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The  ever-increasing  global  demands  for  energy  supply  and  storage
endows the urgent requirement to seek and develop renewable energy tech-
nologies. Molecular solar thermal (MOST) fuels, also known as solar thermal
fuels,  are  a  promising  avenue  for  harvesting  and  storing  solar  energy  in  a
renewable  manner.  These  MOST  fuels  based  on  molecular  photoswitches
can harvest photon energy from sunlight at specific wavelengths, store it as
chemical  energy,  and  release  the  stored  energy  in  the  form  of  heat  on
demand  during  back  conversion  upon  external  triggering  (Figure  1A).  The
energy storage and release process are cyclically stable and environmentally

friendly. Various molecular photoswitches, including anthracene, norbornadi-
ene,  azobenzene  and  hydrazone,  are  currently  investigated  for  their  solar
energy storage and release potential.1 Meanwhile, some key parameters that
need  to  be  considered  for  the  development  of  MOST fuels  such  as  storage
energy density, energy release efficiency, storage half-life, cycle stability, solar
energy conversion efficiency, and solar spectrum match are being optimized.
Many advancements have been made in the MOST fuels area over the past
decade in terms of molecular design and implementation and engineering of
devices, especially for azo-based MOST fuels.

  

Figure 1. Molecular design and performance exploration of sunlight-driven azoswitches (A) Schematic of solar energy storage and heat release from molecular solar thermal
systems. (B) UV-vis absorption spectrum and E-to-Z isomerization of solar azoswitches. (C) Molecular structures various dimethylamino azopyrazole derivatives. (D) Generality
of molecular design of sunlight-driven azoswitches.
 

Azoswitches  are  considered  to  be  the  most  promising  candidates  for
MOST  fuels  due  to  ease  of  functionalization,  well-known trans (E) / cis (Z)
configurations,  photo-tunable  physicochemical  properties.  Despite  many
pioneering efforts to develop azoswitches MOST fuels, the light activation in a
specific  narrow  wavelength  range  significantly  limits  their  ability  to  work
directly in sunlight.2 Indeed, most molecular photoswitches depend on ultra-
violet  light.  Although  visible-light  switches  are  also  developed,  they  usually
need to operate within a specific narrow visible windows.3 An ideal MOST fuel
would be capable of photoisomerization over a wide range of the solar spec-
tra,  especially  in  the  photochemically  useful  300-700 nm  range.  Unfortu-
nately, the redshift in the absorption spectra of azoswitches often leads to the

reduction of E-to-Z photoisomerization yield, the decrease of storage energy
density  or  the  shortening  of  storage  half-life.  Meanwhile,  sunlight-driven
azoswitches are  more  beneficial  for  improving the  solar  efficiency  of  MOST
fuels  than  common  azoswitches  that  require  specific  narrow  wavelength
activation.4 Therefore,  the  development  of  azoswitches  capable  of  storing
photon energy under sunlight is challenging but fascinating.

To  achieve E-to-Z photoisomerization  under  sunlight,  a  recent  study  by
Zhao-Yang  Zhang,  Tao  Li  and  colleagues  reported  on  a  series  of  emerging
azoswitches  that  could  achieve  80%-90% E-to-Z photoisomerization  yields
under  sunlight  (Figure  1B).  These  sunlight-driven  azoswitches  are  made  by
rendering the absorption of E isomers overwhelmingly stronger than that of Z
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isomers  across  a  broad  ultraviolet  to  visible  spectra.5 This  unusual  spectral
profile  is  realized  by  a  simple  but  highly  tunable  molecular  design  strategy
capable of fine-tuning the spectral window to extend light absorption beyond
600  nm.  Remarkably,  the Z-to-E conversion  can  be  achieved  without
compromising forward  solar  isomerization,  resulting  in  a  unique  photore-
versible  solar  switches.  Such  an  exceptional  solar  chemistry  of  emerging
azoswitches  offers  unprecedented  opportunities  to  develop  MOST  fuels  for
energy storage and release under sunlight. 

SPECTRAL RESHAPING FOR E-TO-Z PHOTOISOMERIZATION
The  feasibility  of  solar-driven  azoswitches  was  investigated  in  terms  of

reshaping and extending the absorption spectra, regulating the back-conver-
sion and exploring the generality of molecular design. To reshape the spectra
of the azoswitches, an ortho-amidated azoswitch was designed, which could
enhance the absorption in the visible band of the E isomer through additional
π-π* type electronic transitions. Meanwhile, heteroaryl azoswitches (Ph-N=N-
Het)  such  as  phenylazopyrazoles  with T-shaped  geometrical  features  were
chosen  to  effectively  suppress  the  spectral  absorption  of  the Z isomer.
Besides  the  classical  π,  π*  band  at  320  nm,  the  fabricated  ortho-dimethy-
lamino azopyrazole exhibited a significantly broad absorption band centered
around  423  nm  with  a  maximum  molar  absorption  coefficient  (5.2×
103 M−1cm−1).  And  the Z isomer  displayed  a  weak  n,  π*  band  with  a  molar
absorption  coefficient  of  0.8×103 M−1cm−1.  Interestingly,  this  azoswitch  was
able to efficiently E-to-Z isomerize under simulated sunlight (AM 1.5) irradia-
tion, with Z isomer yields as high as 85.5%. Encouragingly, the obtained of Z
isomers also exhibited remarkable thermal stability with thermal half-lives of
up  to  96  days  at  25°C,  resolving  the  challenge  of  significantly  shorter  half-
lives resulting from conventional π, π* red-shift approach. 

