
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
Ju

ly
 2

02
5.

 D
ow

nl
oa

de
d 

on
 1

2/
7/

20
25

 1
1:

10
:3

1 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
High energy den
aInstitut für Organische Chemie, Eberhar

Morgenstelle 18, 72076 Tübingen,

uni-tuebingen.de
bInstitut für Anorganische Chemie, Eberha

Morgenstelle 18, 72076 Tübingen, Germany

† Electronic supplementary information
NMR, MS and UV-vis spectral data, DSC
eqn 3, kinetic analysis data for the therm
Cartesian coordinates, crystal structure d
ESI and crystallographic data in CIF
https://doi.org/10.1039/d5sc03159a

Cite this: Chem. Sci., 2025, 16, 15231

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 30th April 2025
Accepted 15th July 2025

DOI: 10.1039/d5sc03159a

rsc.li/chemical-science

© 2025 The Author(s). Published by
sity dihydroazaborinine dyads and
triad for molecular solar thermal energy storage†

Sonja M. Biebl, a Robert C. Richter, a Markus Ströbele, b Ivana Fleischer *a

and Holger F. Bettinger *a

The reversible photoisomerization of 1,2-dihydro-1,2-azaborinines (BN benzenes) to their Dewar isomers

(2-aza-3-borabicyclo[2.2.0]hex-5-enes) provides a promising platform for molecular solar thermal

(MOST) energy conversion, storage, and release. We examine how energy density can be optimized by

bundling multiple dihydroazaborinine units into a single molecule and explore how properties change

depending on the connectivity of these units. Remarkably high molar energy densities of up to

644 kJ mol−1 were obtained, as well as a significant decrease in the half-life of the storage state in the

order of ortho > meta > para. Moreover, the absorption is shifted from the UV-C of the parent 1,2-

dihydro-1,2-azaborinine into the UV-A region. The investigated dyads and triades meet several criteria

for an ideal molecular solar thermal storage material.
Introduction

In an effort to combat climate change in accordance with
a stable energy supply, developments of environmentally
acceptable energy storage systems are indispensable. Switch-
able molecules that enable the storage of solar power by pho-
toisomerization, as well as the release of the stored energy on
demand for molecular solar thermal (MOST) energy storage are
a vibrant research eld.1,2 MOST compounds isomerize to
a higher-energy metastable species upon energy input, usually
in the form of electromagnetic radiation (Fig. 1a). Great promise
for these applications is shown by 1,2-dihydro-1,2-azaborinines
as a new member in the eld.3–5 These six-membered aromatic
heterocycles are isoelectronic to benzene.6–8 In contrast to the
multichannel photoisomerization of their all-carbon analogue,
the electrocyclic ring closure of 1,2-disubstituted 1,2-dihydro-
1,2-azaborinine A occurs selectively to the corresponding
Dewar isomer (2-aza-3-borabicyclo[2.2.0]hex-5-ene) upon irra-
diation with UV light (Fig. 1). By the introduction of aryl
substituents para to the boron heteroatom Ozaki et al. recently
reported the formation of BN-benzvalene (3-aza-4-boratricyclo
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[3.1.0.0]hexane) isomers as follow-up products.9 With regards
to the remarkably high storage energy (47 kcal mol−1) of the
Dewar isomer as well as the quantitative photoisomerization
and catalytic ring opening (Wilkinson's catalyst and coinage
metal Lewis acids) this compound class is promising for MOST
energy storage.3,5,10

