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An Azobenzene-Based Liquid Molecular Solar Thermal
(MOST) Storage System–Energy Carrier and Solvent

Dominic Schatz, Conrad Averdunk, Rouven Fritzius, and Hermann A. Wegner*

A molecular solar thermal (MOST) storage systems is based on capturing
solar energy via photoisomerization, which can be released later as thermal
energy. Herein, the low viscosity, green light active, 2,6-difluoroazobenzene
is introduced, which can be efficiently irradiated, pumped, and handled in
its neat state. Synthesis as well as isomerization can be done conveniently in
a continuous flow setup. Storage densities of 218 kJ kg−1 for 100% (Z)-isomer
(137 kJ kg−1 after green light irradiation) are the highest compared to other
liquid azobenzenes (ABs). Additionally, the irradiation with green light and the
processibility in the neat state make this compound a promising candidate for
energy storage applications. Furthermore, the liquid AB can be employed as
a MOST-active solvent. For example, the solvation of an electrolyte is demon-
strated to induce a measurable conductivity, which then allows for complete
electron-catalyzed back-isomerization. Alternatively, it can act as a solvent for a
higher energy MOST material. As a proof-of-concept a norbornadiene (NBD) is
dissolved in the AB solvent allowing to utilize the energy of the NBD as well as
the AB solvent. Further optimization of the solute-solvents systems is required
to fully harvest the potential of this new concept for efficient energy storage.

1. Introduction

As the worldwide energy demand grows, and the negative ef-
fect of fossil fuel consumption becomes prevalent, renewable en-
ergy resources become an important topic in research, as well as
in politics and society. The ever-increasing demand for sustain-
able energy production,[1,2] storage, and conversion lead to a vari-
ety of promising technologies, like photovoltaic devices,[3] redox-
flow batteries,[4] or efficient water splitting reactions.[5] Another
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enabling concept that utilizes the source of
the most abundant renewable energy – the
sun – is molecular solar thermal storage
(MOST) systems.[6–8] The ideas behind this
technology rely on the property of molecu-
lar photoswitches which can be converted
from a thermodynamic stable ground
state to a higher-energy metastable state
by irradiation with a specific wavelength.
Back-isomerization to the ground state then
releases the stored thermal energy. There
are multiple scaffolds that can be applied as
energy storage systems, each with its own
advantages and disadvantages. Azoben-
zenes [AB, from (E)- to (Z)-isomerization]
and norbornadiene [ from norbornadi-
ene (NBD) to quadricyclane (QC)] are
the most explored examples (Figure 1).
Important parameters that need to be ad-

dressed and optimized for MOST systems
are the solar spectrummatch, storage time,
energy density, energy release, quantum
yields, and stability. In the case of AB, the
higher energy (Z)-state can be reached by

exciting the 𝜋–𝜋* transition by irradiation at the absorption max-
ima. To achieve isomerization with visible light and increase the
solar match, red-shifting of the 𝜋–𝜋* band is needed. Due to the
prevalent use of AB in photopharmacology, these properties have
been studied in depth.[10–12] Introduction of a push-pull system
across the diazo unit can shift the absorption maxima into the
red region, but usually results in a very fast thermal relaxation
time.[13] As a large half-life is needed for most storage applica-
tions of the absorbed energy, a different way to induce green light
absorption is required. An additional possibility for photoisomer-
ization is irradiation into the n–𝜋* band. Usually, the n–𝜋* bands
of (E)- and (Z)-AB are superimposed, so that the resulting photo-
stationary state (PSS) does not result in adequate (Z)-isomer for-
mation. This overlap can be decreased by ortho substitution.Woo-
ley introduced methoxy groups in all four ortho positions and ob-
served a shift in the n–𝜋* maxima of both isomers by 28 nm. This
is due to the repulsion of the methoxy groups and the nitrogen
lone pairs, which is more pronounced in the (E)-state, thus red-
shifting the n–𝜋* band of the (E)-isomer, while the (Z)-isomer is
less effected. Hecht and Bléger pioneered the ortho-substitution
with electron-withdrawing fluorine substituents, which stabilize
the n-orbital of the (Z)-isomer, as well as the 𝜋*-orbitals of both
isomers, resulting in efficient net separation of the absorption of
both isomers. An additional effect of the stabilized (Z)-n-orbital
is a long half-life, which is important for MOST materials. The
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Figure 1. Selected molecular photoswitches utilized in the context of
MOST systems.[6,9] AB 1 can be isomerized from stable (E)- to metastable
(Z)-isomer, and NBD (2) can be transformed to the QC (3) structure.

effect of an electron-rich or electron-poor substituent in ortho-
position for red shifting has been exploited by the Li group for
1,3-bis-hetero AB,[14] and for mono-hetero AB,[15] by the Han and
Feng group for phase-change and liquid storage materials.[16,17]

Next to the isomerization wavelength, a large energy density,
low molecular-weight compounds that show good solubility are
important for efficient energy storage. If the application of in-
terest allows solid-state photoswitches to be used, the photoiso-
merization can be accompanied by a phase transition.[18] The liq-
uefication upon irradiation stores additional energy in the form
of the phase transition, while the crystallization upon back iso-
merization releases isomerization energy as well as lateral heat.
Another way to increase the energy density is to stabilize the
(E)-isomer, e.g. through intermolecular attractive interactions,[19]

such as London dispersion.[20] Additionally, multiple AB units
can be fused to a single aromatic ring, therefore lowering the
molecular mass per switching unit.[21]