EXTENSION OF SPECTRAL WINDOW
Although  sunlight-driven  azoswitches  were  enabled,  it  is  still  essential  to

further  broaden  their  spectral  region  to  utilize  solar  energy  more  efficiently,
which  can  be  achieved  by  introducing  various  electron-donating  groups  to
broaden  the  conjugation  system  (Figure  1C).  The  experimental  results
demonstrated that the visible band of the azoswitches was significantly red-
shifted  with  increasing  electron-donating capacity,  with  the  highest  absorp-
tion  wavelength  increasing  from  423  nm  to  495  nm.  Simultaneously,  the
absorption wavelength  of  the  defined  as  the  wavelength  where  ɛ=100
M−1cm−1 was more profoundly shifted from 536 nm to 640 nm. Furthermore,
these azoswitches also displayed outstanding performances with solar E-to-
Z isomerization yields exceeding 80%, especially >90% of Z isomers could be
obtained  under  irradiation  at  wavelengths  above  500  nm,  presenting  a  long
thermal half-life of more than one month. Most interestingly, outdoor contin-
uous  flow  experiments  indicated  that  the  yield  of Z isomers  of  azoswitch
solution (2 mM n-hexane solution at a flow rate of 32 cm s−1) under sunlight
(85  mW  cm−2)  could  reached  up  to  85%.  Although  the  outdoor  experiments
were performed without considering the effect of the photochemical reaction
concentration on the  isomerization yield,  this  unprecedented result  provides
the possibility for the further development of MOST fuels that could be oper-
ated under sunlight. 

BACK-CONVERSION AND GENERALITY OF MOLECULAR DESIGN
It is noted that the aforementioned azoswitches is difficult to achieve Z-to-

E reversion  by  photoinduction  due  to  the  high Z isomer  content  at  arbitrary
wavelengths.  This  problem  was  addressed  by  gently  increasing  the  relative
absorption  of  the Z isomer  in  the  long  wavelength  tail  and  simultaneously
maintaining the overall favorable absorption of the E isomer across the spec-
trum.  For  example,  replacing  dimethylamino  groups  with  primary  amine
groups  allowed  simultaneously  achieving  solar-driven E-to-Z isomerization
yields  higher  than  80%  and  green  light  (532  nm)  induced Z-to-E reversion
yields as  high  as  85%.  These  results  suggested  that  appropriate  modifica-
tions  to  the  spectral  tail  could  facilitate  efficient  reverse  photoconversion
without  compromising  the  forward  solar  conversion  process.  Importantly,
from  a  practical  standpoint,  numerous  photo-switching  cycles  were
performed under repetitive AM 1.5 and 532 nm light, and the absorbance loss
per  cycle  was  observed  to  be  less  than  0.1%  under  ambient  conditions,
suggesting excellent fatigue resistance.

The scope of solar azoswitches is not restricted to the azopyrazole family,
but  could  be  extended  to  other  heteroaryl  azo  molecules  that  allow  for  the

realization  of T-shaped Z isomer  geometries  with  a  Ph-N=N-Het  core
(Figure  1D).  Several  alternative  heterocycles  such  as  imidazoles,  triazoles,
thiophenes, thiazoles, furans, and oxazoles designed as ortho-amino deriva-
tives of heteroaryl azo molecules also exhibited the potential for solar-driven
E-to-Z isomerization. Such structural versatility provides a wide space for the
design of sunlight-driven MOST fuels. 

CONCLUSION AND PERSPECTIVE
This  commentary  highly  appreciates  a  series  of  sunlight-driven

azoswitches  that  provide E-to-Z isomerization  yields  of  up  to  80%  under
unfiltered  sunlight  and  exhibit  thermal  half-lives  of  up  to  three  months  and
excellent  photoisomerization  cycle  stability.  There  is  no  doubt  that  these
emerging  azoswitches  offer  endless  possibilities  for  the  development  of
sunlight-driven MOST fuels. However, the development of MOST fuels based
on  these  azoswitches  still  has  many  other  key  parameters  that  need  to  be
further confirmed,  such  as  the  storage  energy  density,  energy  release  effi-
ciency, solar energy conversion efficiency, and concentration effect on photo-
chemical reactions. These key parameters are particularly significant for the
large-scale  preparation  and  application  of  MOST  fuels.  In  fact,  most  of  the
current  reports  on  MOST  fuels  are  limited  to  laboratory-scale  performance
exploration, and large-scale application of MOST fuels under natural sunlight
has been an ongoing endeavor for researchers.

Although the work of Zhang et al. focused on exploring the optical proper-
ties  of  azoswitches  and  did  not  probe  the  solar  energy  storage  and  release
properties,  the  excellent  properties  exhibited  by  these  emerging  molecules
will  substantially  contribute  to  the  development  process  of  sunlight-driven
MOST  fuels.  Future  research  could  aim  to  utilize  the  potential  of  sunlight-
driven  azoswitches  in  solar  energy  storage  and  conversion  technologies  to
develop  MOST  fuels  with  ultra-high  performances.  First,  sunlight-driven
azoswitches  were  preferred  and  endowed  with  the  ability  to  be  activated
under sunlight rather than artificial light sources to achieve efficient reversible
isomerization. Then, coupling them with novel strategies such as introducing
dynamic  covalent  bonding  to  further  enhance  the  storage  energy  densities.
Third, critical  technologies  such  as  electrodeposition  are  employed  to  fabri-
cate  MOST  devices  suitable  for  large-scale  application  scenarios.  Finally,
various  heat  release  induction  methods  are  also  developed  for  on-demand
environments,  such  as  thermal  management  in  ultra-low temperature  envi-
ronments. We believe that MOST fuels based on sunlight-driven switches will
contribute beneficially to the energy industry in the future.
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