To comprise a MOST system, the considered compound
must meet a series of requirements (Fig. 1b). In the rst place
(a) the ground state storage molecule should absorb in the
visible spectrum (solar match),11 while (b) the resulting photo-
isomer should be transparent and therefore cause no
competing absorption or photochemical reactions. Aer exci-
tation the desired isomerization should proceed (c) selectively
with high quantum yield.12 Once formed, high (d) gravimetric
Fig. 1 Examples of different MOST systems (a) and criteria for
a potential application as MOST system (b). AZB: azobenzene, NBD:
norbornadiene, QC: quadricyclane, DHA: dihydroazulene, VHF:
vinylheptafulvene.
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energy density and (e) stability of the metastable isomer are
required.13 The latter must allow for thermal,14 catalytic15 or
electrochemical16 reversion of the isomerization. Ultimately, (f)
all considered reactions should proceed quantitatively to ensure
high durability over many charge and discharge cycles (cycla-
bility).17 Among the extensively studied norbornadienes and
azobenzenes, many other substance classes like dihy-
droazulenes18 (Fig. 1a), certain fulvalene ruthenium
complexes,19 anthracenes,14 or uorinated acetophenones20

fulll many of the criteria and thus are promising candidates
for energy storage application.

With sterically demanding substituents on the reactive
boron and nitrogen atom, the properties of dihydroazabor-
inines already fulll many requirements for MOST applica-
tions.3 However, a major challenge remains red shiing the
absorption wavelength. Since photon energy decreases with
increasing wavelength, bathochromic shis toward the visible
spectrum inherently counteract the optimization of energy
density and may impose limitations due to the reduced excita-
tion energy.11,21 Considering established MOST systems such as
norbornadienes, diazo compounds and dihydroazulene, the
incorporation of a donor–acceptor system could be a promising
approach.22,23 However, due to the typically large acceptor and
donor substituents, these compounds oen exhibit increased
molecular weights, which in turn reduces their energy density.24

Given that the molar energy density in established MOST
systems shows only minor variation depending on the substi-
tution pattern, the molar mass emerges as the key parameter in
this regard.23 A well-established strategy to address this limita-
tion is the integration of multiple photoswitches within a single
molecule (Fig. 2).25 For example, norbornadiene with various
linkers26 and connected azobenzenes27,28 have demonstrated
excellent suitability as MOST systems. It has been demonstrated
that both the connectivity pattern28–30 and the linking unit26 play
a crucial role, inuencing properties ranging from UV-vis
absorption to the half-life of metastable isomers and the effi-
ciency of photoconversion. In the case of oligo-azobenzenes,
Wegner, Wachtveitl, Dreuw and coworkers demonstrated that
phenylene-meta-connected azobenzene units are maximally
decoupled and therefore retain the individual photochemistry
of the subsystems.28,31 In hybrid MOST systems stepwise pho-
toisomerizations, increased energy densities and a broader
overlap with the solar spectrum have been achieved.32
Fig. 2 Representative oligomeric MOST systems from the last ten
years incorporating azobenzenes,27 norbornadienes28 and
dihydroazulenes.31

15232 | Chem. Sci., 2025, 16, 15231–15238
Since dihydroazaborinines exhibit a certain degree of
aromaticity,33,34 a second dihydroazaborinine unit can be used
to extend the p-system, even if the two molecular switches are
connected over one of the heteroatoms. Here, we report the
synthesis and characterization of a series of 1,2-dihydro-1,2-
azaborinines with extended p-systems. We chose ethynylene
linkers between the boron heteroatom of the individual dihy-
droazaborinines and a central phenylene ring. The alkynylene
linker, known for the high bond strength and planar geometry,
improved the molecular planarity and aggregation in lms
thereby enabling precise control over morphology and phase
separation in photoactive layers of organic solar cells.35 Con-
taining two or more dihydroazaborinine units, our target
molecules absorb in the UV-A range and in addition provide
high storage densities. Studies addressing the versatile and
complex interactions between the dihydroazaborinine building
blocks of such molecules are not available. Our investigations
provide an insight into the photoisomerization behavior of
multichromophoric dihydroazaborinine systems.

