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Abstract

Azobenzenes are a prevalent class of photoswitch that have shown a plethora of applications including molecular solar thermal energy storage materials. The Fuchter group previously 
demonstrated the photochemical properties of azobenzene could be improved upon by replacing one of the benzene rings with a pyrazole, so called azopyrazoles. Azopyrazoles functionalised 
with a long alkyl chain have been shown to store thermal energy in their metastable Z isomer liquid phase and release this energy by optically triggered crystallisation by isomerisation at sub-
zero degrees Celsius for the first time. Up to 92 kJ/mol of thermal energy was stored and preserved for longer than a week unless optically triggered. 
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1. Photoswitches
Photoswitches interconvert reversibly between two states (e.g. E and Z isomers) using light. 
This can provide dynamic control over chemical reactions1, energy storage2, biological 
functions3 and much more.4

Azobenzenes (Figure 1) show excellent robustness and switching efficiency, but are limited 
by incompleteness of switching at a given wavelength (poor photostationary state, PSS), 
and low Z isomer thermal stability. 5,6

The Fuchter group reported one approach to improve azo performance by replacing a 
benzene ring with a pyrazole ring. These arylazopyrazoles (Figure 2) demonstrate improved 
PSS and increased Z isomer stability. 7,8

3. Arylazopyrazole MOST materials
Compounds 1’-4’  (Figure 4) were designed as 
MOST materials: 

✓ Increased Z isomer stability (azopyrazoles 
demonstrate longer half-lives)

✓ Better PSS (azopyrazoles show improved PSS)

✓ Increased energy density (change of state on
isomerisation due to van der Waals interactions)

✓ Heat release below 0 °C (stable liquid phase
Z isomers due to long alkyl chain)

6. Application, impact and future work
Previously existing heat release methods such as ignition of fuels or batteries are not suitable for sub-zero use. These azopyrazole derivates are able to release heat at extreme cold 
temperatures and therefore their use is more versatile. For example, the compounds could absorb waste heat from an operating engine during use and then release it later to warm up 
engine oil when engine start is required at low temperatures. This would replace electrical heating, conventionally used, and utilise waste energy. Further work includes improving the 
energy storage density through investigating other analogues of these compounds, as well as investigating other potential methods of heat release from these systems including chemical 
(e.g. acid) or electrochemical, particularly of use to electronic applications.  

2. Molecular Solar Thermal (MOST) materials
MOST materials can store energy by converting light to thermal energy during isomerisation 
(Figure 3). Azobenzene examples exist but have potential for improvement:

Poor Z isomer ability limits long-term storage9,10

Incomplete switching due to azobenzene core5

Low energy density (41 kJ/mol for parent azobenzene)11

Only above 0 °C heat release due to crystallisation of Z isomer liquid12

4. Mechanism

4. Selectivity and control
Crystallisation was induced selectively using an optimal mask (thick plastic) during 
irradiation resulting in a clear interface between the solid E and liquid Z phase (Figure 7a). 

5. Conclusion 
Azopyrazoles functionalised with a long alkyl chain were successfully used as MOST. More 
importantly, the compounds demonstrated improved properties over previous existing 
azobenzene derivatives:

• Z isomer liquid phase stable for over a week compared to < ½ a day.13

• Up to 92 kJ/mol stored compared to <50 kJ/mol.14

• Heat release as low as -30 °C, the first example of sub-zero heat release.

FIGURE 1: Isomers of 
azobenzene and their 
interconversion with light. 

FIGURE 2: Arylazopyrazoles previous studied in the Fuchter group.

FIGURE 3: Azo compounds as MOST 
materials. UV-irradiation produces the 
meta-stable Z isomer which can be 
cooled. Upon irradiation with visible 
light, isomerisation to the E isomer 
releases the stored latent energy as 
heat. 

FIGURE 4: Structures of arylazopyrazoles 
1’-4’ functionalised incorporating a long 
alkyl chain via a linker. 
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FIGURE 6: Left - DSC plots of E and Z isomers of compound 4’ as a representative example of the 
compounds. Tm: melting point, Tc: crystallisation point, Tg: glass transition point. Right - optical images 

of compound 1’ undergoing the cycle represented in Figure 5.

FIGURE 7: Compound 1’ as a representative example a) Optical images of liquid Z isomer (L) film partially 
irradiated with 530 nm light at -30 °C resulting in selective crystallisation of the right (R) side and a clear 

interface at the centre (C) under a microscope. b) UV-vis spectra of E and Z isomers in solution.

Energy storage
• Z isomer liquids of compounds 1’ and 2’ were stable for over a day, and compounds 3’ 

and 4’ for over a week. 

• Stable between -45 °C to +85 °C.

• Differential scanning calorimetry (DSC) showed absent/insignificant melting and 
crystallisation peaks for Z isomer.

Energy release
• Irradiation results in crystallisation of the E 

isomer, even at sub-zero temperatures

• 75-95 kJ/mol thermal energy released for 
(calculated from crystallisation energy of 
the E isomers and the Z-E isomerisation 
energy, obtained from DSC). 

• DSC of the E isomers show sharp melting 
and crystallisation peaks upon cooling

FIGURE 5: Illustration of heat storage-
release cycle for compounds 1’-4’. 


