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ated energy storage in solid-state
Azo-BF2 switches†

Qianfeng Qiu,‡a Qingkai Qi,‡b Junichi Usuba,a Karina Lee,a Ivan Aprahamian *b

and Grace G. D. Han *a

We present here a group of Azo-BF2 photoswitches that store and release energy in response to visible light

irradiation. Unmodified Azo-BF2 switches have a planar structure with a large p-conjugation system, which

hinders E–Z isomerization when in a compacted state. To address this challenge, we modified the switches

with one or two aliphatic groups, which altered the intermolecular interactions and arrangement of the

photochromes in the solid state. The derivative with two substituents exhibited a non-planar

configuration that provided particularly large conformational freedom, allowing for efficient

isomerization in the solid phase. Our discovery highlights the potential of using double aliphatic

functionalization as a promising approach to facilitate solid-state switching of large aromatic

photoswitches. This finding opens up new possibilities for exploring various photoswitch candidates for

molecular solar thermal energy storage applications.
Introduction

Molecular solar thermal (MOST) energy storage compounds,
which absorb and store photon energy through photo-
isomerization and release the energy as heat when triggered
to undergo the reverse isomerization, have emerged as a prom-
ising solution for harnessing and storing wasted solar energy.
Various photoswitches, including fulvalene diruthenium
complexes,1–4 norbornadienes,5–8 dihydroazulenes,9–12 azo(he-
tero)arenes,13–17 and hydrazones,18 have been investigated and
reported for successful MOST energy storage, as a result of the
reversible isomerization of the switches and considerable
energy difference between the thermodynamically stable isomer
and its metastable photoisomer. Considerable efforts have been
dedicated to validating the functional substituents of the
aforementioned photoswitches to enhance their optical and
thermal properties19–23 e.g., quantum yields of switching, pho-
tostationary state (PSS) ratios of isomers, absorption wave-
lengths, and thermal stability of metastable-state isomers. The
characterization of the parameters is primarily performed in
dilute solutions, while the translation of such properties in
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condensed phases, particularly in the solid state, is critical for
developing MOST systems with large gravimetric and volu-
metric energy densities.24 However, the solid-state isomeriza-
tion of photoswitches is oen unfavourable because of the
signicantly reduced conformational freedom of molecules in
the condensed phases, especially for transformations that
require a large structural and volumetric change of isomers.25 In
addition, most of the established MOST compounds primarily
absorb light in the UV range to activate the thermodynamically
stable state,16 which limits the use of the solar spectrum that
contains only about 5% UV photons.26

In pursuit of visible and/or near IR activated photoswitches,
a series of Azo-BF2 complexes were developed,27–30 which exhibit
red-shied pnb–p* and blue-shied n–p* transitions caused by
the coordination of the azo moiety with the Lewis acid (BF2).27

The control over the absorption wavelengths, photo-
isomerization quantum yields, PSS ratios, and thermal half-
lives of the Z isomer was demonstrated through the modular
design of Azo-BF2 compounds bearing various functional
groups.28 Because of the limited examples of MOST compounds
that can be activated by long visible or near IR light, the Azo-BF2
design presents a unique opportunity to harness the longer end
of the solar spectrum, complementary to the conventional
MOST compounds that absorb UV or short visible light.16

However, the evaluation of Azo-BF2 for MOST applications has
not been explored, because the planarity of the large photo-
chromic core induces signicant p interactions that reduce the
conformational freedom of the photoswitches in condensed
phases. Such interactions were preliminarily investigated in
concentrated solutions of Azo-BF2 that resulted in aggregation
and impacted the thermal reversion half-life of the Z isomers.31
Chem. Sci., 2023, 14, 11359–11364 | 11359
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Herein, we report the design principle of Azo-BF2 derivatives
that enables reversible photoswitching in the solid state,
exclusively triggered by visible light. We present the rst
demonstration of MOST energy storage in Azo-BF2 compounds,
facilitated by the introduction of aliphatic substituents that
display out-of-plane distortion and reduce p interactions
among the Azo-BF2 cores. Unlike previous reports that demon-
strated solid–liquid phase transitions of azobenzenes or aryla-
zopyrazoles that are functionalized with an aliphatic
group,14,15,32–34 the Azo-BF2 derivatives exhibit unique solid-state
transitions and solar energy storage.
Fig. 2 DSC plots of compounds (a) 2 and (b) 5 as E and Z isomers
measured during the first heating and cooling cycles. Further heating
of the Z isomers results in Z / E isomerization and heat release
(exotherm highlighted in blue).
Results and discussion