Results and discussion
Synthesis

The high-energy density dihydroazaborinines 1–4 can be
prepared in a two-step one-pot procedure from the literature
known 1-(tert-butyldimethylsilyl)-2-chloro-1,2-dihydro-1,2-
azaborinine 5.6,36 Treatment of the bis-ethynylbenzene with
lithiumhexamethyldisilazide furnishes the corresponding
deprotonated species, which are highly nucleophilic and react
with the electrophilic boron atom of dihydroazaborinine 5
Scheme 1 Synthesis of (a) the high energy density dihydroazabor-
inines 1–3, (b) the trifold substituted species 4, and (c) the reference
compound 6 with one dihydroazaborinine unit.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Molecular structure of dihydroazaborinine 3 in the solid state (2253439), (b) packing of 3 in the solid state, (c) molecular structure of 4 in
the solid state (2240655). Hydrogen atoms omitted for clarity. Thermal ellipsoids are drawn at the 50% probability level.
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(Scheme 1a). The triad 4 was synthesized using the same
strategy but an adjusted quantity of base and compound 5. In
case of 1-(tert-butyldimethylsilyl)-2-phenylethynyl-1,2-dihydro-
1,2-azaborinine 6 instead of an organolithium reagent the
commercially available Grignard reagent was used.

At room temperature, the neat compounds 1–2 are colorless
oils, while the dihydroazaborinines 3–4 are colorless solids. All
four species are stable at room temperature under dry atmo-
spheric conditions.
Solid state structure

Single crystals of 3 and 4 suitable for X-ray crystallography were
obtained by diffusion of dichloromethane vapor into n-hexane
(Fig. 3). The dihydroazaborinine units of compound 3 are
coplanar with a N1–B1–N1–B1 dihedral angle of exactly 180°.
They are twisted with respect to the central benzene ring, by
48.1° (N1–B1–C7–C8) and −42.8° (N1–B1–C7–C8). A
herringbone-like packing of the molecules in the crystal is
observed, which points to intermolecular van der Waals inter-
actions (Fig. 3). The dihydroazaborinine units of 4 are rotated
with respect to each other, with dihedral angles of 55.1° (N1–
B1–B2–N2), 37.0° (N1–B1–B3–N3) and −104.9° (N2–B2–B3–N3).
In addition, the dihydroazaborinine units are non-coplanar
with respect to the bridging benzene ring with dihedral angles
of 5.8° (N3–B3–C5–C4), 15.4° (N1–B1–C1–C2) and 53.5° (N2–B2–
C3–C2).
Fig. 4 Comparison of the UV-vis absorption spectra in cyclo-
hexane (0.005–0.01 M, RT) of (a) the high energy density isomers 1–
3 and (b) the meta-aligned high energy density
dihydroazaborinines 2 and 4.
UV-vis spectra

All UV-vis spectra were measured in cyclohexane (Fig. 4), which
provides a larger spectral window compared to other suitable
solvents, e.g. benzene. Compared to reference compound 6,
which contains only one dihydroazaborinine unit, a red-shi of
the absorption maxima is observed for all compounds 1–4. This
can be regarded to result from the enlarged p-system of the
oligomers. An increasing bathochromic shi of the absorption
onset can be found in the series meta (2) < ortho (1) < para (3).
The longer wavelength onset of absorbance in the para system 3
can be rationalized by the linear conjugation pathway between
© 2025 The Author(s). Published by the Royal Society of Chemistry
the two photoswitching units (Fig. 4). In contrast, the absorp-
tion maximum of the ortho isomer 1 at 307 nm is almost
identical to that of reference compound 6 (306 nm), which
contains only one dihydroazaborinine unit, but shares the
phenylethynyl substitution at boron with the oligomers. This
can be explained by a poor orbital overlap between the dihy-
droazaborinine units of 1. With respect to the connectivity, also
the UV-vis absorption band shape changes signicantly for the
three isomers 1–3.
Chem. Sci., 2025, 16, 15231–15238 | 15233
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Scheme 2 Stepwise photoisomerization process proposed based on
the 1H NMR spectra of 1 upon irradiation (see Fig. 5).
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The two meta-substituted species 2 and 4 have absorption
spectra similar to that of 6. This indicates that there is no
enhanced p extension over the second (or third) photo switch-
ing unit for the meta connected isomers 2 and 4. The para
connected compound 3, on the other hand, has its absorption
maximum bathochromically shied to 329 nm and an onset of
absorption at about 370 nm. With a bathochromic shi of
23 nm compared to species 6, the absorption of para isomer 3
lies in the UV-A range.

