 180.0 180.0 180.0 31.3 28.4 0.001 

Z-bis2thzH 
1 0.0 0.0 -0.1 0 0 53.3 

2 14.9 42.1 -148.6 0.522 0.326 46.7 

        

E-bis2thz-4-

Me 

1 180.0 0.0 0.0 0 0 99.7 

2 180.0 0.0 180.0 15.5 14.3 0.3 

3 180.0 180.0 180.0 29.9 27.2 0.002 

Z-bis2thz-4-

Me 

1 0.0 0.0 0.0 0 0 55.1 

2 14.8 41.7 -148.4 0.777 0.512 44.9 

        

E-bis2thz-5-

Me 

1 180.0 0.0 0.0 0 0 99.9 

2 180.0 0.0 180.0 17.9 16.4 0.1 

3 180.0 180.0 180.0 34.0 30.9 0.0004 

Z-bis2thz-5-

Me 

1 0.0 0.0 0.0 0 0 91.4 

2 15.5 41.1 -149.9 5.04 5.87 8.6 

        

E-bis2thz-5-

Me 

1 180.0 0.0 0.0 0 0 99.8 

2 180.0 0.0 180.0 16.9 14.9 0.2 

3 180.0 180.0 180.0 32.8 28.8 0.0009 

Z-bis2thz-

tetra-Me 

1 0.0 0.0 0.0 0 0 91.4 

2 15.2 41.4 -149.0 3.78 5.87 8.6 
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Table 6.6. Optimised geometries for all azobisthiazoles conformations considered in this study at the 

PBE0-D3/6-31G(d,p) level in the gas phase. The lowest energy conformers are highlighted. 

1-E-bis2thzH 2-E-bis2thzH 3-E-bis2thzH 

   
1-Z-bis2thzH 2-Z-bis2thzH 

  

1-E-bis2thz-4-Me 2-E-bis2thz-4-Me 3-E-bis2thz-4-Me 

   
1-Z-bis2thz-4-Me 2-Z-bis2thz-4-Me  

 
 

 

1-E-bis2thz-5-Me 2-E-bis2thz-5-Me 3-E-bis2thz-5-Me 

   

1-Z-bis2thz-5-Me 2-Z-bis2thz-5-Me  

  

 

1-E-bis2thz-tetra-Me 2-E-bis2thz-tetra-Me 3-E-bis2thz-tetra-Me 

   
1-Z-bis2thz-tetra-Me 2-Z-bis2thz-tetra-Me  
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6.5.3.2. Additional computational analysis of bis2thzH 

The following data has been generated by Dr Joaquín Calbo. 

Noncovalent index (NCI) analysis  

The following data has been generated by Dr. Joaquín Calbo. The noncovalent index (NCI) 

analysis of the reduced density gradient (RDG) with respect to the density indicates a strong 

interaction between S and N in the planar conformer 1-Z-bis2thzH. The interaction is mostly 

stabilising but also contains some destabilization due to the lone pair steric hindrance 

between the adjacent S and N atoms. This interaction is significantly smaller in the twisted 2-

Z-bis2thzH. 

 

Figure 6.62. NCI surfaces of Z-bis2thzH considering planar conformer 1, twisted conformer 2 

and T-shaped TS.  

 

  

Transition state (TS)  Conformer 2  Conformer 1  
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Bond critical points 

 

Figure 6.63. Bond critical points of the two available conformers of Z-bis2thzH conformer 1 (left) and 

conformer 2 (right). 

 

Electrostatic potential surfaces 

 

Figure 6.64. Electrostatic potential surfaces of the two available conformers of Z-bis2thzH conformer 

1 (left) and conformer 2 (right) and T-shaped transition state (middle). 
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6.5.4. Non-symmetric azoheteroarenes  

Table 6.7. Calculated data for the optimised geometries of Z-azoheteroarenes considered in Section 

5.3 at the PBE0-D3/6-31G(d,p) level in acetonitrile. The lowest energy conformers are highlighted.  

compound conformation geometry 

Δ SCF 

energy/ 

kJ mol-¹ 

Δ Free 

energy/ 

kJ mol-¹ 

population/ 

% 

2thz-4pz 

1 planar 0 0 48.2 

2 planar 3.21 1.39 27.5 

3 dist. T-shape 2.67 2.51 17.5 

4 dist. T-shape 3.33 4.88 6.7 

2ox-4pz 

1 twisted 9.55 9.58 1.5 

2 planar 3.36 2.31 27.6 

3 planar 0 0 70.0 

4 twisted 11.4 10.8 0.9 

2im-4pz 

1 planar 0 0 75.8 

2 planar 4.20 2.85 24.1 

3 twisted 14.2 17.6 0.06 

4 twisted 14.7 17.3 0.07 

2bthz-4pz 

1 dist. planar 1.20 0 39.2 

2 dist. T-shape 0 0.202 36.1 

3 dist. T-shape 0.752 1.15 24.7 

2box-4pz 

 

1 planar 0 0 76.8 

2 dist. planar 2.80 3.84 16.3 

3 twisted 7.40 8.69 2.3 

4 twisted 5.53 7.02 4.5 

2bim-4pz 

1 planar 0 0 80.5 

2 dist. planar 3.42 4.12 15.3 

3 twisted 7.51 8.86 2.3 

4 twisted 6.81 9.13 2.0 

2im-3pza 

1 planar 0 0 97.1 

2 twisted 8.98 8.72 2.9 

3 twisted 23.5 24.8 0.004 

4 twisted 17.2 19.1 0.04 

2im-5pza 

1 planar 0 0 99.995 

2 twisted 22.3 25.4 0.004 

3 twisted 43.1 50.5 1.45E-07 

4 twisted 24.9 27.9 0.001 

aCalculations performed in the gas phase 
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Table 6.8. Optimised geometries at the PBE0-D3/6-31G(d,p) level in acetonitrile for all Z-

azoheteroarene conformations considered in Section 5.3. The lowest energy conformers are 

highlighted. 

1-Z-2thz-4pz 2-Z-2thz-4pz 3-Z-2thz-4pz 4-Z-2thz-4pz 

  

  

1-Z-2ox-4pz 2-Z-2ox-4pz 3-Z-2ox-4pz 4-Z-2ox-4pz 

    
1-Z-2im-4pz 2-Z-2im-4pz 3-Z-2im-4pz 4-Z-2im-4pz 

    

1-Z-2bthz-4pz 2-Z-2bthz-4pz 3-Z-2bthz-4pz 4-Z-2bthz-4pz 

 
   

1-Z-2box-4pz 2-Z-2box-4pz 3-Z-2box-4pz 4-Z-2box-4pz 

    

1-Z-2bim-4pz 2-Z-2bim-4pz 3-Z-2bim-4pz 4-Z-2bim-4pz 

    
1-Z-2im-3pza 2-Z-2im-3pz 3-Z-2im-3pz 4-Z-2im-3pz 

    

1-Z-2im-5pza 2-Z-2im-5pz 3-Z-2im-5pz 4-Z-2im-5pz 

  
  

aCalculations performed in the gas phase 
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8. Appendix  

8.1. Photoswitching 
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Figure 8.1. Photoswitching of azobispyrazoles bis3pzH/Me, bis4pzH/Me and bis5pzH/Me in 

acetonitrile at 25 µM concentration 
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Figure 8.2. Photoswitching of initial azobispyrazole designs 3pzH-4pzMe, 4pzH-4pzMe and 5pzH-

4pzMe considered for MOST applications in acetonitrile at 25 µM concentration 
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Figure 8.3. Photoswitching of azobispyrazoles based on the 5pzH-4pzMe scaffold bearing small 

functional groups considered for MOST applications in acetonitrile at 25 µM concentration 
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Figure 8.4. Photoswitching of bis2thzH in various solvents at 100 µM concentration in a 2 mm 

pathlength cuvette 
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Figure 8.5. Photoswitching of azobisthiazoles studied in acetonitrile at 100 µM concentration in a 2 

mm pathlength cuvette 
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Figure 8.6. Photoswitching of azobisimidazoles studied in DMSO at 25 µM concentration 
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Figure 8.7. Photoswitching of bis2imOMe. Photoswitching was performed in a quartz cuvettes with 1 

cm pathlength apart from the last sample depicted in the lower right corner where a quartz cuvette 

with 2 mm pathlength was employed instead.  
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Figure 8.8. Photoswitching of azoheteroarenes with available intramolecular H-bond in the Z isomer 

2thz-4pz, 2im-4pz, 2im-3pz and 2im-5pz at 25 µM concentration.  Photoswitching of 2thz-4pz was 

performed in acetonitrile, whereas anhydrous toluene was used for 2im-4pz, 2im-3pz and 2im-5pz. 
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8.2. X-ray crystallography  

X-ray crystallography data collection and subsequent structural analysis was performed by 

Dr. Andrew J.P. White. 

E-bis3pzH 

 

Figure 8.9. The crystal structure of E-bis3pzH (50% probability ellipsoids). 

Table 8.1. Crystal data and structure refinement for E-bis3pzH. 