One of the reasons that prevents MOST molecules from
achieving their full potential is their application in solution. This
introduces often toxic and expensive solvents that, while allowing
easy handling of the MOST compound, are lowering the energy
density tremendously and diminishing themaximum obtainable
thermal energy. Therefore, it would be important to avoid un-
necessary solvents completely. The first example of such a com-
pound was reported by Kimizuka in 2014, which is based on
branched 2-ethylhexoxy AB 4 (Figure 2).[22] In their seminal pa-
per, they showed that the isomerization of AB can efficiently oc-
cur in the solvent-free, condensed phase. Differential scanning
calorimetry (DSC) measurements revealed, after irradiation with
UV light, an energy density of 52 kJ mol−1, or 183 kJ L−1 [ for pre-
sumed 100% (E)-isomer]. In subsequent work from the Moth–
Poulsen group the same AB 4 has been used in a device, which
allows the in fluxu irradiation, as well as the in fluxu catalytic
energy release with a copper(I) complex.[23] Unfortunately, the
liquid AB was again employed in μM concentration, probably to
facilitate irradiation and transportation through a chip reactor.

Additionally, most liquid AB rely on the introduction of long,
sometimes branched, alkyl chains, by adding flexibility and to
hinder 𝜋–𝜋 interactions of the phenyl units. Other methods rely
on the introduction of asymmetry,[24–26] or by inducing a twist
around the azo moiety.[27] These additional groups increase the
synthetic effort, lower efficiency of the storage material, and de-
crease the energy density due to the additional molecular weight
(Figure 2). There is tremendous effort to obtain higher energy
densities, but most devices still require a solvent for efficient so-
lar harvest and transport, thereby lowering the applicability. Ad-
ditionally, the usage of toxic organic solvents is not in compliance
with these greener, solar technologies.
In 2014, Hecht and Bléger introduced ortho-fluoro ABs as a

green light, high quantum yield, long half-life photoswitchable
molecules, and reported the non-symmetric 2,6-difluoro AB (10,
oF-AB, MW = 218 g mol−1) as an oil.[28] Herein, we investigate
this liquid AB as a visible light photoswitch in a solvent-free so-
lar thermal storage application. A focus here will be on the per-
formance of the complete MOST cycle, from irradiation to heat
release, without additional solvent. Moreover, we investigate the
ability of the liquid AB to act as solvent to dissolve MOST com-
pounds with higher energy density such as NBDs. With this new
strategy, a better spectral overlap and a higher energy density
could be achieved, while still having an easy to handle, low vis-
cous liquid MOST material.

2. Results and Discussion

2.1. Synthesis

An efficient way to prepare non-symmetric AB is the con-
densation of aniline and nitrosobenzene in a Baeyer–Mills
reaction.[32,33] This reaction proceeds via a nucleophilic attack
of the aniline on the nitrosobenzene under acidic or basic

Figure 2. Properties of liquid state AB compounds 4–6 reported by
Kimizuka in the literature.[29,22,30,31] Energy densities are calculated for
100% (Z)-isomer.
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Scheme 1. Biphasic oxidation of difluoro aniline 7 using Oxone to the ni-
trosobenzene 8, followed by Baeyer–Mills reaction with aniline to yield the
liquid AB 10 after distillation.

conditions,[34] which explains why electron-rich anilines and
electron-poor nitrosobenzenes provide high yields undermild re-
action conditions and short reaction times. The oF-AB 10 was
prepared by oxidation of 2,6-difluoroaniline (7) to the corre-
sponding difluoro-nitrosobenzene (8) with Oxone in a biphasic
CH2Cl2/H2Omixture, which, after extraction and removal of the
solvent, was employed in a Baeyer–Mills reaction in acetic acid
(Scheme 1).[28]

Instead of a column chromatography compound 10 was puri-
fied by fractional distillation resulting in a yield of 95%. The use
of distillation as themain purification step allows easy up-scaling
for large-scale preparation of oF-AB 10. We were able to prepare
up to 38 g of oF-AB 10 in a single batch, albeit using a higher con-
centration of starting material resulted in a slightly lower yield of
85%.
A continuous flow setup offers advantages to batch synthesis,

especially for large-scale synthesis. We focused on the Baeyer–
Mills reaction,[35] as the oxidation from aniline to nitroso is lim-
ited by the solubility of Oxone. Nevertheless, it is also feasible
to do both steps in flow by using a phase separator.[36] As 2,6-
difluoro nitrosobenzene (8) is only slightly soluble in AcOH, we
dissolved compound 8 in dichloromethane (DCM) and aniline
(9) in AcOH. By increasing the reaction temperature to 50 °C,
a flow-rate of 2 mL min−1 (1 mL min−1 for compounds 7 and
8 respectively) can be achieved with a 10 mL coiled tube reac-
tor (Figure 3). Higher temperature results in the formation of
phenazine derivative as a side product (Figure S22, Supporting
Information).[37] That way, continues flow yielded 24.8 g of clean
oF-AB 10 after distillation (runtime 400 min). This corresponds
to a yield of 81%, and a throughput of purified compound of
3.7 g h−1. This yield is in accordance with the one we obtained
by using higher concentrations in batch reactions. As flow syn-
thesis is easy to up-scale by either running the experiment longer,
or by increasing the reactor volume, large-scale synthesis of the
AB can be assured.

2.2. Photophysical Properties

The UV/Vis absorption spectrum of oF-AB 10 in acetonitrile
(ACN) solution shows an absorption maximum of the 𝜋–𝜋*

transition at 311 nm and a broad n–𝜋* transition centered at
450 nm (Figure 4, left).