A comparable trend was reported earlier for absorption
maxima of ortho, meta and para connected bis-azobenzenes.28

Moreover, detailed studies of the cis–trans-interconversion of
azobenzene units depending on their connectivity revealed that
the meta-bisazenes have largely decoupled photo switching
units, while the para isomer showed the highest degree of p
conjugation.28 Similarly, norbornadiene (NBD) oligomers re-
ported by Moth-Poulsen and coworkers have larger differences
of the absorption maxima between the meta and the para
isomer.29

Photoisomerization

While the photochemistry of the parent 1,2-dihydro-1,2-
azaborinine was investigated under matrix isolation condi-
tions (4 K, Ne matrix),5 the irradiation of 1,2-bis-substituted
dihydroazaborinines like 1–4 can be conducted in 50 mM or
25 mM deuterated cyclohexane solutions at room temperature
with 280–400 nm light using J.-Young quartz tubes.3 The reac-
tion progress was monitored via proton NMR spectroscopy, and
complete photoisomerization of all dihydroazaborinine units
was observed. For the proximal ortho isomer 1 an exceptional
insight into the mechanism of the isomerization was gained.
Upon irradiation two NMR signals for each Dewar bridgehead
proton arose and the signals for the dihydroazaborinine
protons doubled as well (Fig. 5).
Fig. 5 1H NMR spectra of dihydroazaborinine 1 upon irradiation (280–
400 nm) after (a) 0 min, (b) 3 min, (c) 5 min, (d) 10 min and (e) 15 min
reveal stepwise photoisomerization process. Only the aromatic region
as well as one additional Dewar signal (4.6 ppm) are shown for clarity.
Full spectra can be found in the ESI.†

15234 | Chem. Sci., 2025, 16, 15231–15238
Aer an extended irradiation time all dihydroazaborinine
signals vanish due to complete isomerization. This is in accor-
dance with disappearance of one set of Dewar proton signals
(Fig. 5e), yielding the expected proton NMR spectrum for Dewar
isomer 1D. These additional signals are in good agreement with
an intermediate photoproduct 1IM, that combines two isomers
of the dihydroazaborinine building block in one molecule
(Scheme 2). A second photoisomerization process converts this
species readily further to product 1D. Therefore, only in the
beginning of the irradiation an excess of intermediate 1IM can
be noted (Fig. 5b).

The signals of the intermediate (IM) and the all-Dewar
species (D) are less separated for the meta and para-
substituted compounds 2 and 3. Bearing in mind the spatial
distance of the dihydroazaborinine units of the isomers 2–3 (as
well as in compound 4), very similar chemical shis of the
single Dewar fragments in 2IM–4IM compared to the corre-
sponding products 2D–4D seem plausible. The same assertion
goes for the dihydroazaborinine units of the intermediates 2IM–
4IM and the precursors 2–4. Nevertheless, the formation of
similar intermediate species upon irradiation of 2–4 can be
demonstrated via 1H NMR spectroscopy considering the signals
of the silyl substituents. The two methyl groups on silicon show
a distinct change in the chemical shi in going from 2IM–4IM to
2D–4D. For all compounds under investigation a conversion
above 90% can be ascertained via NMR spectroscopy aer 30
minutes of irradiation.