Formula C8 H10 N6 

Formula weight 190.22 

Temperature 173(2) K 

Diffractometer, wavelength Agilent Xcalibur PX Ultra A, 1.54184 Å 

Crystal system, space group Monoclinic, P21/c 

Unit cell dimensions a = 7.6261(5) Å α = 90° 

 b = 9.2345(6) Å β = 104.715(7)° 

 c = 7.1959(5) Å γ = 90° 

Volume, Z 490.14(6) Å3, 2 

Density (calculated) 1.289 Mg/m3 

Absorption coefficient 0.720 mm-1 

F(000) 200 

Crystal colour / morphology Pale yellow shards 

Crystal size 0.342 x 0.315 x 0.159 mm3 

θ range for data collection 5.999 to 72.817° 

Index ranges -6<=h<=9, -11<=k<=10, -7<=l<=8 

Reflns collected / unique 1714 / 942 [R(int) = 0.0247] 

Reflns observed [F>4 (F)] 749 

Absorption correction Analytical 

Max. and min. transmission 0.920 and 0.855 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 942 / 0 / 66 

Goodness-of-fit on F2 1.068 

Final R indices [F>4 (F)] R1 = 0.0387, wR2 = 0.1000 

R indices (all data) R1 = 0.0499, wR2 = 0.1108 
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Largest diff. peak, hole 0.175, -0.163 eÅ-3 

Mean and maximum shift/error 0.000 and 0.000 

 
Table 8.2. Bond lengths [Å] and angles [°] for E-bis3pzH. 
 
N(1)-N(1)#1 1.266(3) 
N(1)-C(2) 1.402(2) 
C(2)-N(3) 1.337(2) 
C(2)-C(6) 1.405(2) 
N(3)-N(4) 1.3436(19) 
N(4)-C(5) 1.347(2) 
N(4)-C(7) 1.458(2) 
C(5)-C(6) 1.373(2) 
 
N(1)#1-N(1)-C(2) 112.97(16) 
N(3)-C(2)-N(1) 116.09(13) 
N(3)-C(2)-C(6) 112.14(14) 
N(1)-C(2)-C(6) 131.75(15) 
C(2)-N(3)-N(4) 104.13(13) 
N(3)-N(4)-C(5) 112.47(13) 
N(3)-N(4)-C(7) 120.15(14) 
C(5)-N(4)-C(7) 127.34(14) 
N(4)-C(5)-C(6) 107.52(14) 
C(5)-C(6)-C(2) 103.73(14) 
 
Symmetry transformations used to generate equivalent atoms: 
#1 -x+2,-y,-z+1 
 

  



259 
 

E-bis4pzH 

The structure of E-bis4pzH was found to crystallise with two independent molecules (E-bis4pzH-A 

and E-bis4pzH-B) in the asymmetric unit, each of which was found to sit across a centre of symmetry 

at the middle of the central N=N bond. The C7-based methyl group in each independent molecule 

was found to be disordered, and in both cases this was modelled by using two idealised orientations 

for the hydrogen atoms (of ca. 56:44 and 59:42% occupancy for E-bis4pzH-A and E-bis4pzH-B 

respectively) rotated with respect to each other by 60° (the SHELX HFIX 127 command). 

 

Figure 8.10. The structure of E-bis4pzH-A, one of the two independent Ci-symmetric molecules 

present in the crystal of bis4pzH (50% probability ellipsoids). 

 

Figure 8.11. The structure of E-bis4pzH-B, one of the two independent Ci-symmetric molecules 

present in the crystal of bis4pzH (50% probability ellipsoids). 

Table 8.3. Crystal data and structure refinement for E-bis4pzH. 

Formula C8 H10 N6 

Formula weight 190.22 

Temperature 173(2) K 

Diffractometer, wavelength Agilent Xcalibur 3 E, 0.71073 Å 

Crystal system, space group Monoclinic, P21/c 

Unit cell dimensions a = 7.0367(4) Å α = 90° 

 b = 10.0601(6) Å β = 98.999(5)° 

 c = 13.4486(8) Å γ = 90° 

Volume, Z 940.30(9) Å3, 4 

Density (calculated) 1.344 Mg/m3 

Absorption coefficient 0.092 mm-1 

F(000) 400 

Crystal colour / morphology Yellow blocky needles 

Crystal size 0.635 x 0.587 x 0.308 mm3 

θ range for data collection 2.540 to 28.173° 
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Index ranges -6<=h<=9, -13<=k<=8, -17<=l<=14 

Reflns collected / unique 3195 / 1886 [R(int) = 0.0164] 

Reflns observed [F>4 (F)] 1540 

Absorption correction Analytical 

Max. and min. transmission 0.978 and 0.958 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 1886 / 0 / 132 

Goodness-of-fit on F2 1.075 

Final R indices [F>4 (F)] R1 = 0.0467, wR2 = 0.1247 

R indices (all data) R1 = 0.0589, wR2 = 0.1376 

Largest diff. peak, hole 0.317, -0.263 eÅ-3 

Mean and maximum shift/error 0.000 and 0.000 

Table 8.4. Bond lengths [Å] and angles [°] for E-bis4pzH. 
 
N(1A)-N(1A)#1 1.252(2) 
N(1A)-C(2A) 1.414(2) 
C(2A)-C(3A) 1.386(2) 
C(2A)-C(6A) 1.396(2) 
C(3A)-N(4A) 1.338(2) 
N(4A)-N(5A) 1.3569(18) 
N(4A)-C(7A) 1.453(2) 
N(5A)-C(6A) 1.325(2) 
N(1B)-N(1B)#2 1.262(3) 
N(1B)-C(2B) 1.406(2) 
C(2B)-C(3B) 1.377(2) 
C(2B)-C(6B) 1.407(2) 
C(3B)-N(4B) 1.334(2) 
N(4B)-N(5B) 1.3607(18) 
N(4B)-C(7B) 1.453(2) 
N(5B)-C(6B) 1.321(2) 
 
N(1A)#1-N(1A)-C(2A) 112.59(17) 
C(3A)-C(2A)-C(6A) 104.80(14) 
C(3A)-C(2A)-N(1A) 132.22(15) 
C(6A)-C(2A)-N(1A) 122.98(15) 
N(4A)-C(3A)-C(2A) 106.43(14) 
C(3A)-N(4A)-N(5A) 112.54(13) 
C(3A)-N(4A)-C(7A) 128.24(14) 
N(5A)-N(4A)-C(7A) 119.21(13) 
C(6A)-N(5A)-N(4A) 104.61(13) 
N(5A)-C(6A)-C(2A) 111.61(15) 
N(1B)#2-N(1B)-C(2B) 112.62(17) 
C(3B)-C(2B)-N(1B) 122.34(14) 
C(3B)-C(2B)-C(6B) 104.49(14) 
N(1B)-C(2B)-C(6B) 133.14(16) 
N(4B)-C(3B)-C(2B) 107.09(14) 
C(3B)-N(4B)-N(5B) 112.27(14) 
C(3B)-N(4B)-C(7B) 127.85(14) 
N(5B)-N(4B)-C(7B) 119.82(13) 
C(6B)-N(5B)-N(4B) 104.68(13) 
N(5B)-C(6B)-C(2B) 111.47(15) 
 
Symmetry transformations used to generate equivalent atoms: #1 -x+1,-y+1,-z+1 #2 -x,-y+1,-z 
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E-bis4pzMe 

 

Figure 8.12. The crystal structure of E-bis4pzMe (50% probability ellipsoids). 

Table 8.5. Crystal data and structure refinement for E-bis4pzMe. 

Formula C12 H18 N6 

Formula weight 246.32 

Temperature 173(2) K 

Diffractometer, wavelength Agilent Xcalibur 3 E, 0.71073 Å 

Crystal system, space group Monoclinic, I2/m 

Unit cell dimensions a = 8.5577(6) Å α = 90° 

 b = 6.8339(4) Å β = 101.971(7)° 

 c = 11.6971(8) Å γ = 90° 

Volume, Z 669.20(8) Å3, 2 

Density (calculated) 1.222 Mg/m3 

Absorption coefficient 0.080 mm-1 

F(000) 264 

Crystal colour / morphology Pale brown blocks 

Crystal size 0.390 x 0.304 x 0.223 mm3 

θ range for data collection 2.700 to 27.933° 

Index ranges -5<=h<=10, -8<=k<=4, -15<=l<=13 

Reflns collected / unique 1158 / 739 [R(int) = 0.0281] 

Reflns observed [F>4 (F)] 630 

Absorption correction Analytical 

Max. and min. transmission 0.986 and 0.981 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 739 / 0 / 58 

Goodness-of-fit on F2 1.144 

Final R indices [F>4 (F)] R1 = 0.0501, wR2 = 0.1282 

R indices (all data) R1 = 0.0577, wR2 = 0.1378 

Largest diff. peak, hole 0.206, -0.247 eÅ-3 

Mean and maximum shift/error 0.000 and 0.000 
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Table 8.6. Bond lengths [Å] and angles [°] for E-bis4pzMe. 
 
