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Development of renewable energy technologies has been a significant area of research amongst
scientists with the aim of attaining a sustainable world society. Solar thermal fuels that can capture,
convert, store, and release solar energy in the form of heat through reversible photoisomerization of
molecular photoswitches such as azobenzene derivatives are currently in the limelight of research.
Herein, we provide a state-of-the-art account on the recent advancements in solar thermal fuels based
on azobenzene photoswitches. We begin with an overview on the importance of azobenzene-based
solar thermal fuels and their fundamentals. Then, we highlight the recent advances in diverse
azobenzene materials for solar thermal fuels such as pure azobenzene derivatives, nanocarbon-
templated azobenzene, and polymer-templated azobenzene. The basic design concepts of these
advanced solar energy storage materials are discussed, and their promising applications are highlighted.
We then introduce the recent endeavors in the molecular design of azobenzene derivatives toward
efficient solar thermal fuels, and conclude with new perspectives on the future scope, opportunities
and challenges. It is expected that continuous pioneering research involving scientists and engineers
from diverse technological backgrounds could trigger the rapid advancement of this important
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1. Introduction

Fossil fuel depletion, global warming, and the hidden risks of
international conflict are weaving an uncomfortable strangle-
hold on the world’s energy outlook. Coping with these
crises requires the development of renewable and sustainable
energy technologies and strategies to reduce the dependence
on traditional fossil fuels that are currently the main driving
force of global economy.' Often-cited alternatives include clean
coal, nuclear energy, and a host of renewable energy sources
such as biomass/biofuels, hydroelectric power, geothermal
energy, ocean water, tides, waves, wind, and solar energy.z'4
Among them, solar energy is the most abundant and inexhaus-
tible natural resource in our solar system: the sun delivers in
1 h what humankind needs in a year.>” Vast amounts of energy
enter our atmosphere every day; however, efficient conversion
of diffuse sunlight into useful forms of energy is quite a
challenge. Toward this end, extensive efforts have been devoted
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to developing innovative technologies, especially to capture,
convert, and store solar energy.® Nowadays, a variety of tech-
nologies have been proposed to harvest the abundant solar
energy and reach a sustainable world society (Fig. 1). For
example, photovoltaics” > could directly convert sunlight into
electrical power without any heat engine. Photovoltaic solar
cells have seen a dramatic development in the past few years,
mainly because of their simple design and structure, flexible
installation, avoidance of long-distance transmission, and cost
reduction.”®'* Solar thermal collectors'>™>" are able to absorb
the incoming solar radiation, convert it into heat, and transfer
this heat to a fluid (usually air, water or oil) flowing through the
collector. There are basically two types of solar collectors: non-
concentrating or stationary and concentrating. The tempera-
ture range varies with the types of collectors, such as flat-plate
collectors, 30-90 °C; evacuated tube collectors, 50-200 °C;
parabolic dish reflectors, 100-500 °C; heliostat field collectors,
150-2000 °C." Depending on the temperature level, the heat
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Fig. 1 Emerging technologies for capture, conversion, and storage of solar energy: (a) photovoltaics; reprinted with permission from ref. 6. Copyright
2011 Royal Society of Chemistry. (b) Solar thermal collectors; reprinted with permission from ref. 21. Copyright 2014 Elsevier Ltd. (c) Artificial
photosynthesis; reprinted with permission from ref. 1. Copyright 2007 Wiley-VCH. (d) Solar thermal fuels. Reprinted with permission from ref. 133.
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can be employed in industrial production to generate electricity
or storable heat, to desalinate salt water, or to synthesize fuels
from water and carbon dioxide for storage, transportation, or
on-site application. Solar fuels>** could collect solar energy
and store it through the energetic chemical bonds, where the
solar harvesting and energy storage processes are incorporated
in a single entity. This approach has been investigated in several
variations including CO reduction, CO, reduction, photoinduced
water splitting (i.e., artificial photosynthesis) etc. Interestingly,
solar thermal fuels based on photoactive materials have recently
attracted increasing attention, where the efficient absorption
of solar irradiation leads to a photoisomerization reaction
towards a high-energy species, thus enabling the storage of
large amounts of heat.®2%2”

Solar thermal fuels (STFs) can store the energy from solar
radiation through structural and bond rearrangements of
the photoactive materials, and then the energy is released in
the form of heat. Such a closed cycle enables reversible solar
conversion and energy storage within a single material system.
STFs have attractive advantages including no emission, easy
transportation, rechargeability and renewability, and on-demand
energy release in the form of heat. STFs have started to receive
increasing attention since the 1970s, probably as a result of the
1973 oil crisis. Since then, diverse types of molecular photo-
switches have been developed for STFs (Fig. 2). For example,
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Fig. 2 Photoisomerization of different types of molecular photoswitches.
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anthracene, a rigid aromatic hydrocarbon, undergoes [4+4]
cycloaddition to form a dimer when exposed to light at
400 nm, and then a stored heat energy of 65.2 k] mol * can be
released through appropriate thermal treatment or light irradia-
tion at below 300 nm.>**° The storage enthalpy (AHgorage, the
maximum energy that can be stored per mole of photoactive
molecules) could be increased to 83.6 k] mol ' by grafting
electron-withdrawing groups (EWGs) and electron-donating
groups (EDGs) onto the anthracene monomer. However, the
quantum yield for the forward reaction is dependent on the
relative concentration.”®?°> Recently, Castellano’s research
group demonstrated the triplet-triplet annihilation-based
photon upconversion properties of an anthracene system
through incorporating a sensitizer (such as Ru(u) and Pd(u)
octaethylporphyrin) and/or an acceptor (such as 9,10-diphenyl-
anthracene and its derivatives).**® Such photon upconversion
systems are expected to offer an alternative way toward STFs
with high molecular storage capacity.’® Stilbenes undergo
a trans-to-cis photoisomerization under light irradiation
at wavelengths ranging from 300 to 700 nm.’™** Although
stilbene has a low molecular weight, it is restricted by low
AHgtorage (~5 kJ mol™").*>**** Mancini and co-workers inves-
tigated a range of 9-styrylacridines and discovered that the
AHgiorage could be considerably increased by introducing func-
tional groups. The highest value (104 kJ mol ') was obtained
by replacing the phenyl group with a 1-naphthyl group.***?
(Fulvalene)tetracarbonyldiruthenium (FvRu,(CO),) refers to a
series of organometallic photochromic complexes, which were
first reported by Vollhardt and co-workers in 1983.*>¢ In
solution, FvRu,(CO), undergoes reversible photoisomerization
upon irradiation with visible light (470 nm).**">* The AHyorage
comprises the overall standard (83 + 6 k] mol ') and activation
energies (125 + 8 k] mol™").*® The FvRu,(CO), complex is less
likely to be attractive for practical applications owing to its high
cost and high molecular weight of ~442 g mol . Iron has been
used to replace the expensive ruthenium because of its low cost
and light weight; however, no isolatable photoisomer can be
formed in the iron analogue.” Besides, an osmium analogue
exhibiting photoisomerization was developed; however, the
isomerization is irreversible.”* To date, commercially available
norbornadiene-quadricyclane (NBD-QC) has been the most
investigated system for STF applications.>* ®> NBD undergoes
a photoinduced [2+2] cycloaddition to convert into its valence
isomer-quadricyclane. The strained quadricyclane molecule could
store a significant amount of energy (AHgorage = 96 KJ mol ™),
and such stored energy can be released in the form of heat
under the influence of an external stimulus or catalysts. It
should be noted that NBD only absorbs ultraviolet (UV) light,
and cannot be isomerized by visible light in any range of
wavelengths. To increase the quantum yield, the absorption
needs to be red-shifted. One of the promising strategies to red-
shift the absorption of NBD is to introduce EWGs, or both
EWG and EDG at one of the C—C double bonds. It was
also found that the introduction of substituents at the C—C
bond helps increase the isomerization quantum yield.***> The
dihydroazulene-vinylheptafulvene (DHA-VHF) photoreaction

Chem. Soc. Rev.


http://dx.doi.org/10.1039/c8cs00470f

Published on 31 August 2018. Downloaded by Tsinghua University on 9/2/2018 7:46:29 AM.

Review Article

is a ring-opening reaction, which is characterized by a high
quantum yield.®®*”° The large spectral difference between DHA
and VHF (about 150 nm), the relatively high enthalpy of the
photochemical reaction (AHgorage = 35.2 kJ mol™!),”* and the
relatively long half-life (21 min to 26 h) make this system an
interesting candidate for the development of STF application.”*”
It should be noted that the back conversion of the DHA-VHF
system can be stimulated by heating or catalysts (such as
Cu(1)).”*”® Moth-Poulsen et al. reported the solar energy storage
of a DHA-VHF system under realistic outdoor conditions.”
However, further reducing the spectroscopic overlap between
the isomers should be taken into account in the future device
and molecular designs.®®’*’® Attempts have also been made to
promote the performance of this STF system in terms of life-
times and ED by introducing functional groups.”” However, it
remains a challenge to find the optimum molecule satisfying
all the requirements.

In general, efficient STFs should meet the following set of
criteria:*>*° (i) solar spectrum match: the absorption of the low-
energy isomer should overlap with the most intense region of
the solar emission. (ii) Large storage energy capacity: the energy
difference between low- and high-energy isomers relative to
the molecular weight/volume should be as large as possible.
(iii) High quantum yield: the photoinduced conversion towards
the high-energy isomer should proceed with high efficiency.
(iv) No photon competition: photon competition of two isomers
should be avoided since both processes of photoisomerization
and back-conversion in most of the photoactive molecules
could be activated by light. (v) Long-term stability: the barrier
for back-conversion on the ground state energy landscape
should be sufficiently large to enable long-term storage and
the photoactive materials should exhibit strong cyclability
performance. (vi) Low price: the cost of the raw materials as
well as synthesis and integration should be competitive.

Toward this end, azobenzene and its derivatives, the most
widely investigated molecular photoswitches, emerging as a
“star’’ material have recently attracted tremendous attention in
the field of STFs. Pristine azobenzene can absorb UV light
(365 nm) to convert solar energy into latent chemical energy
and release heat through cis-to-trans isomerization by thermal
relaxation or light irradiation at an appropriate wavelength.
The AHgiorage and quantum yield of pristine azobenzene were
reported to be 49 k] mol ' and 0.49, respectively, and the half-
life of cis-azobenzene was determined as 4.2 days.”*®" It should
be noted that azobenzene holds a large window of opportunities
for rich chemical functionalization of the molecule. Azobenzene
derivatives have facile synthesis, low cost, and extraordinary
cycling stability through repeated photoisomerization and
reverse isomerization between the trans and cis forms, all of
which make them very attractive for STF applications.

The discovery of azobenzene can be dated back to the mid-
1800s; however, for many years, they were only used as a
class of synthetic coloring agents in the dye industry.®* In the
1930s, apart from being used as simple dyes, colorants, or a
pH indicator, azobenzene was discovered to possess photo-
isomerization capability.®® From then on, design, synthesis and
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structure-property relationship of azobenzene photoswitches have
been extensively explored by numerous industrial and academic
research groups.®* ™ As a result, a variety of azobenzene derivatives
with promising properties have been designed and synthesized.
Based on its spectroscopic features, azobenzene is classified
into three categories: azobenzene, aminoazobenzene, and
pseudostilbene. The structure-property relationship of these
azobenzene photoswitches with multifarious photoactive
properties has also been well studied.®" In the past decades,
the photoisomerization characteristic of azobenzene and its
use in the development of advanced functional materials have
aroused considerable research enthusiasm, which promoted
the applications of azobenzene and its derivatives as novel
functional materials in diverse fields such as sensors,’®°
actuators,”® > non-linear optic devices,”*® optical data
storage,”*'°" and energy/biological materials.®®'*>'%* Most
recently, a variety of solar energy harvesting and storage
solutions using azobenzene and its derivatives have been
reported, which is expected to provide important impetus
towards the rapid development of this highly interdisciplinary
endeavor in photochemistry, nanoscience, nanotechnology,
and energy-related intelligent advanced materials.'*>"%°

This article provides a comprehensive review on the
advancements in azobenzene-based STF (Azo-STF) materials
concerning their fundamentals, diverse azobenzene types as
STF materials, recent endeavors in the molecular design of
azobenzene toward efficient STFs, and their promising applica-
tions. Although the study of solar thermal energy storage
materials has already been reviewed in the past years,*>””° to
the best of our knowledge, a systematic review on the design,
properties, and applications of Azo-STFs remains scarce. Herein,
we focus on azobenzene derivatives, nanocarbon-templated
azobenzene, and polymer-templated azobenzene, representing
material platforms that combine solar energy harvesting and
storage via the photoisomerization accorded by the azobenzene
units. This review is structured as follows: first, we present an
overview on the importance of Azo-STFs and their fundamentals
in Section 2. In Section 3, we review the recent progress in Azo-
STFs, with the aim of launching further research in this highly
fascinating area. Section 4 is devoted to the recent endeavors in
the molecular design of azobenzene derivatives toward efficient
STFs. Finally, in Section 5, the basic design concepts of
such advanced energy storage materials are discussed, their
promising applications are highlighted, and new perspectives
on the future scope, opportunities and challenges are addressed.