All Dewar isomers show partial decomposition upon removal
of the solvent at room temperature, even under very mild
conditions without any vacuum. The Dewar isomers 1D and 2D
were obtained as orange–brown viscous oils, while 3D and 4D
were isolated as amorphous brown solids. Further examination
of the species formed upon drying the Dewar isomers 1D–4D and
6D was impossible due to insolubility. Attempts to purify or
isolate the Dewar isomer from this mixture of unknown
composition failed due to the high reactivity of this isomer,
which e. g. does not allow for column chromatography. The
NMR spectra aer irradiation match excellently with the spectra
of the Dewar isomer of dihydroazborinine A. The Dewar isomer
of A was crystallized by Richter et al. as a complex with silver(I)
hexauoroantimonate, providing clear evidence of the Dewar
isomer as the photoproduct.10 Based on the comparison of these
NMR spectra, the formation of the Dewar isomer upon irradi-
ation in solution can be clearly conrmed for the compounds 1–
4 and 6.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Concentration changes of dihydroazaborinine 4, its corre-
sponding intermediates 4IM1 and 4IM2 and Dewar isomer 4D upon
constant heating to 338 K for 9 h (a) and concentration change in the
first 4 h (b).
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Thermal ring opening

The thermal ring opening of all four compounds was investi-
gated using solutions. The solvent was never removed in
between irradiation and heating. Due to the insufficient solu-
bility of the dihydroazaborinines 2 and 3 in deuterated cyclo-
hexane, all kinetic experiments were conducted in deuterated
benzene. In order to obtain the activation barriers of the
thermal cycloreversion, a 50 mM benzene solution of 1D–4D was
heated within the NMR spectrometer and the reaction progress
was tracked using 1H NMR spectra. The cycloreversion of all
dihydroazaborinines involves intermediates (IM) as was proven
by means of 1H NMR spectroscopy.

For the isomers 1–3 the measurements proved a depletion of
the all-Dewar species in agreement with rst order kinetics.
Accordingly, the time dependence of the decay can be described
according to eqn (1).

[Dewar] = A0$e
−k1$t (1)

Aer about 2.8 h 1D–3D was completely converted into 1IM–
3IM (Fig. 6) and the decrease of the intermediate species can be
observed nearly exclusively. This subsequent reaction could be
identied to follow rst order kinetics as well. Therefore, the
reaction rate could be determined by employing eqn (2) of
a follow-up reaction.

½Intermediate 1� ¼ k1A0

k2 � k1
$
�
e�k1$t � e�k2$t

�
(2)

In case of the triply substituted dihydroazaborinine 4, two
intermediate species appear, that provide separate signals in
the 1H NMR spectrum. To our delight, a determination of all
three activation barriers was possible. Again, the thermal ring
Fig. 6 (a) Concentration change of dihydroazaborinine 1, its corre-
sponding intermediate 1IM and Dewar isomer 1D upon constant
heating at 338 K for 10 h, (b) Arrhenius plot resulting from separate
measurements at 333 K, 338 K, 343 K and 348 K. (c) Eyring plot
resulting from separate measurements at 333 K, 338 K, 343 K and 348
K. RO: ring opening.

© 2025 The Author(s). Published by the Royal Society of Chemistry
opening of all-Dewar compound 4D to 4IM2 follows rst order
kinetics. Both subsequent ring opening reactions were assumed
to be rst order kinetics, based on their behavior once the
previous species or intermediate has mainly disappeared (aer
1.3 h or 2.6 h respectively, Fig. 7). A derivation of the resulting
time dependence (eqn (3)) can be found in the ESI† (section 5).

½Intermediate 2� ¼ k1A0

k2 � k1
$

�
� k1 � 2k2

k1 � k3
$
�
e�k1$t � e�k3$t

�

� k2

k2 � k3
$
�
e�k2$t � e�k3$t

��
(3)

The results of the kinetic experiments and density functional
computations (Table 1) for the thermal ring opening are in good
agreement, which supports the above-mentioned conclusion of
rst order kinetics for the individual ring opening reactions.

The activation energies (Ea) were determined from the
parameters of Arrhenius plots using the Arrhenius equation.
Activation enthalpies (DH‡), activation entropies (DS‡), and
Gibbs free activation energies (DG‡) were calculated using the
Eyring equation (for further details, see the ESI†). According to
these activation barriers, the compounds allow for the storage
of energy over several days at room temperature.