N(1)-N(1)#1 1.278(3) 
N(1)-C(2) 1.392(3) 
C(2)-C(3) 1.396(3) 
C(2)-C(6) 1.426(3) 
C(3)-N(4) 1.347(3) 
C(3)-C(7) 1.483(3) 
N(4)-N(5) 1.366(2) 
N(4)-C(8) 1.447(3) 
N(5)-C(6) 1.321(3) 
C(6)-C(9) 1.493(3) 
 
N(1)#1-N(1)-C(2) 114.2(2) 
N(1)-C(2)-C(3) 120.70(19) 
N(1)-C(2)-C(6) 133.8(2) 
C(3)-C(2)-C(6) 105.54(19) 
N(4)-C(3)-C(2) 105.78(19) 
N(4)-C(3)-C(7) 124.01(19) 
C(2)-C(3)-C(7) 130.2(2) 
C(3)-N(4)-N(5) 112.57(18) 
C(3)-N(4)-C(8) 127.9(2) 
N(5)-N(4)-C(8) 119.56(18) 
C(6)-N(5)-N(4) 106.00(17) 
N(5)-C(6)-C(2) 110.12(19) 
N(5)-C(6)-C(9) 119.74(18) 
C(2)-C(6)-C(9) 130.1(2) 
 
Symmetry transformations used to generate equivalent atoms: 
#1 -x+1,-y+1,-z+1 
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E-bis5pzH 

 

Figure 8.13 The crystal structure of E-bis5pzH (50% probability ellipsoids). 

Table 8.7. Crystal data and structure refinement for E-bis5pzH. 

Formula C8 H10 N6 

Formula weight 190.22 

Temperature 173(2) K 

Diffractometer, wavelength Agilent Xcalibur PX Ultra A, 1.54184 Å 

Crystal system, space group Monoclinic, P21/c 

Unit cell dimensions a = 7.8556(6) Å α = 90° 

 b = 7.0519(5) Å β = 109.531(9)° 

 c = 8.9643(7) Å γ = 90° 

Volume, Z 468.02(7) Å3, 2 

Density (calculated) 1.350 Mg/m3 

Absorption coefficient 0.754 mm-1 

F(000) 200 

Crystal colour / morphology Yellow blocky needles 

Crystal size 0.384 x 0.353 x 0.302 mm3 

θ range for data collection 5.977 to 73.444° 

Index ranges -9<=h<=4, -8<=k<=7, -8<=l<=11 

Reflns collected / unique 1509 / 888 [R(int) = 0.0275] 

Reflns observed [F>4 (F)] 692 

Absorption correction Analytical 

Max. and min. transmission 0.861 and 0.818 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 888 / 0 / 67 

Goodness-of-fit on F2 1.050 

Final R indices [F>4 (F)] R1 = 0.0401, wR2 = 0.1021 

R indices (all data) R1 = 0.0561, wR2 = 0.1143 

Largest diff. peak, hole 0.181, -0.158 eÅ-3 

Mean and maximum shift/error 0.000 and 0.000 
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Table 8.8. Bond lengths [Å] and angles [°] for E-bis5pzH. 
 
N(1)-N(1)#1 1.274(3) 
N(1)-C(2) 1.392(2) 
C(2)-N(3) 1.359(2) 
C(2)-C(6) 1.381(3) 
N(3)-N(4) 1.346(2) 
N(3)-C(7) 1.451(2) 
N(4)-C(5) 1.344(3) 
C(5)-C(6) 1.387(2) 
 
N(1)#1-N(1)-C(2) 112.41(18) 
N(3)-C(2)-C(6) 107.36(14) 
N(3)-C(2)-N(1) 118.21(16) 
C(6)-C(2)-N(1) 134.43(16) 
N(4)-N(3)-C(2) 111.47(15) 
N(4)-N(3)-C(7) 120.39(14) 
C(2)-N(3)-C(7) 128.09(14) 
C(5)-N(4)-N(3) 104.79(14) 
N(4)-C(5)-C(6) 112.01(16) 
C(2)-C(6)-C(5) 104.36(16) 
 
Symmetry transformations used to generate equivalent atoms: 
#1 -x,-y,-z+2 
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E-bis5pzMe 

 

Figure 8.14. The crystal structure of E-bis5pzMe (50% probability ellipsoids). 

Table 8.9. Crystal data and structure refinement for E-bis5pzMe. 

Formula C10 H14 N6 

Formula weight 218.27 

Temperature 173(2) K 

Diffractometer, wavelength Agilent Xcalibur 3 E, 0.71073 Å 

Crystal system, space group Monoclinic, P21/n 

Unit cell dimensions a = 3.9466(2) Å α = 90° 

 b = 15.3673(7) Å β = 101.742(4)° 

 c = 9.3130(3) Å γ = 90° 

Volume, Z 553.01(4) Å3, 2 

Density (calculated) 1.311 Mg/m3 

Absorption coefficient 0.087 mm-1 

F(000) 232 

Crystal colour / morphology Yellow blocky needles 

Crystal size 0.588 x 0.335 x 0.215 mm3 

θ range for data collection 2.651 to 28.191° 

Index ranges -4<=h<=4, -18<=k<=18, -12<=l<=12 

Reflns collected / unique 7171 / 1227 [R(int) = 0.0254] 

Reflns observed [F>4 (F)] 1055 

Absorption correction Analytical 

Max. and min. transmission 0.984 and 0.962 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 1227 / 0 / 75 

Goodness-of-fit on F2 1.083 

Final R indices [F>4 (F)] R1 = 0.0391, wR2 = 0.1041 

R indices (all data) R1 = 0.0471, wR2 = 0.1093 

Largest diff. peak, hole 0.215, -0.143 eÅ-3 
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Mean and maximum shift/error 0.000 and 0.000 

 

Table 8.10. Bond lengths [Å] and angles [°] for E-bis5pzMe. 
 
N(1)-N(1)#1 1.272(2) 
N(1)-C(2) 1.3843(15) 
C(2)-N(3) 1.3630(16) 
C(2)-C(6) 1.3946(17) 
N(3)-N(4) 1.3405(15) 
N(3)-C(7) 1.4507(18) 
N(4)-C(5) 1.338(2) 
C(5)-C(6) 1.3913(19) 
C(6)-C(8) 1.4922(19) 
 
N(1)#1-N(1)-C(2) 113.24(12) 
N(3)-C(2)-N(1) 116.83(11) 
N(3)-C(2)-C(6) 107.52(11) 
N(1)-C(2)-C(6) 135.64(12) 
N(4)-N(3)-C(2) 111.87(11) 
N(4)-N(3)-C(7) 120.37(11) 
C(2)-N(3)-C(7) 127.74(11) 
C(5)-N(4)-N(3) 104.21(11) 
N(4)-C(5)-C(6) 113.62(12) 
C(5)-C(6)-C(2) 102.77(12) 
C(5)-C(6)-C(8) 127.93(12) 
C(2)-C(6)-C(8) 129.29(12) 
 
Symmetry transformations used to generate equivalent atoms: 
#1 -x,-y,-z+1 
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Z-bis3pzH 

 

Figure 8.15. The crystal structure of Z-bis3pzH (50% probability ellipsoids). 

Table 8.11. Crystal data and structure refinement for Z-bis3pzH. 

Formula C8 H10 N6 

Formula weight 190.22 

Temperature 173(2) K 

Diffractometer, wavelength Agilent Xcalibur PX Ultra A, 1.54184 Å 

Crystal system, space group Monoclinic, P21/c 

Unit cell dimensions a = 8.6159(12) Å α = 90° 

 b = 10.1801(15) Å β = 108.507(15)° 

 c = 11.8826(15) Å γ = 90° 

Volume, Z 988.3(2) Å3, 4 

Density (calculated) 1.278 Mg/m3 

Absorption coefficient 0.714 mm-1 

F(000) 400 

Crystal colour / morphology Yellow platy needles 

Crystal size 0.410 x 0.067 x 0.026 mm3 

θ range for data collection 5.414 to 73.290° 

Index ranges -10<=h<=8, -12<=k<=8, -14<=l<=12 

Reflns collected / unique 2968 / 1868 [R(int) = 0.0461] 

Reflns observed [F>4s(F)] 913 

Absorption correction Analytical 

Max. and min. transmission 0.982 and 0.870 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 1868 / 0 / 129 

Goodness-of-fit on F2 0.993 

Final R indices [F>4s(F)] R1 = 0.0992, wR2 = 0.2403 

R indices (all data) R1 = 0.1507, wR2 = 0.3030 

Largest diff. peak, hole 0.360, -0.371 eÅ-3 

Mean and maximum shift/error 0.000 and 0.000 
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Table 8.12. Bond lengths [Å] and angles [°] for Z-bis3pzH. 
 