2. Fundamentals of azobenzene-
based solar thermal fuels

2.1 Solar thermal conversion and energy storage using
azobenzene photoswitches

STFs store solar energy through a photochemical conversion
process known as photochromism. The idea of a STF was first
proposed in 1909 by Weigert after observing the fuel capability
of anthracene photodimerization.?® This process, by definition,
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is a reversible chemical conversion between two states, e.g.,
A and B, induced in either one or both directions through the
absorption of electromagnetic radiation. The two states possess
different absorption or emission spectra owing to their
different physical and chemical properties. State “A” represents
the thermodynamically stable form, while state “B” is the
metastable form transformed from state “A” through light
irradiation. This structural change is reversible and the reverse
process can occur through thermal relaxation or light irradia-
tion at an appropriate wavelength. Ideally, for practical applica-
tions, the photochromic cycle could be repeated indefinitely
although side reactions can occur that lead to subsequent
degradation of the process."*®

For a unimolecular system, photochromism can occur
through several possible chemical processes and undergo
transformation. Some of these chemical processes are bond
cleavage, oxidation-reduction, and isomerization. Of these
three, isomerization, or more specifically, photoisomerization,
is the most favorable photochromism for STFs. Photo-
isomerization is divided largely into two types: trans-to-cis
isomerization and valence isomerization. In the case of
trans-to-cis isomerization, a noticeable structural change is
observed, whereas in valence isomerization, no significant
steric position difference is seen; rather, the electronic struc-
tures are rearranged.

For azobenzene, the isomerization process is trans—cis type,
which shows a substantial quantum yield and characteristic
differences between the trans and cis states. Therefore,
azobenzene is one of the most excellent candidates for use
as STFs. The photoisomerization of azobenzene is one of
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the special processes that dissipate the excessive energy of
the species by controlling the molecular configurations. This
change is often accompanied by other actions including radiation-
less/radiative transitions, vibration relaxation, and energy transfer
quenching.’®” Until now, four mechanisms including inver-
sion, rotation, concerted inversion, and inversion-assisted
rotation have been proposed as possible pathways for azoben-
zene photoisomerization.'”®'® To understand these theories,
we refer the interested readers to some previously published
reVieWS.6’81’1O7’110

Here, we elucidate the principle of closed-system energy
storage of STFs based on azobenzene photoswitches, as can
be seen in Fig. 3. First, the azobenzene molecules exist in the
trans conformation at room temperature, which corresponds to
the ground state, also called the low-energy state. The ground
state azobenzene molecule absorbs photon energy and trans-
forms into an excited state, i.e., the intermediate state. In the
photoexcited state, azobenzene is very unstable and undergoes
a conformational change within a few picoseconds.'***'7~119
Most of the photoexcited azobenzenes convert into the cis-
isomer (productive relaxation) while a small number of mole-
cules may revert to the original stable trans-isomer (unproductive
relaxation).""*"?%'*! In the new state, referred to as the meta-
stable state, also called the high-energy state, energy is stored in
the chemical bonds. To access this stored energy in azobenzene
molecules, an external trigger such as heat or visible light is
usually applied to overcome the energy barrier (AE,). The
stored solar energy is then released in the form of heat and
the molecule reverts to its original form. According to the
work from Boulatov’s research group,® the maximum energy

“Charging process” — photoisomerization

Energy is stored
AT

AH

storage

in chemical bond

Overcome the energy
barrier (AE,) through

an external trigger

“Discharging process” — Heat released

Fig. 3 Schematic illustration of solar thermal conversion and storage mechanism of azobenzene. AHsrage is the standard storage enthalpy of trans-to-
cis isomerization, and AE, represents the energy barrier for cis-to-trans reversion. X, X5, Xs, Y1, and Y, represent different substituents. X;, X,, and Xs are
NMe,, NO,, COOH, OH, SOzH, or Cl. Y; and Y, are NHMe, NO,, OMe, OEt, F, or Cl.
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(AGfom) that can be stored for any period of time per mole of
chromophore must satisfy eqn (1):

In2 .
hn2 Gt aG

AGY = AG: it 1
Tl/szT som rev ( )

som som Jr RTln
where AGi,n, is the activation free energy for the stable to
metastable isomer conversion, AGY, is the free energy of
activation for thermal reversion of the metastable isomer to
the stable isomer, 74, is the time during which half of the stored
energy is dissipated spontaneously (half-life). T is the storage
temperature, and R, &, and kg are the gas constant, Planck’s
constant, and Boltzmann constant, respectively. In this review,
the storage enthalpy AHgrage is used to characterize the
maximum energy that can be stored per mole of azobenzene.
AE, is used as the energy barrier for thermal reversion of the
metastable (cis) isomer to the stable (¢rans) isomer.

2.2 Measurement of solar thermal energy storage

The most frequently used thermal analysis technique for
measuring the solar thermal energy storage, i.e., the AH of
azobenzene photoswitches, is differential scanning calorimetry
(DSC). DSC measures the differences in heat flow when a sample
absorbs or releases heat due to the thermal effect. The observed
heat flows were converted to AH using eqn (2):”®

Al = DM eis )
m

where g is the heat released (J), as determined by the integra-
tion of the DSC signal, m is the mass of the sample, M is the
(effective) molecular weight of azobenzene, and ;s is the mole
fraction of the cis isomers present. Herein, AH is the actually
measured storage enthalpy of azobenzene derivatives, whose
value often shows a difference with the theoretical maximum
storage energy AHgorage-

DSC is known to help determine the enthalpy differences
due to the changes in the physical and chemical properties of
loaded samples as a function of time or temperature. It should
be noted that DSC has already proved to be a powerful tool for
probing ED of Azo-STFs as discussed in the following review.

2.3 Critical parameters for Azo-STFs

In general, the performances of solar thermal fuels based on
azobenzene photoswitches are characterized by three important
parameters, energy storage density, energy storage half-life, and
solar energy conversion efficiency, which are described below.

Energy density (ED) and power density (PD). ED could be
considered as the most crucial indicator in the design of a
practical high-energy density STF system, which reflects the
capability of energy storage. ED can be expressed in several
ways, including the mole-energy density (k] mol™'), mass-
energy density (k] kg ' or W h kg™'), and volume-energy
density (k] L ' or W h L™Y).

Power density (PD) refers to the average power density
delivered by a fully charged cis-Azo as it discharges (i.e., the
heat release rate) during the isothermal discharge of cis-Azo.
Since the effective volume is sensitive to solvation conditions,
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we usually consider PD per mass (W kg '). The relation
between PD and ED is given by eqn (3):

PD = ?, (3)
where T is the time in which cis-Azo fully releases its heat and
converts into trans-Azo.

Energy storage half-life. Half"life (z,/,) refers to half the time
required by the cis isomer to spontaneously convert into the
trans-isomer. The half-lives of azobenzene and its derivatives
can range from minutes to hours and even to days. Besides, the
half-life is strongly dependent on the energy barrier of cis-to-
trans reversion. A cis-Azo with a short half-life is undesirable as
an ideal STF because the short-lived cis-Azo needs an intense
light source to preserve a sizable fraction of the cis-isomer in
the photostationary state. Thus, the utility of an Azo-STF is
contingent on not only its energy density, but also its half-life in
the photostationary state.

Solar energy conversion efficiency. The solar energy conversion
efficiency is highly dependent on the isomerization degree of
azobenzene, fraction of the cis-Azo in the photostationary state,
and the photon absorption efficiency. For the photochemical
reaction of azobenzene, the solar energy storage efficiency (i7)
is defined by eqn (4):"®

0= AH is_irans ) J)zf1()')77e1bs4tmns(}“)d)rmnSHcis(’l)d)“
B Ep, /3
/ [21()di

(4)

where AH ;s 1qns is the enthalpy difference between the meta-
stable (cis) and stable (trans) azobenzene isomers. Ejp, is the
energy of the photons of absorbed light. The limit 4, is either
the lower limit of the UV-vis absorption data for the ¢rans-Azo or
the lower limit of the solar spectral irradiance data (ASTM
G173-03). The limits A, and Z; are the upper limits for the
UV-vis absorption spectrum for the stable (¢rans) isomer and
the upper limit of the solar spectra irradiance data, respectively.
The term #aps rans(4) is the wavelength-dependent efficiency
of absobance of the stable isomer, and ¢ quns_cis(4) is the
wavelength-dependent quantum yield for ¢trans — cis photo-
isomerization. It should be noted that eqn (4) is evolved from
the calculation of solar energy storage efficiency for a photo-
tchemical reaction A — B, which was firstly determined
by Bren et al® Besides, the maximum energy conversion
efficiency of Azo-STFs tends to be somewhat lower than that
of silicon photovoltaics.’** This implies that there is much
room for improvement in the solar energy conversion efficiency
of Azo-STFs.

3. Advances in azobenzene materials
for solar thermal fuels

Until now, a variety of azobenzene derivatives have been
designed toward the promising applications of STFs. Although
no reported system has fully met the strict requirements yet,
researchers have already proposed many useful routes for
developing various functionalized azobenzenes including pure

This journal is © The Royal Society of Chemistry 2018
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azobenzene derivatives, nanocarbon-templated azobenzenes,
and polymer-templated azobenzenes. In this section, we pre-
sent examples of representative Azo-STFs reported in the litera-
ture, focusing on the improvement in STF performance by
different molecular design engineering. It is expected that such
an in-depth review could inspire the researchers for molecular
design towards efficient Azo-STFs.

3.1 Solar thermal fuels based on azobenzene derivatives

In 1978, Adamson et al. firstly determined the storage enthalpy
(AHgtorage = 49 kJ mol™" or 269 J g~! or 75 W h kg ') of
azobenzene.'”® The halflife of cis-Azo was reported to be
4.2 days. Olmsted and co-workers investigated the potential
for the storage of solar energy by substituted azobenzenes.'*>
However, they concluded that azobenzenes were unfavorable
for photochemical solar energy storage because of rapid
thermal reversion rates and limited solubilities in polar
solvents. Unless the azobenzene solution is stored in a cool
and dark room, the cis-azobenzene would release heat at high
temperature. By taking such precautions, long-term storage
and repeated usage of Azo-STFs can be achieved.'®

Molecular azobenzene has encountered immense challenges
in the field of solar thermal storage. To override these hurdles, a
liquid azobenzene derivative (1) as a solvent-free STF was devel-
oped by Kimizuka and co-workers."”> A branched 2-ethylhexyl
group was introduced in the para-position of azobenzene via
an ether bond to fluidify the resulting azobenzene at room
temperature (Fig. 4a). It should be noted that the molecular
weight of the 2-ethylhexyl group was so small that it could
achieve condensed-phase photoisomerization while maintaining
a relatively high energy density. After UV irradiation, the

365 nm d =h (d)
480 nm Q
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compound undergoes a trans-to-cis photoisomerization with
the color change from bright orange to dark red (Fig. 4b).
Fig. 4c shows the typical photoisomerization behavior of azo-
benzene photoswitches, wherein the peaks at around 344 nm
and 443 nm could be assigned to n-n* and n-n* absorptions,
respectively. Fig. 4d shows the DSC curves of cis-Azo 1 with
different photoisomerization degrees. In the DSC curve, the
exothermic peaks can be observed at around 120 °C, and
the energy density was calculated as 35 k] mol " (113 J g " or
32 W h kg™ ) for a cis-Azo content of 68%. Furthermore, the cis-
to-trans isomerization enthalpy is linearly dependent on the
molar content of cis-Azo. By extrapolating the plot, the AH value
corresponding to 100% cis-Azo was calculated as 52 kJ mol ™"
(168 J g ' or 47 W h kg™ ") (Fig. 4e). This study demonstrated
that a liquid azobenzene derivative with low-molecular weight
could be considered a new potential candidate for molecular
solar thermal storage materials. Nevertheless, challenges such
as limited exothermicities, short half-life, and difficulty in
obtaining pure cis-isomers remain.