Since the same sample was used for the kinetic experiments
described above, without any interim processing, the experi-
ments provide insight into the stability over multiple isomeri-
zation cycles. To estimate the completeness of the conversion as
well as potential decomposition, the normalized integrals of the
Table 1 Comparison of calculated (B3LYP/6-311+G(d,p)) values and
the experimentally determined activation barrier (Arrhenius) or DG‡

(Eyring) for the thermal ring opening (in kcal mol−1) as well as the half
lifes (t1/2 in h) of the all-Dewar isomers at 298 K

6 ortho (1) meta (2) para (3) 4

Arrhenius Ea1,exp 21.2 24.6 23.8 23.3 23.1
Ea2,exp — 23.0 26.1 26.1 25.3
Ea3,exp — — — — 25.7
t1/2,1 165 53 55 41 30

Eyring DG‡
1.ro 25.5 25.1 24.9 24.7 24.5

DG‡
2.ro — 25.1 25.4 25.3 24.9

DG‡
3.ro — — — — 25.3

Theory DG‡
1.ro — 23.9 — 25.1 —

DG‡
2.ro — 23.8 23.5 25.5 —

Chem. Sci., 2025, 16, 15231–15238 | 15235
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Fig. 8 DSC measurement of compound 4 including both heating
gradients as well as the intermediate cooling in the device (b) and
direct comparison of the first (dark blue) and second (light blue)
heating plotted against the temperature.
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kinetic measurements were utilized. During or aer the NMR
experiment no precipitation or cloudiness was observed,
however, repeated irradiation and heating led to yellow to
orange coloration of the solution. This could indicate traces of
decomposition or a byproduct, which cannot be identied
using NMR spectroscopy due to its low concentration. Qualita-
tively it is apparent that only minor decomposition is observed
in four photoisomerization cycles (see ESI,† section 8).

The cycloreversion of 6 at room temperature can be triggered
using silver(I) salts with weakly coordinating anions as Lewis
acid catalyst, as reported earlier for 1-(tert-butyldimethylsilyl)-2-
mesityl-1,2-dihydro-1,2-azaborinine A (see Fig. 1a) by Richter
et al.10 Especially Ag[Al(OC(CF3)3)4]37 performed well (for addi-
tional information see ESI†). The catalysis can successfully be
conducted in benzene, despite the silver ion suffering a reduc-
tion of its activity due to coordination by this solvent. Solvents
like dichloromethane, used by Richter et al.,10 are unsuitable
because they lead to decomposition of the Dewar isomers. The
catalytic ring-opening of the isomers containing two Dewar
units was studied using the para-isomer 3. The silver(I) salt also
exhibits catalytic activity toward this isomer, however, the back
reaction is accompanied by signicant decomposition. In case
of the triad, only decomposition is observed. The Wilkinson
catalyst used by Edel et al. exclusively leads to the decomposi-
tion of the species 3, 4 and 6.3
Table 3 Comparison of triad 4 with comparable norbornadiene or
diazo systems in terms of absorption wavelength, lifetime of the
storage isomers and stored energy
DSC measurement

To assess the energy stored in each isomer, differential scan-
ning calorimetry (DSC) measurements were performed. To
avoid decomposition of the Dewar isomers, mesitylene solu-
tions were used for the DSC measurements. The compounds
were irradiated in mesitylene solutions, and the solvent was
never removed (for details see ESI†). Due to its poor solubility in
the high boiling solvents under consideration, no experimental
data could be recorded for isomer 3.

All photoproducts exhibited the characteristic DSC signal
pattern of an exothermic process, which was assigned to the
thermal back-conversion of the Dewar isomer (Fig. 8). During
the rst heating cycle, heat release is observed at 80 °C (1 and 4),
105 °C (2) or 65 °C (6). The completeness of energy release was
veried by cooling the sample to −20 °C in the device and
subsequently subject it to the same heating cycle again without
any intermediate treatment (Fig. 8). No further exothermic
signal was observed (see ESI† for further DSC data, section 8).