N(1)-N(2) 1.258(5) 
N(1)-C(3) 1.418(6) 
N(2)-C(9) 1.429(6) 
C(3)-N(4) 1.345(5) 
C(3)-C(7) 1.404(7) 
N(4)-N(5) 1.346(6) 
N(5)-C(6) 1.345(7) 
N(5)-C(8) 1.468(6) 
C(6)-C(7) 1.356(7) 
C(9)-N(10) 1.323(6) 
C(9)-C(13) 1.404(7) 
N(10)-N(11) 1.346(6) 
N(11)-C(12) 1.347(6) 
N(11)-C(14) 1.463(6) 
C(12)-C(13) 1.365(7) 
 
N(2)-N(1)-C(3) 123.6(4) 
N(1)-N(2)-C(9) 120.4(4) 
N(4)-C(3)-C(7) 111.6(4) 
N(4)-C(3)-N(1) 113.0(4) 
C(7)-C(3)-N(1) 135.1(4) 
C(3)-N(4)-N(5) 104.1(4) 
C(6)-N(5)-N(4) 111.9(4) 
C(6)-N(5)-C(8) 129.6(5) 
N(4)-N(5)-C(8) 118.5(5) 
N(5)-C(6)-C(7) 108.3(5) 
C(6)-C(7)-C(3) 104.0(4) 
N(10)-C(9)-C(13) 112.3(4) 
N(10)-C(9)-N(2) 118.6(4) 
C(13)-C(9)-N(2) 128.7(5) 
C(9)-N(10)-N(11) 104.2(4) 
N(10)-N(11)-C(12) 112.2(4) 
N(10)-N(11)-C(14) 120.4(4) 
C(12)-N(11)-C(14) 127.4(4) 
N(11)-C(12)-C(13) 107.5(4) 
C(12)-C(13)-C(9) 103.9(4) 
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Z-bis3pzMe 

 

Figure 8.16. The crystal structure of Z-bis3pzMe (50% probability ellipsoids). 

Table 8.13. Crystal data and structure refinement for Z-bis3pzMe. 

Formula C10 H14 N6 

Formula weight 218.27 

Temperature 173(2) K 

Diffractometer, wavelength Agilent Xcalibur 3 E, 0.71073 Å 

Crystal system, space group Triclinic, P-1 

Unit cell dimensions a = 7.7406(4) Å α = 103.612(5)° 

 b = 8.1005(4) Å β = 103.531(5)° 

 c = 9.6875(5) Å γ = 92.462(4)° 

Volume, Z 570.89(6) Å3, 2 

Density (calculated) 1.270 Mg/m3 

Absorption coefficient 0.085 mm-1 

F(000) 232 

Crystal colour / morphology Orange plates 

Crystal size 0.640 x 0.506 x 0.074 mm3 

θ range for data collection 2.601 to 28.217° 

Index ranges -10<=h<=9, -10<=k<=10, -12<=l<=12 

Reflns collected / unique 7377 / 2424 [R(int) = 0.0252] 

Reflns observed [F>4s(F)] 1974 

Absorption correction Analytical 

Max. and min. transmission 0.995 and 0.963 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 2424 / 0 / 149 

Goodness-of-fit on F2 1.038 

Final R indices [F>4s(F)] R1 = 0.0446, wR2 = 0.1093 

R indices (all data) R1 = 0.0574, wR2 = 0.1186 

Largest diff. peak, hole 0.220, -0.178 eÅ-3 
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Mean and maximum shift/error 0.000 and 0.000 

 

Table 8.14. Bond lengths [Å] and angles [°] for Z-bis3pzMe. 
 
N(1)-N(2) 1.2581(18) 
N(1)-C(3) 1.422(2) 
N(2)-C(10) 1.420(2) 
C(3)-N(4) 1.3390(19) 
C(3)-C(7) 1.414(2) 
N(4)-N(5) 1.3442(18) 
N(5)-C(6) 1.348(2) 
N(5)-C(8) 1.455(2) 
C(6)-C(7) 1.373(2) 
C(7)-C(9) 1.491(2) 
C(10)-N(11) 1.339(2) 
C(10)-C(14) 1.404(2) 
N(11)-N(12) 1.3492(18) 
N(12)-C(13) 1.351(2) 
N(12)-C(15) 1.450(2) 
C(13)-C(14) 1.368(2) 
C(14)-C(16) 1.495(2) 
 
N(2)-N(1)-C(3) 123.44(13) 
N(1)-N(2)-C(10) 123.25(13) 
N(4)-C(3)-C(7) 112.37(13) 
N(4)-C(3)-N(1) 114.27(13) 
C(7)-C(3)-N(1) 132.01(14) 
C(3)-N(4)-N(5) 104.11(12) 
N(4)-N(5)-C(6) 112.20(12) 
N(4)-N(5)-C(8) 120.27(13) 
C(6)-N(5)-C(8) 127.52(14) 
N(5)-C(6)-C(7) 108.28(14) 
C(6)-C(7)-C(3) 102.99(13) 
C(6)-C(7)-C(9) 126.13(14) 
C(3)-C(7)-C(9) 130.86(14) 
N(11)-C(10)-C(14) 113.07(13) 
N(11)-C(10)-N(2) 122.55(13) 
C(14)-C(10)-N(2) 123.64(14) 
C(10)-N(11)-N(12) 103.33(12) 
N(11)-N(12)-C(13) 112.37(13) 
N(11)-N(12)-C(15) 120.00(13) 
C(13)-N(12)-C(15) 127.43(14) 
N(12)-C(13)-C(14) 108.02(14) 
C(13)-C(14)-C(10) 103.19(14) 
C(13)-C(14)-C(16) 129.19(15) 
C(10)-C(14)-C(16) 127.55(15) 
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Z-bis4pzH 

 

Figure 8.17. The crystal structure of Z-bis4pzH (50% probability ellipsoids). 

Table 8.15. Crystal data and structure refinement for Z-bis4pzH. 

Formula C8 H10 N6 

Formula weight 190.22 

Temperature 173(2) K 

Diffractometer, wavelength Agilent Xcalibur 3 E, 0.71073 Å 

Crystal system, space group Monoclinic, P21/c 

Unit cell dimensions a = 8.5032(3) Å α = 90° 

 b = 11.1158(4) Å β = 94.213(3)° 

 c = 9.3719(3) Å γ = 90° 

Volume, Z 883.44(5) Å3, 4 

Density (calculated) 1.430 Mg/m3 

Absorption coefficient 0.098 mm-1 

F(000) 400 

Crystal colour / morphology Orange tablets 

Crystal size 0.505 x 0.401 x 0.112 mm3 

θ range for data collection 2.847 to 28.299° 

Index ranges -11<=h<=11, -14<=k<=14, -12<=l<=12 

Reflns collected / unique 19757 / 2057 [R(int) = 0.0345] 

Reflns observed [F>4s(F)] 1770 

Absorption correction Analytical 

Max. and min. transmission 0.992 and 0.962 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 2057 / 0 / 130 

Goodness-of-fit on F2 1.038 

Final R indices [F>4s(F)] R1 = 0.0383, wR2 = 0.0923 

R indices (all data) R1 = 0.0467, wR2 = 0.0976 

Largest diff. peak, hole 0.270, -0.215 eÅ-3 
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Mean and maximum shift/error 0.000 and 0.000 

 

Table 8.16. Bond lengths [Å] and angles [°] for Z-bis4pzH. 
 
N(1)-N(2) 1.2622(14) 
N(1)-C(3) 1.4149(16) 
N(2)-C(9) 1.4152(15) 
C(3)-C(4) 1.3912(17) 
C(3)-C(7) 1.4070(16) 
C(4)-N(5) 1.3362(15) 
N(5)-N(6) 1.3602(14) 
N(5)-C(8) 1.4576(16) 
N(6)-C(7) 1.3258(17) 
C(9)-C(10) 1.3912(17) 
C(9)-C(13) 1.4104(16) 
C(10)-N(11) 1.3390(15) 
N(11)-N(12) 1.3583(14) 
N(11)-C(14) 1.4540(16) 
N(12)-C(13) 1.3251(17) 
 
N(2)-N(1)-C(3) s125.31(10) 
N(1)-N(2)-C(9) 124.90(10) 
C(4)-C(3)-C(7) 104.14(11) 
C(4)-C(3)-N(1) 134.29(11) 
C(7)-C(3)-N(1) 120.39(11) 
N(5)-C(4)-C(3) 106.81(10) 
C(4)-N(5)-N(6) 112.70(10) 
C(4)-N(5)-C(8) 127.79(10) 
N(6)-N(5)-C(8) 119.50(10) 
C(7)-N(6)-N(5) 104.44(10) 
N(6)-C(7)-C(3) 111.89(11) 
C(10)-C(9)-C(13) 104.00(10) 
C(10)-C(9)-N(2) 133.30(11) 
C(13)-C(9)-N(2) 121.39(11) 
N(11)-C(10)-C(9) 106.84(10) 
C(10)-N(11)-N(12) 112.69(10) 
C(10)-N(11)-C(14) 127.55(11) 
N(12)-N(11)-C(14) 119.75(10) 
C(13)-N(12)-N(11) 104.52(10) 
N(12)-C(13)-C(9) 111.92(11) 
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Z-bis4pzMe 

 

Figure 8.18. The crystal structure of Z-bis4pzMe (50% probability ellipsoids). 

 

Table 8.17. Crystal data and structure refinement for Z-bis4pzMe. 