Figure 3. Schematic presentation of the continuous flow Baeyer–Mills re-
action of aniline (9) and 2,6-difluoronitrosobenzene (8) in a tubular reac-
tor. A throughput of 3.7 g pure AB 10 was obtained after distillation.

Upon irradiation with green light, the expected separation of
the latter band is observed, accompanied by a decrease in absorp-
tion at 310 nm. A neat sample of oF-AB 10was prepared as a thin
film between two quartz plates (Figure 4, right). The peak po-
sitions in the neat or dissolved state are very similar. The main
difference is the much larger intensity of the formally forbidden
n–𝜋* transition, which usually shows lower absorbance. This ob-
servation could be due to the difference in the transition dipole
moments of both absorptions and a preferred alignment between
the quartz plates.[38,39]

Another important photophysical property for a potential
MOSTmaterial is the thermal half-life. The stability at room tem-
perature needs to be high enough to ensure long-time storabil-
ity and minimize parasitic heat loss during storage. Hecht and
Bléger obtained a thermal half-life of 25 h of AB 10 at 60 °C in
ACN solutions.[28] As the measured half-life is dependent on the
environment,[40] and a decrease of up to 87% of neat AB in com-
parison to a solution in ACN can be observed for hetero-AB 5,[30]

we measured the thermal stability without additional solvents.
At 60 °C, we obtained a thermal half-life of 22 h, which is very
similar to the value obtained as a solution. Following an Eyring-
Polanyi analysis, we were able to estimate a half-life at 25 °C
of 53 days, which is well suited for MOST storage applications
(Figure S5, Supporting Information). The high thermal stability
allows oF-AB 10 to be readily applied in large-scale heat storage.
To test the photochemical stability and to ensure longevity of our

Figure 4. UV/Vis absorption spectra of oF-AB 10 in ACN (left) solution
and in the neat liquid state (right).
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Figure 5. Rheology measurements of neat oF-AB 10 in the ground state
(E)-isomer, and with 63% (Z)-isomer at the PSS.

MOST material, cyclability studies with charging wavelengths of
530 nm and a higher energy alternative of 340 nm and discharg-
ing wavelength of 405 nm were performed (Figures S6 and S7,
Supporting Information). We observed no notable degradation
over > 30 cycles, and a maxima absorption retention if 100% and
99% were obtained for 530 and 340 nm respectively. This excel-
lent photostability validates the practical applicability of photo-
switch 10.

2.3. Thermal Properties

The heat storage potential of oF-AB 10 was investigated by DSC.
A sample of neat oF-AB 10was irradiated with a 530 nmLED, the
content of the (Z)-isomer was analyzed by HPLC, and measured
from -100 °C to 200 °C. The obtained DSC thermogram shows
a broad exothermic peak centered at ≈150 °C (Figure S8, Sup-
porting Information), which is not present in the second heat-
ing/cooling procedure of the same sample (Figure S8, Support-
ing Information). We assigned this irreversible process to the
thermal (Z)- to (E)-isomerization of the oF-AB 10. At the PSS
reachable with our green LED [PSS530 nm = 63% (Z)-isomer], a
heat storage of 137 kJ kg−1 can be achieved, which corresponds to
218 kJ kg−1 for 100% (Z)-isomer. This is considerably higher than
the discussed liquid AB derivatives 4–6, which again highlights
advantage of the small molecular weight of our employed oF-AB
10. The group of Hecht reported a PSS of 74% with their green
LED,[28] which would correspond to a thermal energy storage of
161 kJ kg−1. The here obtained enthalpies are directly correlated
to the maximum obtainable heat release, as no additional solvent
is needed.

2.4. Irradiation

The irradiation of neat samples can be inefficient and tedious, in
the solid state but also in the neat liquid state, mainly due to the
inner filter effect and diffusion. We chose to rely on flow chem-
istry to tackle these difficulties. As the maximum flow rate and
the back pressure of pumps depend on the viscosity of the em-
ployed liquid, it was important to quantify the viscosity of oF-AB
10. We measured the viscosity of (E)-oF-AB 10 and of the (E/Z)-
mixture at the PSS at 530 nm (Figure 5). Interestingly, the oF-
AB 10 shows a larger shear viscosity at the PSS530 nm then the
(E)-isomer. As the viscosity of liquids arises from friction be-
tween clustered molecules and is therefore dependent on the

Figure 6. PXRD measurements of neat oF-AB 10 in the ground state (E)-
isomer (top, orange trace), and with 63% (Z)-isomer at the PSS530 nm (bot-
tom, blue trace). The room temperature measurement of both samples
resulted in a broad background signal. Measurements were conducted in
a thin capillary at room temperature and below the freezing temperature
of both samples. Crystallinity was observed at −50 and −30 °C for (E) and
PSS samples, respectively.

size, shape, and intermolecular interactions, there seems to be
larger interactions within the metastable isomer. This is in con-
trast to the numerous examples of solid-to-liquid phase change
AB, as well as to Kimizuka’s liquid alkoxy AB 4.[22] Furthermore,
the (E)-isomer shows non-Newtonian behavior in slow low shear
rates. The obtained pseudoplastic flow is indicative of structural
formations, which are disrupted by stress introduced with higher
shear rates.[41] The obtained viscosities are well within the range
of transportable liquids, and a magnitude smaller than of an al-
ready used liquid energy AB[22,23] or liquid NBDs.[42]