To overcome the above-mentioned limitations, Grossman’s
research group reconsidered the design of pure azobenzene
derivatives for solid-state applications. To obtain tunable solid-
state STFs, bulky aromatic groups such as biphenyl, phenyl,
and tert-butyl phenyl were grafted onto azobenzene derivatives
(Fig. 5a, 2a—c)."*® Due to repulsion and steric hindrance, the
introduction of bulky phenyl groups would elevate cis-Azo to a
higher energy state, thus increasing the energy difference
between the trans and cis forms. Apart from increasing the
energy density, the addition of such groups to azobenzene
promotes the formation of a solid-state molecular film. Fig. 5b
shows the excellent thermal stability of the azobenzene molecular
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Fig. 4 (a) Molecular structure and photoisomerization processes of liquid azobenzene derivative 1. (b) Pictures of azobenzene derivative 1 in trans and
cis states. (c) UV-vis absorption spectra of liquid azobenzene derivative 1 under certain conditions under UV (365 nm) and visible-light (480 nm)

irradiation. (d) DSC curves of cis-Azo 1 at different molar ratios. Heating rate is 50 K min

~1 (e) Dependence of cis-to-trans isomerization enthalpy, AH, on

the molar content of the cis-isomer. Reprinted with permission from ref. 124. Copyright 2014 Royal Society of Chemistry.
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Fig. 5 (a) Molecular structure of bulky phenyl group-functionalized azobenzene derivatives 2a—c. (b) Optical images of azobenzene derivative 2c films
on silicon at 25 °C (left) and 175 °C (right). (c) DSC curves of cis-azobenzene derivatives 2a—c from top to bottom. The region enclosed with the flat
baseline represents the area integrated to obtain energy release. Reprinted with permission from ref. 125. Copyright 2017 American Chemical Society.

thin film. It was found that the addition of bulky phenyl groups
could effectively prevent the n-n stacking of the azobenzene
derivative under thermal annealing conditions. Fig. 5¢ shows
the DSC curves of three azobenzene derivatives in the cis form.
The energy density of heat release in a single molecule of 2a-c
is77kJmol ' (134 g ' or 37 Whkg"),88 k] mol " (100] g *
or 28 W h kg™') and 87 k] mol ™" (108 J g " or 30 W h kg™ ),
respectively. These data are also given in Table 2. It is note-
worthy that the DSC curves do not show a smooth peak, which
may be ascribed to the difference in the activation energies of
different grafted functional groups caused by the differences in
the local environment. This study revealed that structural
engineering of pure azobenzene molecules is an effective
pathway to obtain high-energy density and thermally stable
molecular Azo-STFs.

Most recently, the combination of azobenzene and other
heat storage materials has provided some inspiration for the
design of novel molecular Azo-STFs. Grossman and co-workers
have reported light-controlled thermal energy storage materials,
which consist of azobenzene molecules (3) and organic phase-
change materials (PCM), ie., tridecanoic acid, as shown
in Fig. 6a."*® Fig. 6b shows light-controlled thermal energy
storage and release cycle. Firstly, the crystalline composite
(solid-PCM + trans-Azo, Fig. 6b, i) absorbed external thermal
energy. When the temperature reached its melting point
(T, 43 °C), the crystalline composite converted into a mixture
of liquid PCM and crystalline aggregates of the azobenzene
dopant (Fig. 6b, ii). Then, UV irradiation enabled the conver-
sion of trans-Azo dopants to its cis conformation, rendering
them well dispersed in the liquid PCM (Fig. 6b, iii). Finally,
the liquid state of the composite (liquid-PCM + cis-Azo) was
sustained by subsequently cooling to a temperature below the
original crystallization temperature (7., 38 °C). In the mean-
time, the stored latent thermal energy was fully maintained
(Fig. 6b, iv). The photographs in Fig. 6¢c show the different

Chem. Soc. Rev.

stages of azobenzene-doped PCM composites, which are
in accordance with the schematic cycle shown in Fig. 6b.
These results indicated that the azobenzene-doped PCM com-
posites could sustain the stored latent heat even when the
temperature was decreased. Besides, the T, values of the
uncharged (PCM + trans-Azo) and charged (PCM + cis-Azo)
composites were measured by DSC (Fig. 6d). For the uncharged
composite, the first exothermic peak appeared at 48 °C, which
can be ascribed to the crystallization of ¢rans-Azo, followed by
PCM crystallization at 38 °C. On the other hand, the charged
counterpart crystallized at 28 °C, followed by the crystallization
of cis-Azo at 9 °C. It should be noted in Fig. 6d that the 7. and
T, of pristine ¢rans-Azo (60 °C and 73 °C, respectively) signifi-
cantly decreased for this composite, which is mainly attributed
to the solvation effect of the liquid-state PCM. Thus, it can be
concluded that the phase-transition temperatures of such
azobenzene-doped PCM composites can be varied by adjusting
the doping level in the composite and the cooling rate. In this
study, the introduction of azobenzene dopants into conven-
tional organic PCMs not only allowed the PCMs to change the
intermolecular dynamics and provide stability to the phase
storing thermal energy, but also rendered them optically
controllable for energy release. This technology could retain
the thermal energy of ~200] ¢ ' in the materials for more than
10 h at temperatures below the original crystallization point.
This result implies that the azobenzene dopants can be locked
in the liquid phase of PCMs as a result of reducing their
crystallization temperature by tuning the doping level in the
composite and the cooling rate, and thus the thermal energy was
kept at a lower temperature. This approach unlocks numerous
opportunities for portable thermal energy storage systems.
Table 1 summarizes the ED and half-lives of pure azobenzene
derivatives for STF applications. Initially, azobenzene derivatives
were considered unsuitable for energy storage because of
their short half-lives. However, with increasing necessity for

This journal is © The Royal Society of Chemistry 2018
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Fig. 6 (a) Chemical structures of azobenzene dopant and PCM (tridecanoic acid). (b) Schematic of light-operated thermal energy storage and release
cycle, including heat absorption of the PCM composite (1), UV irradiation leads to photoisomerization of azobenzene dopants (2), cooling of the liquefied
PCM composite (3), and visible-light drives the reverse isomerization and heat release (4). The straight and curved rods exhibit different degrees
of translational and rotational freedom, i.e., phase i represents solid-PCM + trans-Azo (25 °C), phase ii represents liquid-PCM + trans-Azo (43 °C),
phase iii represents liquid-PCM + cis-Azo (43 °C), and phase iv represents liquid-PCM + cis-Azo (36 °C), respectively. (c) Corresponding photographs
of azobenzene-doped PCM composites during solid-state heat absorption, UV charging, cooling, visible-light-induced discharging, and heat-
release processes. (d) DSC curves of charged and uncharged azobenzene-doped PCM composites obtained while cooling from 70 °C at
arate of 5 °C min~%. Ty, T, and AT, denote different crystallization points and the gap, respectively. Reprinted with permission from ref. 126. Copyright
2017 Nature Publishing Group.

solid-state integration of small molecules for functional and experimental, have been devoted to improving the perfor-
devices, molecular thin films have attracted tremendous atten- mance of molecular Azo-STFs. As can be seen in Table 1, the
tion because of their versatility, ease of processing, and cost grafting of functional groups on unsubstituted Azo increased
reduction. To date, much efforts, including computational®>**®  the energy density by 80%. These results suggest that appropriate

Table 1 Parameters related to azobenzene derivative STFs

Energy density

Azo-based molecules (k] mol ™) g™ Whkg) T1sa State Ref.
Azobenzene 49 269 75 100.0 h Liquid 102 and 127
4,4’-Dimethoxy Azo 80 331 92 9.6 h Liquid 28
2,2'-Dimethoxy Azo “ 168.0 h Liquid 28
2,2'-Diethyl Azo “ 33.6 h Liquid 28
2,6,2'6’-Tetramethyl Azo “ 108.0 h Liquid 28
3-Nitro-4’-dimethylamino Azo 98 350 97 14.4 min Liquid 28
2,6-Dimethyl-4-methoxy-4'-nitro Azo 30 95 26 1.9h Liquid 28
Methyl orange 94 287 80 57.6 min Liquid 28
1 35 113 32 b Liquid 124
2a 77 134 37 b Liquid < solid 125
2b 88 100 28 b Liquid < solid 125
2¢ 87 108 30 b Liquid « solid 125
3 b 200 56 10 h Liquid < solid 126

“ Cannot be reliably determined owing to low quantum yield. ” No data were found in the references.
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molecular engineering of azobenzene could be a valid tactic for
designing solid-state STFs.

3.2 Solar thermal fuels based on nanocarbon-templated
azobenzene

Although the molecular engineering of azobenzene photo-
switches could improve the energy storage property of
STFs, some obstacles such as short half-life and limited
exothermicities need to be addressed. To circumvent these
challenges, Grossman’s research group recently developed a
set of novel Azo-STFs, where azobenzene photoswitches were
bound to different robust carbon-based templates such as
graphene, carbon nanotubes (CNT), and Cs (Fig. 7a).'**'3°
Using first-principles calculations, they predicted that
these STFs could reversibly store solar energy with densities
comparable to Li-ion batteries, potential external efficiencies of
up to 35%, and tunable thermal stability from minutes to
years."®® As shown in Fig. 7b, compared with the systems using
unsubstituted azobenzene, the key fundamental properties
of nanocarbon-templated Azo-STFs could be coordinated
over a large extent by utilizing carbon templates with diverse
geometries and electronic properties. It is anticipated that
templated azobenzenes using carbon-based materials could
enhance not only the energy densities and storage lifetimes of
the resulting STFs, but also the optical and electronic properties,
thermal stability, chemical durability, as well as temperature
when the thermal back-reaction is triggered.