Formula C12 H18 N6 

Formula weight 246.32 

Temperature 173(2) K 

Diffractometer, wavelength Agilent Xcalibur 3 E, 0.71073 Å 

Crystal system, space group Monoclinic, C2/c 

Unit cell dimensions a = 15.9613(5) Å α = 90° 

 b = 6.23629(18) Å β = 94.678(3)° 

 c = 12.9934(4) Å γ = 90° 

Volume, Z 1289.04(7) Å3, 4 

Density (calculated) 1.269 Mg/m3 

Absorption coefficient 0.083 mm-1 

F(000) 528 

Crystal colour / morphology Yellow blocks 

Crystal size 0.580 x 0.248 x 0.213 mm3 

θ range for data collection 2.561 to 28.396° 

Index ranges -21<=h<=20, -8<=k<=8, -16<=l<=17 

Reflns collected / unique 14322 / 1502 [R(int) = 0.0451] 

Reflns observed [F>4s(F)] 1318 

Absorption correction Analytical 

Max. and min. transmission 0.985 and 0.965 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 1502 / 0 / 85 

Goodness-of-fit on F2 1.053 
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Final R indices [F>4s(F)] R1 = 0.0462, wR2 = 0.1240 

R indices (all data) R1 = 0.0528, wR2 = 0.1290 

Largest diff. peak, hole 0.271, -0.163 eÅ-3 

Mean and maximum shift/error 0.000 and 0.000 

 
Table 8.18. Bond lengths [Å] and angles [°] for Z-bis4pzMe. 
 
N(1)-N(1)#1 1.264(2) 
N(1)-C(2) 1.4122(17) 
C(2)-C(3) 1.3970(18) 
C(2)-C(6) 1.4164(19) 
C(3)-N(4) 1.3507(17) 
C(3)-C(7) 1.4858(18) 
N(4)-N(5) 1.3596(16) 
N(4)-C(8) 1.4586(18) 
N(5)-C(6) 1.326(2) 
C(6)-C(9) 1.494(2) 
 
N(1)#1-N(1)-C(2) 125.37(7) 
C(3)-C(2)-N(1) 133.62(12) 
C(3)-C(2)-C(6) 105.50(12) 
N(1)-C(2)-C(6) 119.74(12) 
N(4)-C(3)-C(2) 105.14(12) 
N(4)-C(3)-C(7) 121.57(12) 
C(2)-C(3)-C(7) 133.21(13) 
C(3)-N(4)-N(5) 113.50(12) 
C(3)-N(4)-C(8) 127.38(12) 
N(5)-N(4)-C(8) 119.02(11) 
C(6)-N(5)-N(4) 104.89(11) 
N(5)-C(6)-C(2) 110.94(12) 
N(5)-C(6)-C(9) 121.42(14) 
C(2)-C(6)-C(9) 127.57(14) 
 
Symmetry transformations used to generate equivalent atoms: 
#1 -x+1,y,-z+1/2 
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E-5pzH-4pzMe-Me 

 

Figure 8.19. The crystal structure of E-5pzH-4pzMe-Me (50% probability ellipsoids). CCDC 2165362. 

 

Table 8.19. Crystal data and structure refinement for E-5pzH-4pzMe-Me 

Formula C10 H14 N6, 2(H2 O) 

Formula weight 254.30 

Temperature 173(2) K 

Diffractometer, wavelength Agilent Xcalibur PX Ultra A, 1.54184 Å 

Crystal system, space group Monoclinic, P21/c 

Unit cell dimensions a = 7.2525(2) Å α = 90° 

 b = 25.3800(6) Å β = 94.271(3)° 

 c = 7.3209(2) Å γ = 90° 

Volume, Z 1343.81(7) Å3, 4 

Density (calculated) 1.257 Mg/m3 

Absorption coefficient 0.761 mm-1 

F(000) 544 

Crystal colour / morphology Pale yellow platy needles 

Crystal size 0.474 x 0.118 x 0.071 mm3 

θ range for data collection 3.483 to 73.806° 

Index ranges -6<=h<=8, -31<=k<=31, -7<=l<=9 

Reflns collected / unique 7797 / 2644 [R(int) = 0.0388] 

Reflns observed [F>4s(F)] 2016 

Absorption correction Analytical 

Max. and min. transmission 0.955 and 0.819 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 2644 / 6 / 191 

Goodness-of-fit on F2 1.023 

Final R indices [F>4s(F)] R1 = 0.0445, wR2 = 0.1163 

R indices (all data) R1 = 0.0608, wR2 = 0.1301 
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Largest diff. peak, hole 0.215, -0.187 eÅ-3 

Mean and maximum shift/error 0.000 and 0.002 

 

Table 8.20. Bond lengths [Å] and angles [°] for E-5pzH-4pzMe-Me. 
 
N(1)-N(2) 1.269(2) 
N(1)-C(3) 1.388(2) 
N(2)-C(11) 1.398(2) 
C(3)-C(4) 1.391(2) 
C(3)-C(7) 1.419(2) 
C(4)-N(5) 1.336(2) 
C(4)-C(8) 1.485(3) 
N(5)-N(6) 1.370(2) 
N(5)-C(9) 1.459(2) 
N(6)-C(7) 1.330(2) 
C(7)-C(10) 1.488(3) 
C(11)-N(12) 1.354(2) 
C(11)-C(15) 1.379(2) 
N(12)-N(13) 1.351(2) 
N(12)-C(16) 1.451(2) 
N(13)-C(14) 1.329(3) 
C(14)-C(15) 1.391(2) 
 
N(2)-N(1)-C(3) 113.92(14) 
N(1)-N(2)-C(11) 112.81(14) 
N(1)-C(3)-C(4) 121.74(16) 
N(1)-C(3)-C(7) 132.13(15) 
C(4)-C(3)-C(7) 106.11(14) 
N(5)-C(4)-C(3) 106.03(16) 
N(5)-C(4)-C(8) 123.49(15) 
C(3)-C(4)-C(8) 130.47(16) 
C(4)-N(5)-N(6) 112.46(14) 
C(4)-N(5)-C(9) 128.38(17) 
N(6)-N(5)-C(9) 119.15(16) 
C(7)-N(6)-N(5) 105.92(14) 
N(6)-C(7)-C(3) 109.46(15) 
N(6)-C(7)-C(10) 120.29(16) 
C(3)-C(7)-C(10) 130.20(15) 
N(12)-C(11)-C(15) 107.32(14) 
N(12)-C(11)-N(2) 117.71(15) 
C(15)-C(11)-N(2) 134.95(15) 
N(13)-N(12)-C(11) 111.40(14) 
N(13)-N(12)-C(16) 120.73(14) 
C(11)-N(12)-C(16) 127.79(14) 
C(14)-N(13)-N(12) 104.82(14) 
N(13)-C(14)-C(15) 112.26(16) 
C(11)-C(15)-C(14) 104.20(15) 
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E-5pzH-4pzMe-iPr 

 

Figure 8.20. The crystal structure of E-5pzH-4pzMe-iPr (50% probability ellipsoids). CCDC 2165363. 

 

Table 8.21. Crystal data and structure refinement for E-5pzH-4pzMe-iPr 

Formula C12 H18 N6 

Formula weight 246.32 

Temperature 173(2) K 

Diffractometer, wavelength Agilent Xcalibur 3 E, 0.71073 Å 

Crystal system, space group Orthorhombic, P212121 

Unit cell dimensions a = 5.5753(2) Å α = 90° 

 b = 9.2149(3) Å β = 90° 

 c = 26.2331(9) Å γ = 90° 

Volume, Z 1347.76(9) Å3, 4 

Density (calculated) 1.214 Mg/m3 

Absorption coefficient 0.079 mm-1 

F(000) 528 

Crystal colour / morphology Yellow blocky needles 

Crystal size 0.604 x 0.141 x 0.089 mm3 

θ range for data collection 2.701 to 28.199° 

Index ranges -7<=h<=7, -11<=k<=11, -34<=l<=34 

Reflns collected / unique 13123 / 2962 [R(int) = 0.0280] 

Reflns observed [F>4s(F)] 2491 

Absorption correction Analytical 

Max. and min. transmission 0.994 and 0.960 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 2962 / 0 / 168 

Goodness-of-fit on F2 1.094 

Final R indices [F>4s(F)] R1 = 0.0405, wR2 = 0.0859 

R indices (all data) R1 = 0.0537, wR2 = 0.0913 
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Absolute structure parameter 0.7(9) 

Largest diff. peak, hole 0.187, -0.175 eÅ-3 

Mean and maximum shift/error 0.000 and 0.000 

 

Table 8.22. Bond lengths [Å] and angles [°] for E-5pzH-4pzMe-iPr. 
 