The resulting measurements show the expected additive
behavior of the energy stored (Table 2). Oligomers containing
two switching units store approximately twice the energy of
Table 2 Comparison of the experimental and computed (B3LYP/6-
311+G(d,p)) values of the stored energy for the thermal ring opening of
1–5

6 ortho (1) meta (2) para (3) 4

DEexp (kJ kg−1) 741.2 794.4 873.5 — 994.4
DEexp (kcal mol−1) 51.9 96.5 106.2 — 150.9
DEtheor (kcal mol−1) 48.2 109.3 109.4 109.8 157.1

15236 | Chem. Sci., 2025, 16, 15231–15238
a monomeric analog 6 (and A), and this added up to
157.1 kcal mol−1 for compound 4 with three units. Due to the
additional dihydroazaborinine unit(s), the gravimetric energy
density of the isomers and compound 4 remains largely
constant compared to reference compound 6, despite the
increased molar mass. For all ve dihydroazaborinines the
stored energy was also assessed by DFT computations. Large
storage energies of about 50 kcal mol−1 per dihydroazaborinine
unit were computed, which is in good agreement with previous
calculations and reaction calorimetry experiments for mono-
meric dihydroazaborinine A.3

Comparative assessment

When directly compared to norbornadiene- and diazo-triad
systems, compound 4 displays a signicantly higher energy
lmax (nm) 338/450 283 315
t1/2 (d) 5.6 8.0 1.3
DEexp (kJ kg−1) 45.3 307.0 994.4
DEexp (kcal mol−1) 10.8 61.1 150.9

© 2025 The Author(s). Published by the Royal Society of Chemistry
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storage capacity (Table 3).30,38 As previously outlined, this
advantage is accompanied by a trade-off in terms of absorption
wavelength. Given that the excitation energy does not directly
correlate with the stored energy but merely sets an upper limit,
a bathochromic shi of 30 nm compared to the norbornadiene-
based compound is still achieved.30 From an application-
oriented perspective, the high energy density is compromised
by the limited solubility of the investigated compounds 1–4.

Only in terms of half-life the triad 4 is outperformed by
both the diazo and the norbornadiene systems. Yet, all three
exhibit a comparable order of magnitude. For each of the
compound classes represented by these three examples,
systems with signicantly longer half-lives have been
reported.3,39,40
Conclusion

In summary, we developed a synthesis of ethynylphenylene
bridged high energy density dihydroazaborinines and investi-
gated their photoisomerization behavior with respect to
connectivity. The present systems provide a multimode photo-
switch that is capable of sequentially switching between up to
three states. The compounds can store high energies of up to
151 kcal mol−1 or almost 1 MJ kg−1 and provide storage times of
multiple days at room temperature. If the dihydoazaborinine
units are separated in a linearly conjugated path, as in case of
para isomer 3, the chromophore is strongly altered, and the
absorption maximum shows a distinct bathochromic shi.
Even though none of the considered compounds absorb in the
visible range, the overlap with the solar spectrum has been
improved compared to previously published azaborinines3 and
about 10% of the sunlight reaching the earth become usable.
Due to the sufficiently high barrier for thermal ring opening and
the considerable energy density, similar structural motifs could
also be evaluated for the development of new MOST systems in
the future. Potential improvements include the attachment of
donor substituents to the central benzene ring to generate
a further red shi. Given the high half-lives provided by steri-
cally demanding groups at the boron atom,3 substituting the
central ring with sterically demanding groups and the direct
linkage of the dihydroazaborinine to the phenylene unit are also
conceivable. Recent theoretical investigations further demon-
strated that substitution at the carbon positions para to the
heteroatoms exerts a signicant impact on the absorption
wavelength.41 Current efforts in our laboratory focus on imple-
menting such strategies for red-shiing the absorption spec-
trum, scaling up synthetic methodologies, and enhancing the
stability of the Dewar isomers. We anticipate that these ongoing
studies will enable an evidence-based assessment of the tech-
nological implementation of dihydroazaborinines in the MOST
context.
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