3.2.1 Carbon nanotube-templated azobenzene. In 2007,
our group firstly synthesized a photoactive multiwalled carbon
nanotube (MWCNT) by grafting azobenzene onto the sidewalls
of MWCNT via covalent bonding, as shown in Fig. 8.*"'*> we
investigated the polarized optical properties of MWCNT-
templated azobenzene composites by UV-vis and photo-
luminescence spectroscopies. Although the property of solar
energy storage was not explored, our study provided a wealth of
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information to guide the synthesis of CNT-templated
azobenzene composites. In 2011, Grossman and co-workers
theoretically demonstrated that the azobenzenes chemically
linked with carbon nanotube (CNT) enabled the formation of
highly ordered and closely packed arrays, thus increasing
both the storage half-life and energy density of the resulting
STFs due to the specific chemical interactions between the
neighboring azobenzene molecules.'** Compared to individual
azobenzene molecules, the presence of CNT matrices could
break the molecular symmetry of azobenzene, imposing a
close-packed crystalline-like state to prevent the isomerization
reaction via rotation of phenyl rings, thus increasing the
potential phase space for the formation of H-bonds. As shown
in Fig. 9a, several azobenzene derivatives with different
numbers of hydroxyl substituents on phenyl rings were intro-
duced on the CNT to tune the relative stability of the two
isomers via the addition of H-bonds. The calculation results
showed that the different numbers of molecular H-bonds in
trans- and cis-Azo on the surface of the CNT resulted in a
significant increase in AH and t4,,. Generally, hybrid structures
with more H-bonds and/or stronger (shorter) H-bonds are more
stable. Hence, a larger AH could be achieved by maximizing the
number of H-bonds in the trans state while minimizing the
H-bonds in the cis state. In addition, the stability of both trans
and cis configurations increased due to the formation of
H-bonds, leading to a relatively long half-life. Furthermore,
Fig. 9b shows several possible patterns for CNT-templated
dihydroxy azobenzene derivatives, and it was found that the
strength and the number of H-bonds in the trans and cis
configurations are closely related to the relative positions of
two OH groups. In short, the crystalline-like structure provides
two key improvements: (i) an increase in volume density due to
the packing of the photomolecule per volume compared to the
solution of free molecules, and more importantly, (ii) the
ordered arrangement in close proximity and steric interactions
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Fig. 7 (a) Calculated trans and cis configurations and properties of nanocarbon-templated azobenzenes including graphene-templated azobenzene (i),
CNT-templated azobenzene (ii), B-carotene-templated azobenzene (iii), pentacene-templated azobenzene (iv), and Cegp-templated azobenzene (v).
Orange, red, blue, dark gray, and white balls/sticks represent F, O, N, C, and H atoms, respectively. (b) Calculated thermal activation barrier (E,) vs. stored
energy per molecule (AE) for nanocarbon-templated azobenzene and gas phase azobenzene derivatives. The alternate axes indicate half-life (z1/,) and
temperature of the released heat (T cease). €Stimated from E, and AH, respectively. The size of the symbols illustrates the relative values of the maximum
external efficiency (nmax)- Reprinted with permission from ref. 129. Copyright 2013 AIP Publishing.
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enable new ways to design the inter- and intra-molecular
bonding, leading to an increase in storage capacity.

In 2014, Grossman’s research group turned the theoretical
model of CNT-templated azobenzene hybrids into reality (see in
Fig. 9¢).”® An energy density of 120 k] mol™' (~200 J g %,
or ~56 W h keg™') was achieved in the CNT-templated
azobenzene, whereas an energy density of 58 kJ mol™"
(~160J g7, or ~44 W h kg™ ") was observed in non-templated
azobenzene. Such CNT-templated azobenzene systems display
an obvious improvement in the energy stored per molecule
while maintaining excellent cyclability and stability. It should
be noted that the composite materials reported here did not
cover the inter- and intra-molecular H-bonds, which was

This journal is © The Royal Society of Chemistry 2018

proposed in their theoretical model. In this research, the
authors believed that interactions between azobenzene and
the neighboring templates could be more important than those
with an individual template.

3.2.2 Graphene-templated azobenzene. Despite the great
progress in CNT-templated azobenzene hybrids, simultaneous
improvement of AH and 74, by optimizing molecular structures
of azobenzene remains a challenging task because the inter-
molecular interactions between two azobenzene molecules on a
carbon nanostructure template are closely related to a specific
steric configuration, a suitable intermolecular distance, and
substituent groups on the phenyl ring. Alternatively, graphene,
a two-dimensional sheet with sp”>-hybridized carbon atoms
arranged in a hexagonal lattice, presents remarkable potential
for optoelectronic devices because of its unique optical,
mechanical, and electronic properties."** Graphene produces
no impurities during growth, which enables its facile fabrica-
tion directly on the substrate without purification processes
and complicated separation. Graphene oxide (GO) is an isolated
monoatomic membrane of carbon containing functional groups
such as epoxide, carboxyl, and hydroxyl. These functional groups
provide opportunities for tailoring the properties of graphene by
changing the addends. For example, an optically tunable electronic
property could be achieved by attaching a photo-responsive
azobenzene molecule on graphene sheets. Interestingly, the
photoisomerization reaction can be catalyzed by efficient charge
transfer between azobenzene and graphene.'?%'3°7138

Our research group made much effort in optimizing the mole-
cular structure of graphene-templated azobenzene hybrids.*
Firstly, we constructed a series of models of graphene-templated
azobenzene hybrids, in which the photo-responsive azobenzene
with various functional groups at different positions (ortho-, meta-
and para-) was covalently bound to graphene.'*® Density functional
theory calculations predicted that the intermolecular distance
between two adjacent azobenzene molecules on graphene, the
electronic interaction, steric hindrance, and inter- or intra-
molecular H-bonds lead to a change in AHgrage- Thus, we
considered that the 2D graphene nanosheet is an ideal platform to
support the nanocarbon-templated Azo-STFs. Based on the calcula-
tions, a series of graphene-templated azobenzene materials have
been designed and successfully synthesized by our research group,
as shown in Fig. 10."*°"* We focused on enhancing the energy
density and halflife through several efficient methods such as
increasing the number of molecular interactions, improving the
grafting density, optimizing the steric configuration, and attaching
suitable substituents to different positions of azobenzene.
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and DSC curves of RGO-ortho-Azo, RGO-para-AZO, and RGO-bis-Azo

hybrids. (c) and (d) Reprinted with permission from ref. 141. Copyright 2015 Royal Society of Chemistry. (e) Reprinted with permission from ref. 142.
Copyright 2015 Royal Society of Chemistry. (f) Reprinted with permission from ref. 143. Copyright 2016 Royal Society of Chemistry. (g and h)

Chemical structures and DSC curves of the first heating stage of RGO-
Copyright 2017 Wiley-VCH.

Furthermore, we reported reduced graphene oxide-templated
azobenzene hybrids (RGO-Azo) via covalent functionalization.*°
The AHgorage and 14, were improved by intermolecular H-bonds,
which were controlled by the substitution (ortho or para) and
close-packing arrays of azobenzene on RGO. As shown in Fig. 10a
and b, RGO-ortho-Azo exhibited a longer half-life (5, 5400 h) than
RGO-para-Azo (6, 116 h), whereas RGO-para-Azo showed a high
ED of 75 W h kg~" than RGO-ortho-Azo (42 W h kg™"). In order
to gain a deep understanding of the relationship between ED,
graft density, and intermolecular H-bond, we designed three
RGO-Azo hybrid materials with methoxyl and/or carboxyl
groups on the ortho- (meta- or para-) position of azobenzene,
as shown in Fig. 10c-e (7-9)."*"'**> According to the character-
ization of thermal stability and chemical structure, every 16-19
carbon atoms of RGO supported one azobenzene molecule.
Such close-packed and highly grafted azobenzene-graphene
hybrids capacitate the formation of intermolecular H-bonds
in both trans and cis forms of azobenzene. In the meantime, the
two neighboring trans-Azo formed two intermolecular H-bonds
in the form of OH---O, and cis-Azo formed only one H-bond
(Fig. 11a). The difference in the numbers of intermolecular
H-bonds between trans- and cis-Azo resulted in a large enthalpy
difference, which led to the improvement in ED and half-life. As
shown in Fig. 11b, we considered that H-bonding interactions

Chem. Soc. Rev.

bis-Azo-1 and RGO-bis-Azo-2. Reprinted with permission from ref. 144.

not only occurred between the two adjacent azobenzenes on the
same graphene nanosheets, but also between two azobenzenes
on adjacent graphene nanosheets. Furthermore, the DSC
curve generated from the second-heating cycle indicated the
existence of molecular H-bonds (Fig. 10d and e). These studies
indicated that optimizing the molecular structure and steric
configuration of azobenzene on the graphene template
is very important to facilitate the isomerization and intra/
intermolecular interaction.

Most recently, our group presented three templated assemblies
of close-packed bis-azobenzene (bis-Azo) covalently grafted
onto RGO ((10-12) in Fig. 10f-h and 12)."**'** Theoretically,
the intramolecular coupling of the bis/tri-Azo not only lowers
the energy of the trans-isomer, but also stabilizes the cis-isomer
due to the large steric hindrance.'*>'*® The experimental setup
as schematically illustrated in Fig. 12a was used to investigate
the closed cycle of UV light harvesting, storage in darkness, and
heat release in the solid-state films. Fig. 12b and e show
the difference in temperature between UV-irradiated and
unirradiated films. The continuous heat release led to an increase
in the temperature of UV-irradiated RGO-bis-Azo films, which
was higher than that of the unirradiated film. As can be seen
in Fig. 12c-g, the RGO-bis-Azo-2 film exhibits a maximum
temperature difference of 15 °C, releasing 85% of the heat

This journal is © The Royal Society of Chemistry 2018
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Fig. 11 Illustration of inter-molecular H-bond interaction (a) and inter-
planar bundling (b) of high-grafting density RGO-templated azobenzene
hybrids. Reprinted with permission from ref. 142. Copyright 2015 Royal
Society of Chemistry.

in 8 min (60-140 °C). The result indicated that solid-state RGO-
bis-Azo films exhibited a remarkable photothermal effect and
excellent cycling, which could be used for energy storage by
controlling the heat release and optimizing the molecular
interactions. These solid-state heat-release graphene-templated
azobenzene hybrids pave the way for the development of highly
efficient and high-energy STFs for a multitude of applications.
Table 2 summarizes the EDs, half-lives, and grafting densi-
ties of nanocarbon-templated azobenzene STF materials. The
following conclusions can be drawn from Table 2: (i) the ED
increases along with grafting density. However, the grafting
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density is restricted by the decrease in reactivity, steric hindrance
of azobenzene, and the stacking of nanosheets. (ii) The sub-
stituents of azobenzene and the intermolecular H-bonds in both
trans-Azo and cis-Azo lead to a robust increase in the ED and
half-life. (iii) Compared to a single azobenzene, the bis-Azo
molecule displays a higher ED and a longer half-life. Despite
our focus on azobenzene photoswitches and carbon-based
templates in the mentioned studies, these experimental results
strongly suggest that the same principles can be employed to
design efficient STFs based on other molecular photoswitches
and templated materials.

3.3 Solar thermal fuels based on polymer-templated
azobenzene

Polymer-templated azobenzenes could form uniform and flat
films with controllable thicknesses and display feasibility for
the application of large-area heat release. The uniform Azo-
polymer films help in capturing photons, and heat release
could occur in the solid-state as well as via controlling their
cis-to-trans isomerization, which provides the opportunity of
integrating STF materials into numerous existing heating
devices. Fortunately, in the past few decades, scientists
have maintained considerable research enthusiasm for the
interesting properties of polymer-templated azobenzenes, such
as photoinduced phase transition, photoinduced birefringence
and dichroism, optical nonlinearities, and photocontrolled
reversible property changes."*” As a result, a large amount
of photoactive polymer-templated azobenzenes have been
developed, which allows us to explore this rapidly developing
field more conveniently. Therefore, polymer-templated azo-
benzenes serving as STF materials have aroused considerable
research interest.