To further confirm the liquid state of the employed AB,
temperature-dependent powder X-ray diffraction (PXRD, Figure
S16, Supporting Information) was measured for the (E)-isomer
and the PSS530 nm state (Figure S17, Supporting Information). For
the (E)-isomer, an unresolved broad background signal at room
temperature confirms the appearance of an amorphous liquid
state. This disordered diffraction behavior is present as well at
−40 °C, but further cooling to −50 °C results in sharp peaks,
indicating a crystalline pattern and therefore the freezing of the
previously liquid sample (Figure 6, top). For the PSS mixture,
the broad amorphous signals is present at −20 °C, but already
at −30 °C, crystallization is observed (Figure 6, bottom). There-
fore, the (E)-isomer shows a lower freezing point than the isomer
mixture at 530 nm, but both mixtures are well within a standard
operation temperature of a MOST material.
Clear freezing points cannot be observed during DSC experi-

ments (Figure S8, Supporting Information). We propose that this
can be explained by a slow crystallization kinetic, and the observ-
able cold crystallization peak of the PSS sample could be an in-
dication for this phenomena.[43] The PXRD measurements were
conducted in a thin capillary that offers enough surface area to
induce crystallization, therefore allowing us to follow the phase
change by their diffraction change.
Due to the low viscosity, and high fluidity nature of oF-AB

10 over a wide temperature range, we can employ it in a photo-
chemical flow setup for irradiation. Conducting photochemistry
in flow has significant advantages compared to batch reactions.
For example uniform irradiation, shorter reaction times, easy and
efficient scale-up, and less degradations due to better reaction
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Figure 7. Continuous flow irradiation of n eat oF-AB 10 in a 10 mL tube
reactor.

control can be achieved.[44–46] Especially the combination of flow
chemistry with solar generators or collectors offers interesting
possibilities for liquid MOST systems (Figure 7).[47]

Depending on the residence time inside the irradiation cham-
ber, different (Z)-isomer ratios can be obtained. After ≈200 min,
neat oF-AB 10 was switched to the PSS of 63% (Z)-isomer. Al-
though the PSS is not ideal, it has been shown that a PSS up to
74% can be achieved by using a different green light source.[28]

Interestingly, we obtained even shorter irradiation times using
a cheap commercially available LED strip, used for ambient
light installations, and a simple home-made weaved flow reactor
(Figure 6). This highlights the easiness of real-life implementa-
tions of this MOST system. With the chosen dimension of our
reactor, this irradiation time would correspond to a throughput
of 3.3 mL of charged oF-AB 10 per hour. Due to the scalability of
flow chemistry, increase of the reactor length and volume would
linearly scale with our obtained throughput.

2.5. Energy Release

Irradiation with 405 nm leads to the back isomerization with a
PSS of 78% of the (E)-isomer (Figure 8, right). As the PSS re-
sulting from blue light irradiation is a limiting factor for the heat
release, other triggers for the back reaction are necessary to har-
vest the maximum stored energy. One possibility is the electron-
catalyzed isomerization.[48]

In order to realize electrochemical back-conversion, we were
able to dissolve ≈5% by weight of the organic salt tetra-n-butyl
ammonium hexafluorophosphate (TBAPF6) in the neat oF-AB 10
(Figure 9A. TBAPF6 is a salt often used for electrochemical mea-
surements in organic solvents to increase conductivity.[49] Us-
ing a simple multimeter circuit analyzer, neat oF-AB 10 did not
show any conductivity, which increased to a measurable quantity
with TBAPF6 (Figure S1, Supporting Information). The observ-
able electric conductivity results in a significant current through
the liquid when applying a potential. If a potential close to the

Figure 8. Change in the (Z)-isomer content in the PSS during green light
(left) and blue light (right) irradiation of neat oF-AB 10 pumped through a
10 mL tube reactor. The irradiation was either conducted by a commercial
photoreactor (530 and 405 nm), or by a simple home-made setup using a
LED strip intended for ambient light irradiation. During each run, 10 mL
AB 10 was used to ensure a completely filled reactor. The (Z)-content was
measured via offline HPLC of aliquots integrated at the isosbestic point.

redox potential of the employed photoswitch is applied, a 1e− re-
duction to a radical anion is generally observed.[50] As the formed
radical is inter alia located on the N═N bonds, a significant de-
crease in the bond order is observed.[51] This results in a very
low inversion barrier of (Z)- to (E)-AB radical, and therefore a
fast thermal isomerization.[52] A subsequential electron transfer
from the formed (E)-isomer to a (Z)-isomer, results in an electron
catalytic isomerization behavior.[48] This represents an alternative
trigger to irradiation, acids or catalysis, which can be used to in-
duce the heat release inMOSTmaterials,[53] and can be started ei-
ther reductively or oxidatively.[48,54,55] Azoheteroarenes with ionic
side chains showed electro catalytic switching in the condensed
phase, but the large isomerization barrier of these T-shaped (Z)-
isomers make on demand heat release not feasible.[56] We tested
the electro-catalytic isomerization of neat oF-AB 10 with TBAPF6
in fluxu using a continuous flow electro-cell. The cell had an in-
ner volume of ≈1 mL, and with a flow rate of 1 mL min−1, re-
sulted in a residence time of 1min. Depending on the applied po-
tential, a significant decrease in the (Z)-isomer can be observed
(Figure 9B). The isomerization does not take place below 2 V.
At higher potentials, a nearly complete back-isomerization is ob-
served. These high potentials might lead to side reactions, like
hydrazines or anilines by over-reduction, although we did not ob-
serve notable degradation. We assume that the high necessary
potential is due to the low intrinsic conductivity of the liquid,
and the significant distance between the electrodes in the used
setup. Nevertheless, complete isomerization can be obtained by
this electrochemical setup. In comparison to the photochemical
back reaction, which resulted in still 22% (Z)-isomer after irra-
diation, this improvement allows harvesting of the total stored
thermal energy.
To demonstrate the applicability of oF-AB 10, we isomerized