N(1)-N(2) 1.275(2) 
N(1)-C(3) 1.388(3) 
N(2)-C(13) 1.400(3) 
C(3)-C(4) 1.393(3) 
C(3)-C(7) 1.422(3) 
C(4)-N(5) 1.342(3) 
C(4)-C(8) 1.487(3) 
N(5)-N(6) 1.375(2) 
N(5)-C(9) 1.471(2) 
N(6)-C(7) 1.323(2) 
C(7)-C(12) 1.490(3) 
C(9)-C(10) 1.518(3) 
C(9)-C(11) 1.519(3) 
C(13)-N(14) 1.356(3) 
C(13)-C(17) 1.375(3) 
N(14)-N(15) 1.351(3) 
N(14)-C(18) 1.450(3) 
N(15)-C(16) 1.331(3) 
C(16)-C(17) 1.390(3) 
 
N(2)-N(1)-C(3) 115.25(18) 
N(1)-N(2)-C(13) 111.44(18) 
N(1)-C(3)-C(4) 120.66(19) 
N(1)-C(3)-C(7) 133.42(19) 
C(4)-C(3)-C(7) 105.91(17) 
N(5)-C(4)-C(3) 105.85(18) 
N(5)-C(4)-C(8) 124.30(18) 
C(3)-C(4)-C(8) 129.85(19) 
C(4)-N(5)-N(6) 112.52(16) 
C(4)-N(5)-C(9) 127.06(17) 
N(6)-N(5)-C(9) 119.83(16) 
C(7)-N(6)-N(5) 105.66(16) 
N(6)-C(7)-C(3) 110.06(18) 
N(6)-C(7)-C(12) 120.56(19) 
C(3)-C(7)-C(12) 129.35(18) 
N(5)-C(9)-C(10) 110.75(18) 
N(5)-C(9)-C(11) 109.57(17) 
C(10)-C(9)-C(11) 112.99(18) 
N(14)-C(13)-C(17) 107.29(19) 
N(14)-C(13)-N(2) 117.8(2) 
C(17)-C(13)-N(2) 134.9(2) 
N(15)-N(14)-C(13) 111.89(19) 
N(15)-N(14)-C(18) 119.82(19) 
C(13)-N(14)-C(18) 128.28(19) 
C(16)-N(15)-N(14) 103.95(18) 
N(15)-C(16)-C(17) 113.0(2) 
C(13)-C(17)-C(16) 103.9(2) 
 

  



279 
 

E-bis2thzH 

 

Figure 8.21. The crystal structure of E-bis2thzH (50% probability ellipsoids). 

 

Table 8.23. Crystal data and structure refinement for E-bis2thzH 

Identification code MF2031 

Formula C6 H4 N4 S2 

Formula weight 196.25 

Temperature 173(2) K 

Diffractometer, wavelength Agilent Xcalibur 3 E, 0.71073 Å 

Crystal system, space group Monoclinic, P21/n 

Unit cell dimensions a = 3.79558(19) Å α = 90° 

 b = 9.6096(5) Å β = 91.408(4)° 

 c = 10.6527(5) Å γ = 90° 

Volume, Z 388.43(3) Å3, 2 

Density (calculated) 1.678 Mg/m3 

Absorption coefficient 0.625 mm-1 

F(000) 200 

Crystal colour / morphology Red blocky needles 

Crystal size 0.614 x 0.175 x 0.144 mm3 

θ range for data collection 2.855 to 28.265° 

Index ranges -4<=h<=4, -12<=k<=11, -13<=l<=13 

Reflns collected / unique 4891 / 874 [R(int) = 0.0328] 

Reflns observed [F>4s(F)] 801 

Absorption correction Analytical 

Max. and min. transmission 0.927 and 0.797 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 874 / 0 / 55 

Goodness-of-fit on F2 1.122 

Final R indices [F>4s(F)] R1 = 0.0262, wR2 = 0.0650 

R indices (all data) R1 = 0.0300, wR2 = 0.0688 

Largest diff. peak, hole 0.379, -0.263 eÅ-3 

Mean and maximum shift/error 0.000 and 0.000 
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Table 8.24. Bond lengths [Å] and angles [°] for E-bis2thzH. 
 
N(1)-N(1)#1 1.269(2) 
N(1)-C(2) 1.3931(19) 
C(2)-N(6) 1.310(2) 
C(2)-S(3) 1.7320(16) 
S(3)-C(4) 1.7033(16) 
C(4)-C(5) 1.359(2) 
C(5)-N(6) 1.369(2) 
 
N(1)#1-N(1)-C(2) 113.16(15) 
N(6)-C(2)-N(1) 120.08(14) 
N(6)-C(2)-S(3) 116.06(11) 
N(1)-C(2)-S(3) 123.85(11) 
C(4)-S(3)-C(2) 88.19(8) 
C(5)-C(4)-S(3) 110.78(12) 
C(4)-C(5)-N(6) 116.06(15) 
C(2)-N(6)-C(5) 108.90(14) 
 
Symmetry transformations used to generate equivalent atoms: 
#1 -x+1,-y+1,-z 
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E-bis2thzCl 

 

Figure 8.22. The crystal structure of E-bis2thzCl (50% probability ellipsoids). 

Table 8.25. Crystal data and structure refinement for E-bis2thzCl 

Formula C6 H2 Cl2 N4 S2 

Formula weight 265.14 

Temperature 173(2) K 

Diffractometer, wavelength Agilent Xcalibur 3 E, 0.71073 Å 

Crystal system, space group Monoclinic, P21/n 

Unit cell dimensions a = 10.1552(9) Å α = 90° 

 b = 5.1083(3) Å β = 118.666(11)° 

 c = 10.2846(8) Å γ = 90° 

Volume, Z 468.13(8) Å3, 2 

Density (calculated) 1.881 Mg/m3 

Absorption coefficient 1.097 mm-1 

F(000) 264 

Crystal colour / morphology Red platy needles 

Crystal size 0.649 x 0.378 x 0.027 mm3 

θ range for data collection 3.909 to 28.153° 

Index ranges -13<=h<=12, -4<=k<=6, -8<=l<=13 

Reflns collected / unique 1531 / 939 [R(int) = 0.0141] 

Reflns observed [F>4s(F)] 820 

Absorption correction Analytical 

Max. and min. transmission 0.964 and 0.723 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 939 / 0 / 64 

Goodness-of-fit on F2 1.036 

Final R indices [F>4s(F)] R1 = 0.0241, wR2 = 0.0565 

R indices (all data) R1 = 0.0303, wR2 = 0.0598 

Largest diff. peak, hole 0.309, -0.236 eÅ-3 

Mean and maximum shift/error 0.000 and 0.000 
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Table 8.26. Bond lengths [Å] and angles [°] for E-bis2thzCl. 
 
N(1)-N(1)#1 1.277(3) 
N(1)-C(2) 1.386(2) 
C(2)-N(6) 1.309(2) 
C(2)-S(3) 1.7429(19) 
S(3)-C(4) 1.7198(19) 
C(4)-C(5) 1.356(3) 
C(4)-Cl(4) 1.708(2) 
C(5)-N(6) 1.364(3) 
 
N(1)#1-N(1)-C(2) 112.96(19) 
N(6)-C(2)-N(1) 120.89(17) 
N(6)-C(2)-S(3) 115.72(14) 
N(1)-C(2)-S(3) 123.38(13) 
C(4)-S(3)-C(2) 87.33(9) 
C(5)-C(4)-Cl(4) 126.78(15) 
C(5)-C(4)-S(3) 111.67(15) 
Cl(4)-C(4)-S(3) 121.52(12) 
C(4)-C(5)-N(6) 115.07(17) 
C(2)-N(6)-C(5) 110.20(16) 
 
Symmetry transformations used to generate equivalent atoms: 
#1 -x,-y+2,-z+1 
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E-bis2thzBr 

 

Figure 8.23. The crystal structure of E-bis2thzBr (50% probability ellipsoids). 

Table 8.27. Crystal data and structure refinement for E-bis2thzBr 

Formula C6 H2 Br2 N4 S2 

Formula weight 354.06 

Temperature 173(2) K 

Diffractometer, wavelength Agilent Xcalibur 3 E, 0.71073 Å 

Crystal system, space group Monoclinic, P21/n 

Unit cell dimensions a = 10.1590(9) Å α = 90° 

 b = 5.2371(3) Å β = 118.542(12)° 

 c = 10.4145(9) Å γ = 90° 

Volume, Z 486.74(8) Å3, 2 

Density (calculated) 2.416 Mg/m3 

Absorption coefficient 8.716 mm-1 

F(000) 336 

Crystal colour / morphology Red tablets 

Crystal size 0.650 x 0.521 x 0.103 mm3 

θ range for data collection 3.877 to 28.225° 

Index ranges -8<=h<=13, -4<=k<=6, -13<=l<=9 

Reflns collected / unique 1682 / 986 [R(int) = 0.0210] 

Reflns observed [F>4s(F)] 843 

Absorption correction Analytical 

Max. and min. transmission 0.458 and 0.064 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 986 / 0 / 65 

Goodness-of-fit on F2 1.048 

Final R indices [F>4s(F)] R1 = 0.0282, wR2 = 0.0639 

R indices (all data) R1 = 0.0380, wR2 = 0.0676 

Largest diff. peak, hole 0.520, -0.507 eÅ-3 

Mean and maximum shift/error 0.000 and 0.000 
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Table 8.28. Bond lengths [Å] and angles [°] for E-bis2thzBr. 
 
N(1)-N(1)#1 1.271(5) 
N(1)-C(2) 1.398(4) 
C(2)-N(6) 1.297(4) 
C(2)-S(3) 1.747(3) 
S(3)-C(4) 1.716(4) 
C(4)-C(5) 1.356(5) 
C(4)-Br(4) 1.859(3) 
C(5)-N(6) 1.373(4) 
 
N(1)#1-N(1)-C(2) 112.9(3) 
N(6)-C(2)-N(1) 120.7(3) 
N(6)-C(2)-S(3) 116.2(3) 
N(1)-C(2)-S(3) 123.0(3) 
C(4)-S(3)-C(2) 87.21(17) 
C(5)-C(4)-S(3) 111.6(3) 
C(5)-C(4)-Br(4) 126.1(3) 
S(3)-C(4)-Br(4) 122.18(19) 
C(4)-C(5)-N(6) 115.1(3) 
C(2)-N(6)-C(5) 109.8(3) 
 
Symmetry transformations used to generate equivalent atoms: 
#1 -x+1,-y+2,-z+1 
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E-bis2imBr 

 

Figure 8.24. The crystal structure of E-bis2imBr (50% probability ellipsoids). 