3.3.1 Solid-state Azo-STFs. Recently, Grossman et al. designed
a simple polymer, in which the main chain consists of an alkyl
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(a) Schematic illustration of the experiment using a heating stage with controllable temperature: half of the film was irradiated with UV light and

the other half was left in darkness. (b and e) Top-view IR heat map of RGO-bis-Azo films (11 and 12) with and without UV irradiation. Each uniform RGO -
bis-Azo film was cut into half. The heat maps show the maximum rising temperature between areas; the color bar indicates the relative magnitude
of the heat released. Average temperatures of (c) RGO-bis-Azo-1 and (f) RGO—-bis-Azo-2. Average difference in temperatures of (d) RGO-bis-Azo-1
and (g) RGO—-bis-Azo-2. Reprinted with permission from ref. 144. Copyright 2017 Wiley-VCH.
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Table 2 Parameters related to nanocarbon-templated Azo-STFs
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Energy density

Nanocarbon-templated Azo-STFs (kJ mol™) geg™ Whkg™" 715 (h) State Grafting density Ref.
4 120 200 56 33 Liquid < solid 1/16 78

5 60 151 42 5408 Liquid < solid 1/10 140
6 103¢ 270 75 116 Liquid < solid 1/10 140
7 118 245 68 2 Liquid < solid 1/19 141
8 192 403 112 792 Liquid < solid 1/16 141
9 265 497 138 1248 Liquid < solid 1/17 142
10 318“ 288 80 1320 Liquid < solid 1/50 143
11 412° 346 96 1120 Solid 1/59 144
12 572¢ 472 131 900 Solid 1/46 144

“ The mole-energy density (k] mol™?) is calculated through multiplying M, (g mol~") and mass-energy density (J g~ '), where M,, is the molecular

weight of azobenzene compounds.

chain while the azobenzene is the pendant group (Fig. 13a)."*?
The materials exhibited relatively long half-lives at room
temperature (92 = 1 h for the monomer and 55 + 1 h for
the polymer). Fig. 13b shows the DSC curves of the monomer
(42+2Whkg " or151] g ") and polymer (29 = 2 W h kg™ or
104 J g ') species after UV irradiation in a toluene solution
(charging process). The ED difference between the monomer
and polymer may arise from the variations in light absorption
efficiency, photoisomerization quantum yield, influence of

photostationary state, and thermal reversion barriers.?" Steric
hindrance may restrict photoswitching in the solid state due to
the presence of both rotation (steric-sensitive) and inversion
mechanisms for isomerization, thus limiting the performance
of the STFs.***°° Fig, 13c and d show a photograph of a large-
area freestanding polymer film obtained by a facile solution
spin-coating process. During the spin-coating process, a liquid
cross-linking polymer was applied to balance the dissolution of
the underlying film. To test the heat release, they designed an
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Fig. 13 (a) Chemical structure of Azo-polymers. (b) DSC curves of charged monomers and polymers. (c) Schematic of spin-coating a polymer solution

in toluene on a transparent quartz substrate. The charging process is accomplished under UV irradiation using a lamp of wavelength 365 nm.
(d) Photograph of a large-area freestanding polymer film prepared by the cross-linking approach. (e) Heat release in STF polymer films: top-view
is IR heat map of charged and uncharged STFs; the color bar indicates the relative heat magnitude. Bottom-view is the illustration of the experimental
setup. (f) Average temperature differences between the two STFs. A temperature difference of at least 10 °C is observed between the two STFs because of
heat release. Reprinted with permission from ref. 148. Copyright 2016 Wiley-VCH.

Chem. Soc. Rev. This journal is © The Royal Society of Chemistry 2018


http://dx.doi.org/10.1039/c8cs00470f

Published on 31 August 2018. Downloaded by Tsinghua University on 9/2/2018 7:46:29 AM.

Chem Soc Rev

experimental setup that employed a heating stage to trigger the
cis-to-trans thermal isomerization (Fig. 13e). In the meantime,
an infrared camera was applied to measure the spatial tem-
perature profile. A dramatic temperature spike of 10 °C average
temperature variation between the charged and uncharged
STFs can be observed in Fig. 13f. Furthermore, the temperature
difference caused by heat release in tens of seconds plays a vital
role in certain rapid heat-release applications. However, on the
other hand, the introduction of superfluous groups and polymers
results in limited heat release and heat propagation.

Previous research showed that different solvent processing
could change the physical properties of polymers to tune the
ED, heat-release shape, and activation energy of cis-to-trans
isomerization of STF materials. Most recently, Venkataraman
et al. studied the crucial role of processing solvents and thin film
structures in achieving higher EDs. They developed azobenzene-
based syndiotactic-rich poly(methacrylate) polymers (Fig. 14a,
14a-c) and achieved a high-ED STF with a maximum value of
698 J g ' (correspond to 194 W h kg ")."! In this study,
dichloromethane (DCM) and tetrahydrofuran (THF) were chosen
to understand the role of polymer-solvent interactions and
optimal structures in achieving high EDs based on the fact that
both THF and DCM are excellent solvents for polymer 14c.
Polymer chains extend in a good solvent, which provides an
environment for high polymer-polymer interactions. Moreover,
THF and DCM have low boiling points, which allows their
removal at low temperatures without adversely affecting the
cis-trans isomer ratio. As shown in Fig. 14b, the DSC curves of
samples dried from DCM display a lower ED than that of the
samples obtained from THF. To be specific, the samples dried
from DCM had an average ED of 110 J g ' (30.6 W h kg™ ),
while the sample obtained from THF exhibited an average ED
of 510 J g~* (142 W h kg™ '). Moreover, they mixed THF with
DCM in various ratios and measured the full width at
half maximum (FWHM) and the ED of polymer 14c. They
found that the FWHM increased and the ED decreased with
increasing DCM ratio (Fig. 14c). The main reason is that DCM
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Fig. 14 (a) Chemical structures of Azo polymers with different end-
groups. (b) DSC curves of a cis-Azo sample (14c) dried from either THF
or DCM. (c) Diagram of FWHM and energy density of Azo-polymer (14c)
based on different co-solvent ratios of THF and DCM. Reprinted with
permission from ref. 151. Copyright 2017 Springer Nature.
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preferentially interacts with the polymer backbone but does not
solvate the dipole formed in the charged cis-Azo, leading to
aggregation in solution. This aggregation further leads to a
compact inter-polymer packing, a more disorderly alignment
of dipoles, and insufficient volume between the polymer back-
bones for m-n stacking between the pendant cis-Azo after
isomerization. Finally, these factors give rise to a solid active
layer that lacks cooperative isomerization, thereby resulting in
lower EDs. It is inferred that the processing solvent should
sufficiently solvate the dipole formed in the charged state to
reduce aggregation in solution and lead to optimal structures
that allows efficient n-n stacking to achieve a high ED.
Despite the advances in the integration of polymer-templated
azobenzene thin films into certain solid-state devices, many of
such materials need to be obtained in solution and a formidable
difficulty often exists in their transition to the solid state in
an efficient manner. Electrodeposition is a fast, conventional,
and reliable synthetic technology, which has been widely
applied for the preparation of polymer on a conducting surface.
Electrodeposition on conducting substrates employs solutions
with a low monomer concentration and allows the utilization of
various form factors, to give maximum product yield. Based on
this consideration, Grossman and co-workers designed novel
polymer-templated azobenzene STFs that could be readily
obtained by electrodepositing azobenzene and a carboxylic
acid-based monomer on different sorts of substrates through
copolymerization (Fig. 15a). The substrates could be either flat or
structured, depending on the applications (Fig. 15b and c).*>>
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Fig. 15 (a) Chemical structure of Azo-polymers and concept of the
electrodeposition scheme. Cross-sectional SEM images of the electro-
deposited polymer films on (b) stainless steel and (c) silicon substrates.
(d) Concept of a STF fiber in which solar energy is stored in the STF coating,
released as heat into the metal wire, and transported along the wire to
desired locations. (e) Proof-of-concept for an Azo-STF fiber. Reprinted
with permission from ref. 152. Copyright 2016 American Chemical Society.
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Furthermore, this approach allowed the tuning of thickness via
controlled deposition conditions, generating highly uniform
films over a large area. Based on the systematic study of the
polymer films, they proposed a potential application in the
form of STF fibers, where the azobenzene-containing polymer
is coated on a thin metal wire surface and integrated into
fabrics (Fig. 15d). Consequently, the low-thermal conductivity
Azo-STFs combined with high-thermal-conductivity metals
would efficiently transfer heat to other parts of the fabric or
device. Finally, the authors fabricated an Azo-STF coated wire,
as shown in Fig. 15e. The solar energy is stored in the Azo-STFs
under UV irradiation. The stored energy would be released as
heat via cis-to-trans isomerization and could be directionally
transported along the wire to desired locations. This study
proved that electrodeposition is an effective way of incorporating
Azo-STFs into novel solid-state applications. Moreover, additional
functional groups or molecules could be easily introduced into
the polymer-templated Azo-STF material via copolymerization
without any major compromise on the ED of the STFs. None-
theless, there is one problem that should be noted. At higher
thicknesses, the film may exhibit cracks and deformities due to
the high degree of shrinkage during the drying process. Thus,
the future research on such fiber STFs may be directed toward
the design of high-molecular weight azobenzene-containing
polymers or the addition of binders while minimally affecting
the ED of the STFs.

3.3.2 Azo-STFs based on crystal-to-liquid phase transition.
Although much progress has been made in improving and

(@)
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controlling the properties of STFs in the solid state, as shown
in the previous studies by using polymer templates and mole-
cular engineering, little work has been done in controlling the
specific packing to increase the ED of Azo-STFs. Since the
polymer systems showed a decrease in stored ED, a better
understanding of the close packing of azobenzene molecules
may help improve the storage properties in solid-state STFs.

Recently, Morikawa’s research group provided a new
perspective that the collective change in cis-to-trans isomeriza-
tion of Azo-STF materials could be observed as a macroscopic
crystal-to-liquid phase transition. The crystal-to-liquid phase
transition could impart extra energy to the azobenzene in the
exothermic process."® In this study, Morikawa et al. developed
ionic crystals (ICs) of azobenzene derivatives, which consist of
spacers with various methylene lengths (m) and alkyl tails (n), an
oligo(ethylene oxide)-based ammonium group, and a counter
ion (X) (Fig. 16a, 16). The polymer-templated azobenzene ICs
showed a phase transition from IC to ionic liquid (IL) upon UV
irradiation. Reversibly, the cis-azobenzene ILs crystallized to
trans-azobenzene ICs by visible-light irradiation. This conversion
is accompanied by a total exothermic enthalpy of 97.1 k] mol ™"
(128 ] g~ " or 36 W h kg™ "), which is more than twice the energy
stored in pure cis-Azo.

Fig. 16b shows the X-ray diffraction (XRD) profiles and
polarizing optical microscopy (POM) images of the 1(6,4)-Br
azobenzene derivative subjected to different treatments. The
POM image of the as-prepared film exhibits a birefringence
phenomenon, which is consistent with the crystalline lamellar
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Fig. 16 (a) Chemical structure of cationic azobenzene derivatives 1(n,m)-X. (b) XRD profiles of 1(6,4)-Br prepared on a silicon wafer: from top to bottom
are the as-prepared film, UV-light-irradiated film, and visible-light-irradiated film, respectively. Picture of each sample is shown as an inset. (c) DSC curves
of cis-1(6,4)-Br. Photographs of corresponding states are shown as insets. Reprinted with permission from ref. 153. Copyright 2015 Wiley-VCH.
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structure as shown in the XRD graph. Under UV irradiation, the
yellow crystal sample melted into a red liquid phase accom-
panied by a conformational change of azobenzene from trans to
cis. It should be noted that the irradiated part appeared dark
under the POM with crossed polarizers. These measurement
results indicated that the photoisomerization of trans-1(6,4)-Br
azobenzene caused its liquefaction into an isotropic IL. Then,
the reversible crystallization of the cis-azobenzene IL occurred
upon visible-light irradiation, and the XRD profile showed the
characteristic peak of trans-azobenzene. These observations
clearly demonstrated reversible photocrystallization and photo-
liquefaction of the 1(6,4)-Br azobenzene derivative. Fig. 16c
shows the DSC curves of cis-azobenzene IL. Unlike in previous
studies, two coexisting exothermic peaks could be observed in
the temperature range of 34 to 65 °C. The broad peak was
ascribed to thermal cis-to-trans isomerization of azobenzene,
while the sharp exothermic peak around 46 °C was attributed to
the enthalpy of phase transition of cis-azobenzene IL to trans-
azobenzene IC. As the heating continued, a sharp endothermic
peak appeared at 87 °C, which is associated with the melting of
trans-azobenzene ICs. Thus, the photoinduced ¢rans-IC to cis-IL

(a) " q7-a:in=1
17-b:n=3
17-c:n=6

©\u¢"\©\ o Z %

o Z
€ 17d

Charging

Self-Assembled
H

(b) " 6 luv (254 nm)

Polymerization

*@W

Solvent-Assisted

N /
0 | /
| /

View Article Online

Review Article

phase-transition Azo-STF technology pushes the limit of cur-
rent energy storage capacity.