≈1 mL of the compound using a green LED. Complete heat re-
lease was achieved by addition of a catalytic amount of lithium
diisopropylamide (LDA) and the resulting isomerization to the
ground state was monitored using an infrared (IR) camera and
an in situ thermometer. LDA is known to reduce AB,[57] and we
hypothesized that the intermediate radical would induce the heat
release in a catalytic fashion.[48] In this way, LDA can act as a heat
release trigger similar to the electrochemicalmethod, with the ad-
vantage that complete isomerization can be induced without the
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Figure 9. A) 19F-NMR of a saturated TBAPF6 solution in oF-AB 10. B) Change in the (Z)-isomer content during electrochemical back isomerization.
C) Electrochemical set-up. With a flow rate of 1 mL min−1 and 1 mL inner volume of the cell, a residence time of 1 min was maintained.

need for specialized equipment or setup. Upon addition of the
reducing agent (at 3 s), a drastic increase in the internal temper-
ature was observed, and the maximal temperature of 69 °C was
reached within 16 s (Figure 10; Video S1, Supporting Informa-
tion). A similar result was obtained by the addition of a catalytic
amount of hydrochloric acid (Figure S21 and Video S2, Support-

Figure 10. Macroscopic heat release of 1 mL oF-AB 10 after the addition
of a catalytic amount of LDA measured by an in situ thermometer.

ing Information). A second addition of reducing agent did not
result in a temperature increase over 30 °C, which indicates that
the heat originatedmostly in the relaxation of the (Z)-isomer, and
not by a reaction enthalpy.

2.6. Liquid MOST as Solvent

One additional scope of application for the low viscous oF-AB
10 is to use it as a MOST-active solvent. Besides additional ad-
ditives, which can be added to oF-AB 10 to further enhance
its properties, it can be used as a solvent for higher-energy
density photoswitches. One of the disadvantages of AB forMOST
storages is the relatively low stored energy in the nitrogen–
nitrogen bond isomerization, in comparison to other MOST ma-
terials, that rely on bond formation, like azaborines or NBDs.[6,58]

We used the solvent properties of AB 10 to dissolve a high en-
ergy density NBD within the AB 10. Thereby, we can harvest
the higher energy density of NBD moieties, while still handling
a pumpable and easy to irradiate, low viscous liquid. In other

Small 2025, 21, 2502938 © 2025 The Author(s). Small published by Wiley-VCH GmbH2502938 (6 of 9)

http://www.advancedsciencenews.com
http://www.small-journal.com


www.advancedsciencenews.com www.small-journal.com

Figure 11. A) Absorption of the AB 10 and NBD 11 mixture in ACN. Irra-
diation at 530 nm switches only AB 10 while 340 nm switches both com-
pounds. The differential spectra between the PSS at 530 nm before and
after a 340 nm irradiation corresponds to the absorption spectra of NBD
11,[59] and supports the dissolution and the ability to switch of themixture.
B) DSC curve of AB 10 and NBD 11 mixtures with 58% (Z)-10, and 18%
QC-11. Higher PSS were not obtainable due to decomposition of com-
pound 11 during irradiation with 340 nm. A small peak shoulder shows
the heat release of the NBD 11 (Figure S9, Supporting Information). The
mixture contained NBD 11 decomposition products.

words, we can substitute the generally employed death-weight or-
ganic solvents with aMOST-active solvent that does not influence
the obtainable energy density negatively. As a proof-of-concept,
we tested this new strategy by preparing an asymmetric di-aryl
NBD, as they show absorptionmaxima between the 𝜋–𝜋* and the
n-𝜋* absorption bands of oF-AB 10.[59] The 4-methoxyphenyl-4′-
benzonitrile NBD 11 derivative was chosen, as it showed a good
compromise between maximum absorption and half live.[59] We
dissolved 10% of NBD 11 in the oF-AB 10, without any observable
change in the viscosity. The UV/Vis spectrum is overshadowed
by the absorption of the AB moiety, which has a rather high ex-
tinction coefficient. To demonstrate that the NBD 10 is dissolved
and switching in the oF-AB, the mixture was irradiated first with
530 nm to switch only the AB, then with 340 nm to switch AB and
NBD, followed by 530 nm again. A differential spectrum of both
green light PSS spectra shows the expected absorption of NBD
11 which correlated to the measured spectra in organic solvents
(Figure 11A).[59]

Exact quantification can be achieved using 1H-NMR, and PSS
measurement using HPLC. A diluted sample of this mixture
shows a PSS340 nm of ≈95% (Z)-AB 10 and 92% QC-11 (Figure
S12, Supporting Information). For DSC measurements, we irra-
diated the sample neat with a 340 nmLED in a vial under stirring.
Herewe observed only slow isomerization of both photoswitches,
and were not able to achieve a PSS state before the NBD 11
showed degradation during HPLC measurements (Figure S13,
Supporting Information). This highlights the importance of vide
supra described in fluxu irradiation using a flow setup. Neverthe-

less, we performed DSC measurements of our mixture contain-
ing only 58% (Z)-oF-AB 10, and 18%QC of compound 11. On the
first glance one large exothermic peak is observed (Figure 11B).
Upon closer examination, a small peak shoulder at the lower tem-
perature region can be observed, which can be assigned to the iso-
merization of compound 11. This shoulder is more pronounced
in the first derivative of the DSC curve (Figure S9, Supporting In-
formation). The smaller obtained heat release can be explained by
the inefficient isomerization using 340 nm, and by degradation
products which do not contribute to the energy release.
Nevertheless, we herein employed a high energy density