Table 8.29. Crystal data and structure refinement for E-bis2imBr 

Formula C8 H8 Br2 N6 

Formula weight 348.02 

Temperature 173(2) K 

Diffractometer, wavelength Agilent Xcalibur 3 E, 0.71073 Å 

Crystal system, space group Orthorhombic, Pna21 

Unit cell dimensions a = 11.5601(3) Å α = 90° 

 b = 3.95563(11) Å β = 90° 

 c = 24.1565(7) Å γ = 90° 

Volume, Z 1104.62(5) Å3, 4 

Density (calculated) 2.093 Mg/m3 

Absorption coefficient 7.320 mm-1 

F(000) 672 

Crystal colour / morphology Orange blocky needles 

Crystal size 0.467 x 0.283 x 0.128 mm3 

θ range for data collection 3.373 to 28.352° 

Index ranges -14<=h<=15, -5<=k<=5, -30<=l<=32 

Reflns collected / unique 37927 / 2606 [R(int) = 0.0507] 

Reflns observed [F>4s(F)] 2339 

Absorption correction Analytical 

Max. and min. transmission 0.454 and 0.074 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 2606 / 1 / 148 

Goodness-of-fit on F2 1.138 

Final R indices [F>4s(F)] R1 = 0.0443, wR2 = 0.1063 

R indices (all data) R1 = 0.0527, wR2 = 0.1106 

Absolute structure parameter 0.14(3) 

Largest diff. peak, hole 2.429, -0.851 eÅ-3 
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Mean and maximum shift/error 0.000 and 0.000 

 

Table 8.30. Bond lengths [Å] and angles [°] for E-bis2imBr. 
 
N(1)-N(2) 1.266(8) 
N(1)-C(3) 1.378(10) 
N(2)-C(9) 1.380(11) 
C(3)-N(7) 1.309(12) 
C(3)-N(4) 1.365(10) 
N(4)-C(5) 1.350(10) 
N(4)-C(8) 1.467(11) 
C(5)-C(6) 1.383(12) 
C(5)-Br(5) 1.867(8) 
C(6)-N(7) 1.370(12) 
C(9)-N(13) 1.361(11) 
C(9)-N(10) 1.369(10) 
N(10)-C(11) 1.375(10) 
N(10)-C(14) 1.452(11) 
C(11)-C(12) 1.345(13) 
C(11)-Br(11) 1.869(9) 
C(12)-N(13) 1.344(12) 
 
N(2)-N(1)-C(3) 113.7(7) 
N(1)-N(2)-C(9) 114.0(6) 
N(7)-C(3)-N(4) 112.7(7) 
N(7)-C(3)-N(1) 130.0(8) 
N(4)-C(3)-N(1) 117.2(7) 
C(5)-N(4)-C(3) 105.5(7) 
C(5)-N(4)-C(8) 126.6(8) 
C(3)-N(4)-C(8) 127.8(8) 
N(4)-C(5)-C(6) 107.7(7) 
N(4)-C(5)-Br(5) 122.0(6) 
C(6)-C(5)-Br(5) 130.3(7) 
N(7)-C(6)-C(5) 108.4(8) 
C(3)-N(7)-C(6) 105.6(7) 
N(13)-C(9)-N(10) 111.6(8) 
N(13)-C(9)-N(2) 130.2(8) 
N(10)-C(9)-N(2) 118.2(7) 
C(9)-N(10)-C(11) 105.2(7) 
C(9)-N(10)-C(14) 127.2(8) 
C(11)-N(10)-C(14) 127.5(8) 
C(12)-C(11)-N(10) 107.2(8) 
C(12)-C(11)-Br(11) 131.9(7) 
N(10)-C(11)-Br(11) 120.9(6) 
N(13)-C(12)-C(11) 112.1(8) 
C(12)-N(13)-C(9) 104.0(7) 
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E-2im-4pz-H 

 

Figure 8.25. The crystal structure of E-2im-4pz-H (50% probability ellipsoids). 

Table 8.31. Crystal data and structure refinement for E-2im-4pz-H 

Formula                C7 H8 N6 

Formula weight 176.19 

Temperature 173(2) K 

Diffractometer, wavelength Agilent Xcalibur 3 E, 0.71073 Å 

Crystal system, space group Orthorhombic, Pbca 

Unit cell dimensions a = 9.7758(9) Å α = 90° 

 b = 12.9132(8) Å β = 90° 

 c = 13.8336(10) Å γ = 90° 

Volume, Z 1746.3(2) Å3, 8 

Density (calculated) 1.340 Mg/m3 

Absorption coefficient 0.093 mm-1 

F(000) 736 

Crystal colour / morphology Yellow needles 

Crystal size 0.735 x 0.056 x 0.033 mm3 

θ range for data collection 3.000 to 28.173° 

Index ranges -11<=h<=5, -16<=k<=16, -18<=l<=10 

Reflns collected / unique 3758 / 1766 [R(int) = 0.0269] 

Reflns observed [F>4s(F)] 1213 

Absorption correction Analytical 

Max. and min. transmission 0.997 and 0.969 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 1766 / 1 / 125 

Goodness-of-fit on F2 1.021 

Final R indices [F>4s(F)] R1 = 0.0438, wR2 = 0.0880 

R indices (all data) R1 = 0.0771, wR2 = 0.0996 

Largest diff. peak, hole 0.171, -0.162 eÅ-3 

Mean and maximum shift/error 0.000 and 0.000 
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Table 8.32. Bond lengths [Å] and angles [°] for E-2im-4pz-H. 
 
N(1)-N(2) 1.2715(17) 
N(1)-C(3) 1.393(2) 
N(2)-C(9) 1.391(2) 
C(3)-C(4) 1.376(2) 
C(3)-C(7) 1.401(2) 
C(4)-N(5) 1.332(2) 
N(5)-N(6) 1.3570(19) 
N(5)-C(8) 1.451(2) 
N(6)-C(7) 1.323(2) 
C(9)-N(13) 1.3254(19) 
C(9)-N(10) 1.3472(19) 
N(10)-C(11) 1.357(2) 
C(11)-C(12) 1.357(2) 
C(12)-N(13) 1.366(2) 
 
N(2)-N(1)-C(3) 112.98(14) 
N(1)-N(2)-C(9) 113.18(14) 
C(4)-C(3)-N(1) 124.32(15) 
C(4)-C(3)-C(7) 104.22(15) 
N(1)-C(3)-C(7) 131.46(16) 
N(5)-C(4)-C(3) 107.42(15) 
C(4)-N(5)-N(6) 112.07(14) 
C(4)-N(5)-C(8) 128.23(15) 
N(6)-N(5)-C(8) 119.62(14) 
C(7)-N(6)-N(5) 104.64(14) 
N(6)-C(7)-C(3) 111.65(16) 
N(13)-C(9)-N(10) 112.02(14) 
N(13)-C(9)-N(2) 120.61(15) 
N(10)-C(9)-N(2) 127.34(15) 
C(9)-N(10)-C(11) 106.66(14) 
N(10)-C(11)-C(12) 106.53(15) 
C(11)-C(12)-N(13) 110.24(15) 
C(9)-N(13)-C(12) 104.55(14) 
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E-2im-5pz-H 

 

Figure 8.26. The crystal structure of E-2im-5pz-H (50% probability ellipsoids). 

Table 8.33. Crystal data and structure refinement for E-2im-5pz-H 

Formula C7 H8 N6 

Formula weight 176.19 

Temperature 173(2) K 

Diffractometer, wavelength Agilent Xcalibur 3 E, 0.71073 Å 

Crystal system, space group Monoclinic, P21/n 

Unit cell dimensions a = 3.88751(7) Å α = 90° 

 b = 22.2319(4) Å β = 100.1079(16)° 

 c = 9.66868(15) Å γ = 90° 

Volume, Z 822.66(3) Å3, 4 

Density (calculated) 1.423 Mg/m3 

Absorption coefficient 0.099 mm-1 

F(000) 368 

Crystal colour / morphology Red blocks 

Crystal size 0.467 x 0.274 x 0.224 mm3 

θ range for data collection 2.817 to 28.694° 

Index ranges -5<=h<=5, -28<=k<=29, -12<=l<=12 

Reflns collected / unique 31291 / 1942 [R(int) = 0.0341] 

Reflns observed [F>4s(F)] 1654 

Completeness to theta(full) 0.999 to 25.242 deg 

Absorption correction Analytical 

Max. and min. transmission 0.985 and 0.967 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 1942 / 1 / 123 

Goodness-of-fit on F2 1.026 

Final R indices [F>4s(F)] R1 = 0.0403, wR2 = 0.1018 

R indices (all data) R1 = 0.0483, wR2 = 0.1068 

Largest diff. peak, hole 0.250, -0.256 eÅ-3 
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Mean and maximum shift/error 0.000 and 0.000 

 
Table 8.34. Bond lengths [Å] and angles [°] for E-2im-5pz-H. 
 