Similarly, Grossman’s group took the same view and reported
a series of azobenzene-functionalized symmetric diacetylenes, as
shown in Fig. 17 (17a-h)."> Diacetylenes can be facilely function-
alized and tend to self-assembly into crystalline-like packing
because of strong intermolecular interactions. Under UV irradia-
tion, the diacetylene monomers rapidly photopolymerize to
polydiacetylenes with azo-containing side chains on the rigid
conjugated backbones. This structure is analogous to a rigid
template decorated with closely packed photoswitching units
(Fig. 17b). Fig. 17c shows a new energy diagram of STF materials
that undergo phase change by isomerization of azobenzene.
A high ED was obtained for the resulting materials, which could
store solar energy of 176 k] mol " (243 J g ' or 67.5 W h kg ")
for compound 17d and 173 kf mol " (239) ¢ " or 66 W h kg ™)
for polymer 17d. According to the understanding gained from
the systematic research of the series of molecules in this work,
the authors believed that the molecules with high crystallization
energies were very suitable for the design of high-ED Azo-STFs.
They suggested the following design principle for high-ED
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Fig. 17 (a) Chemical structures of Azo-functionalized diacetylenes with diverse alkyl chain lengths, terminal functional groups, H-bonding units, and an

extended p-system along with a schematic of photoisomerization and reverse isomerization of compounds 17a—d. The inset shows a crystal structure of
azobenzene derivative (17c). (b) Scheme of photopolymerization of monomers and the structure of the resulting polymer. (c) Energy diagram of
azobenzene derivatives in different phases (gas, amorphous or liquid, and crystalline). AH,, is the isomerization energy of azobenzene derivatives in the
liquid state or amorphous solid, and AH. is the crystallization energy of the trans form of azobenzene derivatives from the liquid state or amorphous solid
to crystalline solid. AHcon-trans IS the cohesive enthalpy of trans-azobenzene derivatives from the gas state to the crystalline solid, and AHcon-¢js is that of
cis-azobenzene derivatives from the gas state to the amorphous solid or liquid state. AH;s._g is the thermal isomerization enthalpy between trans and cis
isomers in the gas phase. AHiotal is the heat released from the materials after UV irradiation, which can be expressed as the sum of AH,sc and AH..
Reprinted with permission from ref. 154. Copyright 2016 Royal Society of Chemistry.
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Most recently, Wu et al. demonstrated that the glass transi-
tion temperature (Ty) of Azo-based polymers (18) could be
tuned through light irradiation, thus inducing reversible
solid-to-liquid transitions of the polymers (Fig. 18a)."> The
trans-Azo-polymers are solids with T, above room temperature,
whereas the cis-Azo-polymers are liquids with T, below room
temperature (Fig. 18b). The DSC curve confirmed that the
photoinduced solid-to-liquid transition of the polymer was
due to its photoswitchable T,. Although the photo-energy
storage properties of these Azo-polymers are not the subject
of research in this work, they may provide a new perspective in
the study of solar thermal storage technology.

3.3.3 Full-spectrum Azo-STFs. In most Azo-STFs, UV light is
often used to accomplish trans—-cis isomerization. However,
sunlight contains only about 5% UV light, which severely limits
the absorption efficiency of Azo-STFs. Therefore, it is of para-
mount importance to develop an Azo-STF that could efficiently
work across the full solar spectrum. Many studies demon-
strated that the introduction of substituents to azobenzene
can change the absorption bands.'**™**® Based on previous
studies,">'>® Wu et al. proposed an Azo-STF device that can
efficiently store both UV and visible light upon full solar
irradiation (Fig. 19a and b).*® As can been seen in Fig. 19c,
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Fig. 19 (a) Reversible photoisomerization of Azo and mAzo chromophores. (b) Chemical structures of UV-responsive polymers (PAzo) and visible-light-

responsive polymers (PmAzo). (c) Schematic illustration of four-layered solar thermal cell. (d) UV-vis spectra of PAzo and PmAzo films upon 1 h solar
irradiation followed by 2.5 h heating in a vacuum oven at 90 °C. The insets show the tracking absorbance of the n*—n band of PAzo and PmAzo
with different cycles. (e) DSC curves of PAzo (365 nm, 2 mW cm™2, 20 min) and PmAzo (530 nm, 4 mW cm™2, 40 min). Reprinted with permission
from ref. 80. Copyright 2017 Wiley-VCH.
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the device consists of PmAzo (19a), PAzo (19b), Coumarin 314,
and a UV-pass filter. In such a four-layered hybrid device, two
active layers of PAzo and PmAzo were used to store solar energy
through the photoisomerization of the Azo group on the poly-
mer side chains, while the other two filtering layers were used
to modify the effective incident spectrum.

In the experiment, the spin-coated films of PAzo (&35 nm)
and PmAzo (& 20 nm) were integrated into the STF device with
all solid layers. As shown in Fig. 19d, the UV-vis spectra indicate
the expected increase in the n—n* transition and decrease in the
n-m* transition upon UV irradiation of amorphous polymer
PmAzo, due to the trans-to-cis isomerization. Interestingly, the
trans-to-cis photoisomerization of PAzo led to an increase in the
n-m* transition intensity, which might result from the charac-
teristic photochemical phase transition of liquid crystalline
azopolymers PAzo. As is known, the ¢rans-Azo groups in liquid
crystalline azopolymers preferably orient perpendicular to the
substrate.’® Upon UV irradiation, the azopolymer changed
from a “frozen” liquid crystalline state to an amorphous state.
On one hand, the n-n* transition band decreased due to the
partial photoisomerization of ¢rans-isomers to cis-isomers. On
the other hand, the n-n* transition band increased because a
more random orientation of azobenzene chromophores was
formed by shifting away from the perpendicular orientation.
From the DSC measurements shown in Fig. 19e, the cis-trans
enthalpy difference was found to be 12.2 kf mol™* (14.4J g~ " or
4.4 W h kg™ ") for PmAzo and 54.8 k] mol " (125.2 ] ¢ ' or
34.8 W h kg™ ") for PAzo. The experimental results indicated that
cis-Azo conversion of 60-70% upon monochromatic irradiation
was achieved through the selective blocking of light that could
induce cis-trans back-isomerization. It is expected that a remark-
able enhancement in the solar efficiency could be achieved by
the rational device design and improved spectral overlap.

In summary, polymer-templated Azo-STFs offer the possibility
of tuning the monomer structure and polymer backbone to
enhance the solar energy storage capacity, light absorption
efficiency, and photoisomerization degree, and allow the collec-
tion of photons over a wide range of the solar spectrum. Table 3
summarizes the ED, half-life, and cis <> trans state of polymer-
templated azobenzene STF materials. Compared to carbon-
templated Azo-STFs, polymer-templated Azo-STFs have relatively
lower EDs and half-lives. Moreover, Azo-based polymers can be

Table 3 Parameters related to polymer-templated Azo-STFs
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easily integrated into existing heating equipment and may have
tremendous potential for the development of novel energy
storage and heat release applications because of their solid
state, controllable liquid-to-crystal transition for extra energy,
and triggerabilty for heat release. This is the most important
advantage of polymer-templated Azo-STF materials.

4. Emerging strategies toward efficient
solar thermal fuels

The Azo-STF technology has proven to be an efficient, very
promising, and versatile tool for solar-thermal conversion and
storage solutions. STF materials such as pure azobenzene
derivatives, nanocarbon-templated azobenzene hybrids, and
polymer-templated azobenzene have shown their potential for
favorable solar spectrum matching, stimulated heat release, and
robust, multicycle systems. In addition, these systems are being
re-explored using modern computational approaches which
bring new opportunities for future molecular design. Although
great steps have been taken with regard to Azo-STF materials, the
development is still in a very preliminary stage. This fast-growing
research field is still restricted by their low ED, short half-
life, irreversible degradation, and small overlap with the solar
spectrum. However, challenges are also opportunities. In this
section, we discuss the emerging molecular design of Azo-STFs
with high-energy storage capacities as a strategy to overcome
the aforementioned limitations.

4.1 Solar thermal fuels with high energy density

The maximum ED of Azo-STFs is typically determined by
both the standard free energy of the cis-to-trans isomerization
reaction (AHgorage) and the fraction of the cis-isomer in the
photostationary state. Thus, the strategy for increasing the ED
is mainly focused on these two aspects. Below, we discuss
several strategies that can increase the ED of Azo-STFs.

4.1.1 Azo-STFs based on phase-change systems. The phase
change of a material is closely related to intermolecular inter-
actions, such as van der Waals forces, dipolar interactions, and
hydrogen bonding. In addition, the difference between the
trans and cis states of azobenzene can cause a change in the
geometry, length, planarity, and dipole moment. The collective

Energy density

Polymer-templated Azo-STFs (k] mol ") gg™h Whkg™) 1 State Ref.
13 “ 104 29 55 h Solid 148
14-a “ 373-469 103-169 “ Powder 151
14-b “ 337-551 94-153 “ Powder 151
14-c a 395-625 (698 is the highest)  110-174 @ Powder 151
15 “ 85-95 24-26 75 h Solid 152
16 97 128 36 “ Liquid < crystals 153
17 173 (the highest) 239 66 98 h (monomer) Liquid < crystals 154
19a 12 14 4 16 Liquid 80

19b 55 125 35 12 Liquid 80

% No data were found in the references.

This journal is © The Royal Society of Chemistry 2018

Chem. Soc. Rev.


http://dx.doi.org/10.1039/c8cs00470f

Published on 31 August 2018. Downloaded by Tsinghua University on 9/2/2018 7:46:29 AM.

Review Article

energy

A~ e
hv T & lctl:snic liquid (IL) w 1

- % "
trans 'y total
& lonic liquid (IL) (8)

trans
lonic crystal (IC)

Fig. 20 Schematic diagram of a photoinduced crystal-to-liquid phase
transition and its associated enthalpy change. Reprinted with permission
from ref. 39. Copyright 2016 American Chemical Society.

change in these intermolecular interactions in such materials
eventually causes the macroscopic solid-liquid phase transi-
tion. The solid-liquid phase transition can bring extra energy to
the azobenzene in the exothermic process. Therefore, the trans
and cis states affect the material phase, giving leverage to the
storage ED (see in Fig. 20). Furthermore, phase transitions of
matter are generally induced by heat. In contrast, azobenzene
undergoes photoinduced transition between solid and liquid
phases at a constant temperature. Thus, the concept of utilizing
the structural difference between the trans and cis states of
azobenzene to influence the phase change properties and
increase the ED of Azo-STFs is interesting and promising.

Although the previous works mentioned in Section 3 have
already demonstrated that the solid-liquid phase change char-
acteristic of azobenzene derivatives could impart extra energy
to the STFs,'>*™'* the development is still in a nascent stage.
Many basic challenges and critical issues remain to be resolved.
The phase transition temperature of azobenzene derivatives is
generally above 80 °C, which inhibits its practical applications.
If we can lower the phase transition temperature and design an
azobenzene derivative, in which the ¢trans form of azobenzene is
solid but the cis form is liquid at a relatively lower temperature
(or even at room temperature), we can greatly contribute to the
existing PCMs. Based on these considerations, we believe that
the next research direction of phase-change Azo-STFs would
involve the exploitation of chemistry associated with the design
and development of molecular systems. Luckily, the ability of a
wide variety of azobenzene derivatives to undergo photoinduced
reversible phase changes has been recognized for almost two
decades."®* % Plenty of macrocyclic and linearly structured azo-
benzene derivatives have already been discovered, which can help
us explore the potential of phase-change Azo-STF systems.

4.1.2 Azo-STFs based on dynamic covalent bond systems.
Dynamic covalent bonds, ie., reversible covalent bonds,
can form under one condition and cleave in another under
diverse external stimuli such as light, temperature, pH, oxida-
tion, and reduction.'®”*®® Based on the bond connections,
dynamic covalent bonds can be categorized into C-N bonds,
C-C bonds, C-0O bonds, C-S bonds, S-S bonds, and B-O bonds
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Fig. 21 Schematic illustration of a STF system that combines azobenzene
and dynamic covalent bonds.