MOST material in our MOST-active oF-AB 10 as a solvent. This
adds another possibility to enhance the energy density of MOST
materials, alongside approaches such as the introduction of a
phase change,[60] stabilization of the (E)-isomer by, e.g., London
dispersion interactions[19] and destabilization of the (Z)-isomer
by templating on crowded nanocarbon.[61]

3. Conclusion

Herein, we introduced 2,6-difluoro AB 10 as a liquid storage ma-
terial for MOST systems. The compound shows isomerization
upon green light irradiation, and has an energy density of 218 kJ
kg−1 This corresponds to an energy content of 137 kJ kg−1 at
the PSS [(Z)-content 63%] with 530 nm. The storage capacity of
218 kJ kg−1 is considerably higher than comparable liquid ABma-
terials, due to low molecular mass of the employed compound.
The molecular energy density of 47 kJ mol−1 is lower than for the
alkoxy AB 4,[22] but higher than arylazopyrazole 5.[30] This is in
agreement with the expected stabilization of the (Z)-isomer of oF-
AB 10 by ortho-fluorination, which is less effective than the stabi-
lization of the T-shaped metastable isomer of AB 5. Additionally,
the obtained storage energy is similar to previously calculate en-
ergy difference between the (E)- and (Z)-isomers of 45 kj mol−1

for AB 10.[28] Pristine AB shows a storage energy of 48 kj mol−1,
which is higher than for AB 10. This again can be explained by
the lack of (Z)-isomer stabilization in unsubstituted AB. In com-
parison to tetra-ortho substituted ABs reported by the Group of
Han, the disubstituted oF-AB 10 shows higher per mole density.
One reason would be the better stabilization of the (E)-isomer by
the symmetrical tetra substituted.[16] The phase-change or liquid
ortho substituted compounds also rely on the introduction of long
alkyl chain, diminishing their per mass energy density even fur-
ther, although the thereby obtained additional latent heat storage
exceeds the storage potential of oF-AB 10.
The most important feature is the low viscosity of the photo-

switch of only ≈10 mPas, which allows a very efficient isomeriza-
tion, handling and storing in the neat state. Especially the isomer-
ization in fluxu using a peristaltic pump, a home-made weaved
tubular reactor and a cheap commercial LED strip used for am-
bient light irradiation, demonstrates the ease of use of oF-AB 10.
To showcase the large-scale applicability of this switch, an effi-
cient in fluxu preparation via Baeyer–Mills reaction of difluoro
nitrosobenzene 8 and aniline 9 in a continuous flow setupwas es-
tablished. After destillative purification, a throughput of 3.7 g h−1

pure AB 10 can be achieved. To further increase its applicabil-
ity as an energy storage material, AB 10 was investigated as a
MOST-active solvent. We were able to dissolve ≈5 wt.% TBAPF6
conductive salt in neat AB 10, which increased its electrical

Small 2025, 21, 2502938 © 2025 The Author(s). Small published by Wiley-VCH GmbH2502938 (7 of 9)

http://www.advancedsciencenews.com
http://www.small-journal.com


www.advancedsciencenews.com www.small-journal.com

conductivity to a measurable quantity. This improvement re-
sulted in an efficient electron-catalyzed back isomerization using
a flow electrochemical cell, which resulted in a complete back
conversion to the (E)-isomer. This is an improvement in com-
parison to the photochemical back isomerization. Here, PSS still
contains considerable amounts of (Z)-isomer [PSS405 nm = 78%
(E)-isomer]. Additionally, we prepared the higher energy density
NBD 11, which we dissolved in the liquid AB 10 (10 wt.%) while
still having a low viscous liquid. Complete isomerization of this
mixture with 340 nm was not achieved, as the employed NBD 10
showed decomposition before PSS states could be reached. This
could be improved by choosing amore stableNBDderivativewith
suitable absorption properties and a long half live. Nevertheless,
as a proof-of-concept we demonstrated the strategy to dissolve
and irradiate a MOST candidate dissolved in a neat MOST-active
solvent. This way, we can avoid the usage of additional solvents
maintaining the processibility keeping a high absolute storage
density.

4. Experimental Section
The detailed experimental processes are available in the Supporting
Information.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.

Acknowledgements
The authors acknowledge financial support by the European and Hes-
sian Government within the “Innovationslabor Prozessdi-agnostik” (EFRE
21031934) and by the Deutsche Forschungsgemeinschaft (DFG) within
the Research Unit FOR 5499 “Molecular Solar Energy Management –
Chemistry of MOST Systems” (project 496207555). The authors thank Na-
talia Haibel and Apl. Prof. Dr. Dirk Walter for providing and helping with
DSC measurements. Additionally, the authors thank Dr. Christian Würtele
and Lisa-Marie Wagner for their help with the XRD analysis. The authors
thank Dr. Rafael Meinusch and Prof. Dr. Bernd Smarsly for providing and
helping with viscosity measurements. The authors thank Vapourtec for
borrowing their photoreactor. Furthermore, the authors thank Dr. Leonie
Lieber and Prof. Dr. Nicole Graulich for the IR camera.