N(1)-N(2) 1.2704(15) 
N(1)-C(3) 1.3854(17) 
N(2)-C(9) 1.3843(17) 
C(3)-N(4) 1.3608(17) 
C(3)-C(7) 1.3857(18) 
N(4)-N(5) 1.3428(16) 
N(4)-C(8) 1.4542(17) 
N(5)-C(6) 1.3391(19) 
C(6)-C(7) 1.385(2) 
C(9)-N(13) 1.3292(17) 
C(9)-N(10) 1.3555(16) 
N(10)-C(11) 1.3545(18) 
C(11)-C(12) 1.3678(19) 
C(12)-N(13) 1.3651(18) 
 
N(2)-N(1)-C(3) 113.78(10) 
N(1)-N(2)-C(9) 111.98(10) 
N(4)-C(3)-N(1) 117.01(11) 
N(4)-C(3)-C(7) 107.01(12) 
N(1)-C(3)-C(7) 135.86(12) 
N(5)-N(4)-C(3) 111.78(11) 
N(5)-N(4)-C(8) 120.87(11) 
C(3)-N(4)-C(8) 127.36(12) 
C(6)-N(5)-N(4) 104.59(11) 
N(5)-C(6)-C(7) 112.51(13) 
C(6)-C(7)-C(3) 104.11(12) 
N(13)-C(9)-N(10) 112.05(12) 
N(13)-C(9)-N(2) 121.77(11) 
N(10)-C(9)-N(2) 126.17(11) 
C(11)-N(10)-C(9) 106.58(11) 
N(10)-C(11)-C(12) 106.56(12) 
N(13)-C(12)-C(11) 110.25(12) 
C(9)-N(13)-C(12) 104.56(11) 
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E-2im-5pz 

 

Figure 8.27. The crystal structure of E-2im-5pz (50% probability ellipsoids). 

Table 8.35. Crystal data and structure refinement for E-2im-5pz 

Formula C8 H10 N6 

Formula weight 190.22 

Temperature 173(2) K 

Diffractometer, wavelength Agilent Xcalibur 3 E, 0.71073 Å 

Crystal system, space group Orthorhombic, Pbca 

Unit cell dimensions a = 7.6126(4) Å α = 90° 

 b = 11.3753(7) Å β = 90° 

 c = 10.7136(5) Å γ = 90° 

Volume, Z 927.75(9) Å3, 4 

Density (calculated) 1.362 Mg/m3 

Absorption coefficient 0.093 mm-1 

F(000) 400 

Crystal colour / morphology Orange plates 

Crystal size 0.787 x 0.411 x 0.013 mm3 

θ range for data collection 3.582 to 28.346° 

Index ranges -9<=h<=9, -15<=k<=15, -14<=l<=14 

Reflns collected / unique 10646 / 1080 [R(int) = 0.0470] 

Reflns observed [F>4s(F)] 896 

Completeness to theta(full) 0.999 to 25.242 deg 

Absorption correction Analytical 

Max. and min. transmission 0.999 and 0.956 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 1080 / 0 / 66 

Goodness-of-fit on F2 1.233 

Final R indices [F>4s(F)] R1 = 0.0703, wR2 = 0.1284 

R indices (all data) R1 = 0.0865, wR2 = 0.1333 
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Largest diff. peak, hole 0.211, -0.219 eÅ-3 

Mean and maximum shift/error 0.000 and 0.000 

 
Table 8.36. Bond lengths [Å] and angles [°] for E-2im-5pz. 
 
N(1)-N(1)#1 1.286(4) 
N(1)-C(2) 1.383(4) 
C(2)-N(6') 1.354(4) 
C(2)-C(6) 1.354(4) 
C(2)-N(3) 1.373(3) 
N(3)-C(4') 1.340(3) 
N(3)-N(4) 1.340(3) 
N(3)-C(7) 1.454(3) 
N(4)-C(5) 1.353(4) 
C(4')-C(5) 1.353(4) 
C(5)-N(6') 1.375(4) 
C(5)-C(6) 1.375(4) 
 
N(1)#1-N(1)-C(2) 113.2(3) 
N(6')-C(2)-N(3) 109.3(2) 
C(6)-C(2)-N(3) 109.3(2) 
N(6')-C(2)-N(1) 133.1(2) 
C(6)-C(2)-N(1) 133.1(2) 
N(3)-C(2)-N(1) 117.7(2) 
C(4')-N(3)-C(2) 108.9(2) 
N(4)-N(3)-C(2) 108.9(2) 
C(4')-N(3)-C(7) 123.4(2) 
N(4)-N(3)-C(7) 123.4(2) 
C(2)-N(3)-C(7) 127.7(2) 
N(3)-N(4)-C(5) 106.0(2) 
N(3)-C(4')-C(5) 106.0(2) 
C(4')-C(5)-N(6') 111.4(3) 
N(4)-C(5)-C(6) 111.4(3) 
C(2)-C(6)-C(5) 104.4(2) 
C(2)-N(6')-C(5) 104.4(2) 
 
Symmetry transformations used to generate equivalent atoms: 
#1 -x+1,-y+1,-z+1 
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8.3. 1H and 13C NMR spectra 

8.3.1. Azobispyrazoles 

 

 

Figure 8.28. 1H NMR in CDCl3 and 13C NMR in DMSO-d6 of bis3pzH. 

 

 

 

Figure 8.29. 1H and 13C NMR of bis3pzMe in CDCl3. 
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Figure 8.30. 1H and 13C NMR of bis4pzH in CDCl3. 

 

Figure 8.31. 1H and 13C NMR of bis4pzMe in CDCl3. 
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Figure 8.32. 1H and 13C NMR of bis5pzH in CDCl3. 

 

Figure 8.33. 1H and 13C NMR of bis5pzMe in CDCl3. 
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8.3.2. Azobispyrazoles as MOST materials 

 

Figure 8.34. 1H and 13C NMR of 3pzH-4pzMe in CDCl3. 

 

 

 

Figure 8.35. 1H and 13C NMR of 4pzH-4pzMe in CDCl3. 
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Figure 8.36. 1H and 13C NMR of 5pzH-4pzMe in CDCl3. 

 

Figure 8.37. 1H and 13C NMR of 5pzH-4pzMe-H in DMSO-d6 
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Figure 8.38. 1H and 13C NMR of 5pzH-4pzMe-Et in CDCl3. 

 

Figure 8.39. 1H and 13C NMR of 5pzH-4pzMe-iPr in CDCl3. 
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Figure 8.40. 1H and 13C NMR of 5pzH-4pzMe-nPr in CDCl3. 

 

8.3.3. Azobisthiazoles 

Figure 8.41. 1H and 13C NMR of bis2thzH in CDCl3. 
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Figure 8.42. 1H and 13C NMR of bis2thzCl in CDCl3. 

 

Figure 8.43. 1H and 13C NMR of bis2thzBr in CDCl3. 
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Figure 8.44. 1H and 13C NMR of bis2thz-mono-Br in CDCl3. 

 

Figure 8.45. 1H and 13C NMR of bis2thzOPh in CDCl3. 
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Figure 8.46. 1H and 13C NMR of bis2thz-5-Me in CDCl3. 

 

Figure 8.47. 1H and 13C NMR of bis2thz-4-Me in CDCl3. 
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Figure 8.48. 1H and 13C NMR of bis2thz-tetra-Me in CDCl3. 

 

8.3.4. Azobisimidazoles 

Figure 8.49. 1H and 13C NMR of bis2imH in CDCl3. 
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Figure 8.50. 1H NMR in CD3OD and 13C NMR in CDCl3 of bis2imCl. 

 

Figure 8.51. 1H and 13C NMR of bis2imBr in CDCl3. 
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Figure 8.52. 1H and 13C NMR of bis2imI in CDCl3. 

 

Figure 8.53. 1H and 13C NMR of bis2imOMe in CDCl3. 
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Figure 8.54. 1H and 13C NMR of bis2im-mono-I in CDCl3. 

 

Figure 8.55. 1H and 13C NMR of bis2im-tri-Cl in CDCl3. 
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Figure 8.56. 1H and 13C NMR of bis2im-tri-Br in CDCl3. 

 

8.3.5. Non-symmetric azoheteroarenes 

Figure 8.57. 1H and 13C NMR of 2thz-4pz in CDCl3. 
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Figure 8.58. 1H and 13C NMR of 2im-4pzH-NH in CD3OD. 

 

Figure 8.59. 1H and 13C NMR of 2im-4pz in CDCl3. 
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Figure 8.60. 1H and 13C NMR of 2im-3pz-NH in MeCN-d3. 

 

Figure 8.61. 1H and 13C NMR of 2im-3pz in CDCl3. 
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Figure 8.62. 1H and 13C NMR of 2im-5pz-NH in CD3OD. 

 

Figure 8.63. 1H and 13C NMR of 2im-5pz in CDCl3. 



 
 

 