(as summarized in Table 1 of ref. 138 and 169 in addition to
Se-Se and Se-N bonds developed by Zhang and Xu recently).'”*"7*
Dynamic covalent bonds and azobenzene share three common
aspects: (i) they transform from one stable state to another under
external stimuli, (ii) they involve the cleavage and reformation
of chemical bonds (rotation or inversion of N—=N for azoben-
zene and formation and cleavage of covalent bonds for dynamic
covalent bonds) resulting in energy change, and (iii) they
exhibit superior reversibility and cyclability. These similarities
provide the opportunity to introduce dynamic covalent bonds
into Azo-STF materials.'”>'”® Fig. 21 shows the basic mecha-
nism of increasing the ED of a STF system by combining
azobenzene with dynamic covalent bonds. It can be foreseeable
that the combination of dynamic covalent bonds and Azo-STFs
will greatly increase the ED of existing Azo-STFs and may endow
them with other surprising properties such as changeability
and tunability. According to the Pauling equation, the bond
energy of a disulfide bond is estimated as 240 kJ mol *,*"”
which is more than four times that of pristine azobenzene. If we
can combine the dynamic nature of disulfide bonds and the
conformation switching property of azobenzene under UV
irradiation through proper molecular design, we will probably
achieve an ultrahigh-ED Azo-STF material. The design and
synthesis of Azo-polymers based on disulfide metathesis are
currently underway in our research group.

4.1.3 Fraction of cis-Azo. Another strategy for increasing
the ED of Azo-STFs is to increase the fraction of cis-Azo in the
photostationary state. The photostationary state of azobenzene
contains not only the cis-isomer, but also the ¢rans-isomer. It is
easy to understand that the higher the quantum yield, the
greater will be the cis-Azo fraction in the photostationary state.
Thus, we should have the ability to control the degree and rate
of photoisomerization and back-isomerization. Many factors
can influence the quantum yield and photoisomerization
mechanism, including the state of azobenzene,'”® thermal
isomerization of cis-Azo,'*'”° irradiation wavelength,''®"%'8!
solvent properties,'®>® substituents on the phenyl rings of
azobenzene,'*®#>718” temperature,'5*'% 1% energy gap between
the n-n* and n-n* states,"*"'?” and pressure.'*'%*

There is a paucity of literature on the quantum yield of
photoisomerization measured in the solid state.'”®'°*'%® This
is mainly because photoisomerization is not uniform across the
entire film thickness, and the degree of photoisomerization
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largely depends on the local light intensity. As a result, the
pattern describing the ¢rans-to-cis conversion in the solid state
exhibited a more complex problem than in solution. In fact, the
experimental procedure is more intractable than in solution
because of the spatial distribution of light intensity.'®” There-
fore, much effort has been focused on factors affecting the
isomerization of azobenzene molecules in the liquid state.

Polarity and viscosity can influence the isomerization
mechanism. Burdette et al®' summarized the polarity and
viscosity of solvents that affect the quantum yield of isomeriza-
tion of azobenzene. Non-viscous polar solvents were found
to favor rotation, while inversion was preferred in viscous
non-polar solvents. Serra et al.'®® investigated the kinetics of
photoisomerization and thermal isomerization of an azobenzene-
containing acrylate molecule in solvents with different polarities
(chloroform, toluene, and N-methylpyrrolidone) mixed with
different contents of polystyrene to increase the viscosity.
The results indicated that the photoisomerization constant was
slightly correlated with solvent polarity, whereas the thermal
isomerization constant was largely dependent on solvent
viscosity and polarity.

Several studies'®®'®® have shown that the quantum yield
of photoisomerization could not be significantly affected by
temperature; however, the quantum yield of back-isomerization
decreases significantly with an increase in temperature. Yoshii
et al.*® investigated the photoisomerization of azobenzene at
low temperatures, which indicated that the ¢rans-to-cis isomer-
ization cannot be frozen out completely even at 4 K. Besides,
the thermal back-conversion should be considered when ana-
lyzing the photoisomerization quantum yield. Many theoretical
and experimental studies'******°° have indicated that rotation
and inversion might be the pathways for thermal isomeriza-
tion. Hecht et al.>®" carried out an extensive theoretical study on
the cis-to-trans isomerization of substituted azobenzenes (type,
number, and substitution position) in a polarizable environ-
ment and gas phase. In the case of a single substituent, the
linear transition state could be efficiently stabilized with EWGs
at ortho and para positions. In the case of two or three sub-
stituents, substitution on one side of the benzene ring has an
accumulative effect on kinetics and activation energies, whereas,
for the substitution on both the phenyl rings, no simple addi-
tivity rule was discovered. In the case of 4-donor-4’-acceptor-
substituted azobenzene, the isomerization mechanism relied on
the solvent, and inversion was preferred in nonpolar solvents
while rotation in polar environments. Furthermore, the 4-donor-
4'-acceptor-substituted azobenzene showed a lower energy of the
transition state and faster rate of thermal isomerization. With
increasing solvent polarity, the activation energy decreased,
whereas the thermal back-isomerization rate increased.”*”
Moreover, hydrogen-bonding solvents were found to accelerate
the cis-to-trans isomerization compared to aprotic solvents with a
similar polarity.>*2%

Most importantly, the substituents of azobenzene could
dramatically change the isomerization of azobenzene by steric and
electronic effects.>*® The photoisomerization of EDG-functionalized
azobenzene has been well studied using the time-resolved

This journal is © The Royal Society of Chemistry 2018
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spectroscopic methods."'”"*** It shows a rapid photoisomeriza-
tion that leads to the lowest lying m-n* transition. Roitberg
et al."% studied a series of azobenzene derivatives to determine
the substituent effects on the isomerization pathways by using
ab initio methods. They have found that appending EDGs to the
phenyl rings of azobenzene could increase the ground-state
inversion barrier height, resulting in a more difficult back-
reversion. In contrast, EWGs were found to lower the same
barrier. p-Nitroazobenzene as a typical EWG-functionalized
azobenzene has been investigated by resonance Raman
spectroscopy.”®” It was observed that within 20 fs of photoexcitation
of p-nitroazobenzene, the stretching vibrations of N—N and C-N
bonds undergo great changes and the unsubstituted phenyl
ring and the nitro stretching vibrations are also significantly
distorted. Furthermore, for di-substituted azobenzenes, such
as p-diaminoazobenzene, the symmetric di-substitution could
influence the S, isomerization surface.>*® In 4-donor-4'-acceptor-
substituted azobenzene, photoisomerization is dominated by
rotation. The character of its excited states could be strongly
altered through the push-pull substitution of azobenzene.***>%

In the above discussion, the factors affecting the isomeriza-
tion reaction of azobenzene photoswitches are presented with
the aim of tuning the switching process. Upon light absorption,
azobenzene will go through various transformations, which are
associated with photoisomerization and other energy dissipa-
tion processes. The degree of photoisomerization and the rate
of thermal isomerization of azobenzene depend on factors such
as the polarity and viscidity of the solvent, temperature, free
volume, thermal isomerization, and substituents. Thus, when
designing high-ED Azo-STF materials, we should consider these
factors as much as possible so that the maximum fraction of
cis-Azo can be achieved in the photostationary state.

4.2 Solar thermal fuels with long-term thermal storage

It is well known that the half-life of azobenzene is strongly
dependent on the energy barrier of cis-to-trans reversion.
In most azobenzene derivatives, 7,,, is approximately from
minutes to hours or a couple of days. A short-lived cis-Azo
implies that strong light irradiation is required to maintain a
large fraction of the cis-isomer in the photostationary state; this
will further shorten the half-life owing to the thermal radiation
of the intense light source. This limitation is undesirable
for Azo-STFs. Thus, the utility of an Azo-STF is contingent on
not only its energy density, but also its half-life. It is a very
challenging task to increase the half-life of azobenzene while
retaining a high ED for Azo-STFs. In the past few years, scientists
have developed a couple of newly designed azobenzene photo-
switches that may provide the optimum solution to this problem.

2,2'-Ethylene-bridged azobenzene (br-Azo) refers to a class of
azobenzene that bridges an ethylene linker at the two ortho-
positions of azobenzene.'>®*'® Such a short bridge severely
strains and distorts the trans-isomer, which leads to the
existence of the trans form of br-Azo in two conformations:
chair and twisted forms. On the other hand, the cis-isomer has a
boat configuration, which is more stable than the ¢rans-isomer
(Fig. 22a).”"" Interestingly, introducing an ethylene bridge leads

Chem. Soc. Rev.


http://dx.doi.org/10.1039/c8cs00470f

Published on 31 August 2018. Downloaded by Tsinghua University on 9/2/2018 7:46:29 AM.

Review Article

View Article Online

Chem Soc Rev

(a) e
<™ (c) (d)
// N=N \ hv, twist /N
i —
v \) hv, A trans| =700 days N— T7,,=1000 days
cis boat - N \\N NS
o
, dil o (2% °C, DMSO) (298K, DMSO)
~""N"  chair
7,=19.6h
25 °C, acetone .
1) pyrrole series
1) F series F £
O\ A FaF ARAF 2pyrroles . 3-pyrroles ) e
i [ 1 Hy ;
Y -’ N=N 7,=74h Q PP Y F FYF FYF N . o .
( / 1 ’\K e N PO /ﬁr“‘u}w} @an*\x" “fuj‘%N
25°C, MeCN & My N N ‘\) cHy o CHy > om0 j CHy
O’ O Fj‘/\’r B » NF ;\H/%/r F\/\/F 2PyH 2.PyMe 3PyH 3PyMe
2 - g F/ FAAE ;/\/\r 112, =3 T =280 1 =37days r, =025
’N N 7,=46h F2sym  F2asym F4 6 8 F10 2 pyicols senes
= 3-pyazol
25°C, MeCN o=l o2sh 7,=92h 7,=95h 7,=27h T,=46h Pzt om, g e e
(60 ( Acy) ™ (Theoretical) i N . :i'> Ha N i -
2) Festers series o oYL, O ("J G
HiC (/ / =4.8h SOOE' ioosx ESOE‘ /c::ooa . e — i P—
Y \ R °c. DMSO O b/ O U & U O W WY by r 100 dayt T= 10 daye
N, N, N, N, N, 5 pynom e :
s P U S S 0,
A F AF P P
J i J ﬂ i ) )i S T N N’ N } NN
s Y. ~F & (- CHy CH,
(b) 4 S00e Cooet vooe 5.P2H 5-PzMe
\ [¢] Fa-diester  Fd-ester F2-diester F2-ester-1 F2-ester-2 1,,=11days* 7,=12h*
S o Tl
O:( 70 N NH Tp=15h  1,=30h T =8h Tn=1h Ta=21h 3“’““"72:""" N N Ny, )
: o 3) EWG series H B LN I N AN
b (/ N o )r o Oy N ,‘,-»\] Nsy Ay S NeyAs/ ¢ xTN NS [
o] X A P A A N & 3
/ 1L A P! 24m 44m 54m 44m-trityl
YR R YR FOYOF ¢ 9 = 6.5 days" = 1.7 days’
N, N N =9k 7., = 2.4 days Ty ™ 0.0 GAYS Ty ™ 1.7 0ays
N N N _ y
1 Y N ) / /
b o Y @] 4) triazole and tetrazole NN NN
g <_> N{}m« Loort COOE oN R. o T . 5 © ¢ . o (\\j/N‘N,Av N
F2{CF3)2 (CFy2 Fd-dicyano Fd-diamide S-im-dimethylsultamoy! - N -
=19h" 146 h T, 156h 1 s 1,,=22h T,, = 13.3 days? T,, =39 days’ 7, =21 days*

Fig. 22 Chemical structures of long half-life azobenzenes: (a) bridged Azo, (b) tetra-ortho-methoxy Azo, (c) ortho-fluoroazobenzenes, and (d)

azoheteroarene.

to two odd consequences: (i) the cis form of azobenzene
becomes thermodynamically more stable (the half-life was
found to be 4.5 h at 28.5 °C), and (ii) the trans and cis isomers
exhibit very distinct n-n* absorption bands. It turned out that
the br-Azo exhibits much superior photophysical properties
(such as quantum yields and switching efficiencies) compared
to the parent azobenzene and other commonly used azobenzene
derivatives.”">>'® This makes them ideal candidates for solar
harvesting and storage applications. Furthermore, the photo-
isomerization of br-Azo was studied by nonadiabatic ab initio and
density-functional-based molecular dynamics simulation.*"”>*?
It was found that the bridging feature in the ¢rans form of br-Azo
does not hinder rotation around the N—N bond but renders the
twisting of the two phenyl rings around the C-N bonds much
slower. A number of br-Azo derivatives have been synthesized
in the past decade, some of which have relatively long half-
lives (Fig. 22a).>""**?*>3 We hope that researchers will get some
inspiration from these br-Azo compounds.