Open access funding enabled and organized by Projekt DEAL.

Conflict of Interest
The authors declare no conflict of interest.

Data Availability Statement
The data that support the findings of this study are available in the
supplementary material of this article.

Keywords
azo compounds, electrochemistry, energy storage, photochemistry,
solvent

Received: March 21, 2025
Revised: May 20, 2025

Published online: June 2, 2025

[1] S. Chu, A. Majumdar, Nature 2012, 488, 294.
[2] S. Chu, Y. Cui, N. Liu, Nat. Mater. 2016, 16, 16.
[3] J.-L. Brédas, E. H. Sargent, G. D. Scholes, Nat. Mater. 2017, 16, 35.
[4] A. Z. Weber, M. M. Mench, J. P. Meyers, P. N. Ross, J. T. Gostick, Q.

Liu, J. Appl. Electrochem. 2011, 41, 1137.
[5] V. R. Stamenkovic, D. Strmcnik, P. P. Lopes, N. M. Markovic, Nat.

Mater. 2017, 16, 57.
[6] Z. Wang, P. Erhart, T. Li, Z.-Y. Zhang, D. Sampedro, Z. Hu, H. A.

Wegner, O. Brummel, J. Libuda, M. Brøndsted Nielsen, K. Moth-
Poulsen, Joule 2021,5, 3116.

[7] R. J. Salthouse, K. Moth-Poulsen, J. Mater. Chem. A 2024, 12, 3180.
[8] Z. Wang, H. Hölzel, K. Moth-Poulsen, Chem. Soc. Rev. 2022, 51, 7313.
[9] F. J. Hernández, J. M. Cox, J. Li, R. Crespo-Otero, S. A. Lopez, J. Org.

Chem. 2023, 88, 5311.
[10] A. A. Beharry, O. Sandovski, G. A. Wooley, J. Am. Chem. Soc. 2011,

133, 19684.
[11] H. A. Wegner, Angew. Chem., Int. Ed. 2012, 51, 4787.
[12] M. Dong, A. Babalhavaeji, S. Samanta, A. A. Beharry, G. A. Wooley,

Acc. Chem. Res. 2015, 48, 2662.
[13] J. Garcia-Amorós,M.Díaz-Lobo, S. Nonell, D. Velasco,Angew. Chem.,

Int. Ed. 2012, 51, 12820.
[14] D. Dong, Z.-Y. Zhang, T. Dang, T. Li, Angew. Chem., Int. Ed. 2024, 63,

202407186.
[15] Z.-Y. Zhang, D. Dong, T. Bösking, T. Dang, C. Liu, W. Sun, M. Xie, S.

Hecht, T. Li, Angew. Chem., Int. Ed. 2024, 63, 202404528.
[16] Y. Shi,M. A. Gerkman,Q.Qiu, S. Zhang, G. G. D.Han, J.Mater. Chem.

A 2021, 9, 9798.
[17] Y. Wu, L. Dong, S. Tang, X. Liu, Y. Han, S. Zhang, K. Liu, W. Feng,

Small 2024, 20, 2404310.
[18] X. Li, S. CHo, G. G. D. Han, ACS Mater. Au 2023, 3, 37.
[19] A. Kunz, A. H. Heindl, A. Dreos, Z. Wang, K. Moth-Poulsen, J. Becker,

H. A. Wegner, ChemPlusChem 2019, 84, 1145.
[20] C. Averdunk, K. Hanke, D. Schatz, H. A. Wegner, Acc. Chem. Res.

2024, 57, 257.
[21] D. Dong, T. Li, ChemPhotoChem 2024, 8, 202400007.
[22] K. Masutani, M. Morikawa, N. Kimizuka, Chem. Commun. 2014, 20,

15803.
[23] Z. Wang, R. Losantos, D. Sampedro, M. Morikawa, K. Börjesson, N.

Kimizuka, K. Moth-Poulsen, J. Mater. Chem. A 2019, 7, 15042.
[24] Q. Qiu, M. A. Gerkman, Y. Shi, G. G. D. Han, Chem. Commun. 2021,

57, 9458.
[25] L. Dong, F. Zhai, H. Wang, C. Peng, Y. Feng, W. Feng, Energy Mater.

2022, 2, 200025.
[26] R. Liang, B. Yuan, F. Zhang, W. Feng, Angew. Chem., Int. Ed. 2025, 64,

202419165.
[27] Y. Wang, S. Huang, Y. Ma, J. Yi, Y. Jiang, X. Chang, Q. Li, ACS Appl.

Mater. Interfaces 2022, 14, 35623.
[28] C. Knie, M. Utecht, F. Zhao, H. Kulla, S. Kovalenko, A. M. Brouwer, P.

Saalfrank, S. Hecht, D. Bléger, Chem.-Eur. J. 2014, 20, 16492.
[29] Q. Qiu, Y. Shi, G. G. D. Han, J. Mater. Chem. C 2021, 9, 11444.
[30] M. Morikawa, H. Yang, K. Ishiba, M. Masutani, J. K.-H. Hui, N.

Kimizuka, Chem. Lett. 2020, 49, 736.
[31] K. Ishiba, M.Morikawa, C. Chikara, T. Yamada, K. Iwase, M. Kawakita,

N. Kimizuka, Angew. Chem., Int. Ed. 2015, 54, 1532.
[32] C. Mills, J. Am. Chem. Soc. 1895, 67, 925.
[33] A. Baeyer, Dtsch. Chem. Ges. 1874, 7, 1638.
[34] K. Ueno, S. Akiyoshi, J. Am. Chem. Soc. 1954, 76, 3670.

Small 2025, 21, 2502938 © 2025 The Author(s). Small published by Wiley-VCH GmbH2502938 (8 of 9)

http://www.advancedsciencenews.com
http://www.small-journal.com


www.advancedsciencenews.com www.small-journal.com

[35] J. H. Griwatz, A. Kunz, H. A. Wegner, Beilstein J. Org. Chem. 2022, 18,
781.

[36] J. H. Griwatz, C. E. Campi, A. Kunz, H. A. Wegner, ChemSusChem
2024, 17, 202301714.

[37] L. Vaghi, M. Coletta, P. Coghi, I. Andreosso, L. Beverina, R. Ruffo, A.
Papagni, Arkivoc 2020, 5, 340.

[38] Y. Yu, T. Ikeda, J. Photochem. Photobiol. C 2004, 5, 247.
[39] S. Y. Grebenkin, V. M. Syutkin, D. S. Baranov, J. Photochem. Photobiol.

A 2017, 344, 1.
[40] A. Miniewicz, H. Orlikowska, A. Sobolewska, S. Bartkiewicz, Phys.

Chem. Chem. Phys. 2018, 20, 2904.
[41] M. M. Cross, J. Colloid. Sci. 1965, 20, 417.
[42] A. Dreos, Z. Wang, J. Udmark, A. Ström, P. Erhart, K. Börjesson,

M. Brøndsted Nielsen, K. Moth-Poulsen, Adv. Energy Mater. 2018, 8,
1703401.

[43] C. Schick, E. Zhuravlev, R. Androsch, A. Wurm, W. P. Schmelzer, in
Glass - Selected Properties and Crystallization, (Eds.: J.W. P. Schmelzer),
De Gruyter 2024, 1–94.

[44] K. Gilmore, P. H. Seeberger, Chem. Rec. 2014, 14, 410.
[45] C. Sambiagio, T. Noël, Trends Chem. 2020, 2, 92.
[46] L. Buglioni, F. Raymenants, A. Slattery, S. D. A. Zondag, T. Noël,

Chem. Rev. 2022, 122, 2752.
[47] D. Cambié, T. Noël, Top. Curr. Chem. 2018, 376, 1.
[48] A. Goulet-Hanssens, M. Utecht, D. Mutruc, E. Titov, J. Schwarz, L.

Grubert, D. Bléger, P. Saalfrank, S. Hecht, J. Am. Chem. Soc. 2017,
139, 335.

[49] D. L. Goldfarb, M. P. Longinotti, H. R. Corti, J. Solut. Chem. 2001, 30,
307.

[50] J. L. Sadler, A. J. Bard, J. Am. Chem. Soc. 1968, 90,
1979.

[51] P. Nandadulal, S. Subhas, G. Sreebrata, Inorg. Chem. 2010, 49,
2649.

[52] E. Laviron, Y. Mugnier, J. Electroanal. Chem. 1978, 93, 69.
[53] D. Schulte-Frohlinde, Justus Liebigs Ann. Chem. 1958, 612,

138.
[54] A. Goulet-Hanssens, C. Rietze, E. Titov, L. Abdullahu, L. Grubert, P.

Saalfrank, S. Hecht, Chem 2018, 4, 1740.
[55] E. Franz, A. Kunz, N. Oberhof, A. H. Heindl, M. Bertram, L. Fusek, N.

Taccardi, P. Wasserscheid, A. Dreuw, H. A. Wegner, O. Brummel, J.
Libuda, ChemSusChem 2022, 15, 202200958.

[56] J. L. Greenfield, M. A. Gerkman, R. S. L. Gibson, G. G. D. Han, M. J.
Fuchter, J. Am. Chem. Soc. 2021, 143, 15250.

[57] T. T. Nguyen, A. Boussonniére, E. Banaszak, A.-S. Castanet,
K. P. P. Nguyen, J. Mortier, J. Org. Chem. 2014, 79,
2775.

[58] K. Edel, X. Yang, J. S. A. Ishibashi, A. N. Lamm, C. Maile-Mössmer,
Z. X. Giustra, S.-Y. Liu, H. F. Bettinger, Angew. Chem., Int. Ed. 2018,
57, 5296.

[59] V. Gray, A. Lennartson, P. Ratanalert, K. Börjesson, K. Moth-Poulsen,
Chem. Commun. 2014, 50, 5330.

[60] M. Le, G. G. D. Han, Acc. Mater. Res. 2022, 3, 634.
[61] A. M. Kolpak, J. C. Grossman, Nano. Lett. 2011, 11, 3156.

Small 2025, 21, 2502938 © 2025 The Author(s). Small published by Wiley-VCH GmbH2502938 (9 of 9)

http://www.advancedsciencenews.com
http://www.small-journal.com

	An Azobenzene-Based Liquid Molecular Solar Thermal (MOST) Storage System9040�Energy Carrier and Solvent
	1. Introduction
	2. Results and Discussion
	2.1. Synthesis
	2.2. Photophysical Properties
	2.3. Thermal Properties
	2.4. Irradiation
	2.5. Energy Release
	2.6. Liquid MOST as Solvent

	3. Conclusion
	4. Experimental Section
	Supporting Information
	Acknowledgements
	Conflict of Interest
	Data Availability Statement

	Keywords