The tetra-ortho-substituted azobenzene derivatives were
found to be highly promising such as the ortho-fluorinated
compounds reported by Hecht and Bleger,***?** and the ortho-
methoxy analogues reported by Woolley et al.*>® Fig. 22b and ¢
summarize the half-lives of the tetra-ortho-substituted azobenzene
derivatives. For tetra-ortho-methoxy azobenzene, the substituents
at the ortho-position could distort the typically planar structure
of the trans-isomers. This distortion is caused by the repulsive

Chem. Soc. Rev.

interactions between the O and N lone pair electrons, which
inevitably destabilizes the energy of the m and m* molecular
orbitals. This will increase the energy level of all the orbitals
and eventually result in a longer half-life (about 14 days). On
the other hand, the F atom as an EWG would lower the electron
density in the nearby N—=N bond, resulting in a decrease in the
n-orbital energy and stabilization of the cis form of F-Azo,
thereby exhibiting an unprecedented long half-life (79, =
700 days at 25 °C). Thus, the tetra-ortho-substituted azoben-
zenes proved great candidates for long-term STFs.

Fuchter and co-workers recently reported an alternative
approach, wherein one of the aryl rings from the conventional
azobenzene family was displaced by a five-membered hetero-
aromatic ring, i.e., azoheteroarenes (Fig. 22d).”**>*° Although
the new class of azobenzene photoswitches is relatively under-
studied, they have significant potential (excellent photo-
switching property and long cis-isomer half-life) as compared
to other more common azobenzene counterparts. The compu-
tational and experimental studies revealed that the structural
changes, such as the substitution of the phenyl ring, the
modification of the heteroaromatic ring, and the connecting
position of the ring relative to the azo group, significantly affect
the performance of the novel azobenzene class.**°>** By tuning
the heteroaromatic ring, the half-lives of cis-azoheteroarene
compounds could be tuned from seconds to minutes, hours,
days and even to years. Due to the large tunability of half-lives,
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and the predictable properties, it is expected that the azoheter-
oaryl photoswitches will show promising characteristics in the
area of Azo-STF applications.

4.3 Solar thermal fuels covering full solar spectrum

The charging of Azo-STFs that have been reported usually
requires UV irradiation. However, sunlight contains only about
5% UV light, which severely limits the Azo-STF efficiency.
Besides, the organic materials could be damaged by some
UV-induced side reactions. It is very important to develop novel
Azo-STF materials that could respond to visible and near-
infrared light. However, visible light poses an obstacle to the
energy storage of Azo-STFs because it can reverse the charge
process by converting the high-energy cis-isomers back to
low-energy trans-isomers. Therefore, the fabrication of Azo-STFs
that can operate efficiently under full-spectrum solar irradiation
is fascinating but also challenging.

In the past few years, researchers have successfully designed
diverse azobenzene photoswitches that could be stimulated
with visible and infrared light.>**>*” These azobenzene mole-
cules are mainly applied to biological fields such as in optically
controlled drug delivery, photocontrolled ion channels, and
biomolecular structures in intracellular environments.>**>>°
With these existing studies, it may be possible to have an
enlightening effect on the molecular design of STF-related
applications.

It has been well documented that introducing substituents
to azobenzene could change its absorption bands.®' Previous
studies showed that EDGs (such as -NH, and -OH) substituted
at the para-position of azobenzene could shift the absorption
band to longer wavelengths, and the order of the increasing
red-shift effect is H < OH < NH, < N(CHj,),.>*' The 4-donor-
4’-acceptor-substituted azobenzene (push-pull Azo) usually has
a long wavelength absorption, which is caused by a push—pull
system with an EDG on one side of the azobenzene and an EWG
on the other.>®* Additionally, many studies introduced such
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push-pull Azos into polymer films through supramolecular
interactions.>>*>*> Although the absorption bands of supra-
molecular azopolymers are tunable, the half-lives of such
materials largely depend on the type of substituents and
solvents. This may prove difficult in practical applications.

Researchers have reported some examples of newly designed
azobenzene photoswitches in recent years that can be fully
photoconverted with visible light. Fig. 23 lists the maximum
irradiation wavelengths for isomerization of different types of
azobenzene. The first examples, a tetra-ortho-methoxy (27) and
an ethylene-bridged azobenzene (22), described by Woolley
et al>*® and Herges et al.,"° respectively, were based on the
same strategy of separating the n-n* transitions of the cis and
trans isomers. The split of the two n-n* absorption bands
allowed their application to trigger both forward and reverse
isomerization under visible-light irradiation. In the meantime,
the m-n* band in the UV region could induce the cis-to-trans
isomerization. Beyond that, Herges’s group successfully synthe-
sized oxygen and sulfur-bridged azobenzenes, as illustrated
in Fig. 23 (25).**> These two azobenzene derivatives could be
switched with a far-red (650 nm) light source. Compared to the
pristine br-Azo, the sulfur system exhibited higher thermal
stability of 3.5 days. The superior photophysical properties of
the sulfur-bridged azobenzene system make it an ideal candi-
date for STF materials. For decades, Woolley and co-workers
have been devoted to the exploration of azobenzene-based
photoswitching that was employed to control biomolecular
targets such as proteins, peptides, and nucleic acids in vitro
and in cell extracts through photostimulation.®®**32°% As a
result, tetra-ortho-substituted azobenzenes with bulky EDGs
such as Cl and Br atoms and thioether groups were synthesized,
with which they can be effectively isomerized under red light
irradiation (26). All these studies proved that the absorption
bands could be tuned by changing the tetra-ortho-substituted
groups; thus, we can use this utility tool to develop extended
versions of the Azo-STF application.
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Fig. 23 Maximum irradiation wavelength for isomerization of different types of azobenzene.
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Later, Aprahamian and co-workers reported a new type of
azobenzene, namely BF,-coordinated azobenzene, in which the
positions of n-n* and n-n* transition energy levels were
reversed, allowing the conversion of trans-Azo to cis-Azo under
visible light.>>® Further, density functional theory calculations
indicated that an increase in electron density could red-shift
the absorption bands in the system. The authors verified the
hypothesis by grafting EDGs onto para- and ortho-positions
of BF,-Azo (Fig. 23, 24).>°%*°" Altering the R, and R, groups
enabled the shifting of absorption bands to the red and even
near infrared regions. However, Bai et al.”®* found that with an
increase in electron-donating ability, the thermal cis-to-trans
isomerization rates were accelerated, and therefore, the corres-
ponding half-lives were shortened.

Much progress has been achieved in tuning the long wave-
length photoconversion of azobenzene as shown in Fig. 23.
Various strategies, which rely on separating the n-n* bands in
the visible range or red-shifting the n-n* transition absorption
band, have been applied to accomplish this target, including:
(i) the introduction of EWGs or EDGs at the ortho or para
position, (ii) the use of a push-pull system, and (iii) the utiliza-
tion of bridged azobenzene, tetra-ortho-position substituted
azobenzene, and BF,-coordinated azobenzene derivatives. In
general, shifting the absorption bands of azobenzene to longer
wavelengths often results in a fast cis-to-trans thermal isomeriza-
tion, which is undesirable for STF application.>***** Thus,
sometimes, some small compromises need to be made to
balance this conflict, thereby achieving the maximum solar
energy capacity and conversion efficiency.

Apart from this, other red-shifted azobenzene derivatives are
also used for photocontrol.>*%2°8265268 Hawever, we did not
discuss these compounds here because they contain too many
undesirable groups that cause a huge reduction in thermal
stability or ED. We can summarize the general principle of
designing full-spectrum STFs in that the target azobenzene can
be switched upon visible-light irradiation without enhancing
the thermal isomerization rate.

5. Conclusions and perspectives

In conclusion, azobenzene-based solar thermal fuels have been
proven to be a promising and efficient pathway for solar-
thermal conversion and storage solutions. In this context, pure
azobenzene derivatives, nanocarbon-templated azobenzene,
and polymer-templated azobenzene have attracted increasing
attention over the past few years. However, the fast-growing
research field is restricted by low ED, low quantum yield, short
half-life, narrow overlap with the solar spectrum, and irrever-
sible degradation. Much effort has been devoted by researchers
to counterbalance these shortcomings of Azo-STF materials,
such as by grafting functional chemical groups to improve the
ED and thermal stability, combining PCMs or carbon nano-
materials to facilitate practical applications of the materials,
and tuning the microstructures of the monomers and polymer
backbones to maximize the absorption efficiency. Undoubtedly,
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molecular design engineering and microstructure optimization
are paramount for achieving Azo-STFs with high-energy storage
capacities. To realize the practical applications of Azo-STFs, the
following criteria, i.e., “three high and three low,” should be
fulfilled: (i) The storage energy density (AHgorage) Must be as
high as possible. (ii) The photoisomerization degree from trans-
Azo to cis-Azo should be high to increase the heat release.
(iii) The energy barrier (AE,) from cis-Azo to trans-Azo should be
high enough to enable the necessary long-term storage. (iv) The
absorption spectrum should be optimized with respect to
the solar emission spectrum to achieve maximal efficiency. In
other words, maximum light absorption efficiency should be
achieved with minimum illumination. (v) The photoactive
materials should exhibit low degradation and strong cyclability
performance to satisfy the stability requirements even under
the extreme circumstances such as high temperatures, freezing
cold, strong acidity, high salinity, etc. (vi) The cost of the
Azo-STF materials must be competitive.

However, achieving simultaneous improvements in ED,
energy barriers, and absorption efficiency, restraining degrada-
tion, and reducing cost are still a challenging task. For example,
the trans form of azobenzene photoswitches cannot be fully
converted into the cis form under unfiltered sunlight. It is of
paramount importance to develop a very facile and more
general methodology for the fabrication of Azo-STFs that work
efficiently under full-spectrum solar irradiation in the future.
A large red-shift in the absorption wavelength of azobenzene
photoswitches is required to achieve full-spectrum Azo-STFs,
but it inevitably leads to undesirable reduction in ED and
thermal stability. Therefore, to accomplish the maximum solar
energy capacity and conversion efficiency, we should make a
trade-off between different parameters of Azo-STFs such as ED,
lifetime, and absorption efficiency. Besides, it is also very
important to further explore the underlying mechanisms of
STF materials such as EDG/EWG substituents, steric configu-
ration, grafting density, and inter- or intra-molecular inter-
action. It should be noted that the field of Azo-STFs is still in
its nascent stage. New methods for preparing Azo-STF materials
should be developed such as controlled self-assembly, electro-
spinning, electropolymerization, 3D printing, injection molding,
and calendar molding. Future investigations of solid-state Azo-
STFs could allow the possibility of integrating them into various
existing solid-state devices for deicing, seawater desalination,
manufacturing salt, and in thermal-driven generators. Azo-STFs
could also find important applications in both military and
consumer-oriented areas such as deep space probes, thermal
power systems, temperature control systems in space stations,
warm clothing, solar blankets, thermal-powered cars, and solar
water heaters. Additionally, future research can present infinite
golden opportunities. For example, the combination of Azo-STFs
with directional heat-conduction materials afforded directional
transport of heat energy. The combination of Azo-STFs with
thermoelectric materials may enhance the thermoelectric figure
of merit (Z7). In summary, there is much room for improvement
of Azo-STFs in terms of fundamental theory and practical
applications. There is no doubt that Azo-STFs pave new avenues
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for solar energy harvesting and storage. High ED, long storage
lifetime, controllable heat release, and outstanding cycling
stability have been and will continue to be hot topics in the
area of Azo-STFs. Future investigations of these promising
topics with infinite possibilities will not only broaden our
knowledge of Azo-STFs, but also promote their diverse applica-
tions as solar energy harvesting and storage materials.
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