Four mono-substituted (compounds 1–4) and one di-
substituted (compound 5) derivatives of Azo-BF2 (Fig. 1a) were
synthesized in 35–60% yield by reacting their hydrazone
precursors with boron triuoride diethyl etherate in the pres-
ence of N,N-diisopropylethylamine.27 The Azo-BF2 switches and
all their precursors were fully characterized using NMR spec-
troscopy and mass spectrometry. The UV-Vis absorption spectra
of all the Azo-BF2 compounds were comparable (Fig. S1†),
exhibiting a broad peak around 590 nm corresponding to the
pnb–p* transition of the E isomer and blue-shied absorption
around 520 nm for the Z counterpart (Fig. 1b). Both E and Z
isomers show around 65 nm and 45 nm bathochromic shis,
respectively, compared to the absorption peaks of the pristine
Azo-BF2 switch.27 These signicant absorption shis are
attributed to the para-functionalization of the alkyloxy groups,
which extends the p conjugation in the system and results in
a smaller HOMO–LUMO energy gap. The PSS ratios of the E/Z
isomers of all the Azo-BF2 compounds under 625 and 470 nm
irradiation (PSS625 and PSS470, respectively) were evaluated in
dichloromethane (DCM) : PSS625 = 90–97% Z and PSS470 = 48–
59% E (Fig. S2–S6†). All PSS ratios and quantum yields of
switching are summarized in Fig. S7–S16 and Table S1.† The
relatively low PSS470 is mainly because of the E/Z spectral
overlap. The thermal half-lives of the ve Z isomers were also
examined in DCM at 20 °C and found to be between 7 and
69 min (Fig. S17 and Table S2†). In the MOST context, 625 nm
irradiation induces E / Z conversion, which stores the isom-
erization energy (DHiso) in the chemical bonds of themetastable
Fig. 1 (a) Chemical structures of Azo-BF2 derivatives and the diagram of
the solid state. (b) UV-Vis spectral changes upon the photo-irradiation o

11360 | Chem. Sci., 2023, 14, 11359–11364
Z isomer (Fig. 1a), which is then released as heat upon Z / E
back-isomerization using 470 nm irradiation. The alkyloxy
substituents on the Azo-BF2 core, marked as R1 and R2, were
varied to ne-tune the intermolecular interactions of the
compounds in the condensed phase, allowing us to study the
impact of such interactions on the molecular packing and
photo-switching yields in the solid state.

We examined the thermal stability of all the Azo-BF2 deriv-
atives using thermogravimetric analysis (TGA) (Fig. S18†), and
the phase of their E and Z isomers by differential scanning
calorimetry (DSC) (Fig. 2 and S19†). The DSC plots of
compounds 2 and 5 are shown in Fig. 2 as an example. As
a result of the extended planar structure of the Azo-BF2 core, all
the E isomers display crystalline phases with high melting
points (Tm) as listed in Table 1. Compound 1-E, functionalized
with a short ethoxy group, exhibits the highest Tm (>164 °C)
among all the compounds, which is accompanied by thermal
decomposition. Compounds 3-E and 4-E, featuring extended
alkoxyl groups, exhibit notably lower melting points at 124 °C.
This observation contradicts the typical trend observed in
paraffins, where longer chains with enhanced London disper-
sion forces tend to result in higher melting points.35,36 This
unusual phenomenon bears resemblance to previous reports
involving some alkyl-functionalized azo(hereto)arene
photoswitches,14,33,37–39 where the introduction of lengthy alkyl
chains also resulted in a signicant reduction inmelting points.
visible-light-triggered photon energy storage and release processes in
f compound 1 in dichloromethane (2 × 10−5 M).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Thermal properties of the E and Z isomers of compounds 1–5a

E Z Z / E

Tm (°C) DHm (kJ mol−1) Tm (°C) DHm (kJ mol−1) Tiso (°C) DHiso (kJ mol−1) s1/2 (min)

1 >164 — >107 — 117 7 69
2 97 21 82 12 104 4 50
3 124 54 66 1 90 20 11
4 124 70 100 17 101 22 36
5 100 19 70 3 87 3 7

a Tm: melting point, DHm: melting enthalpy, Tiso: isomerization temperature, DHiso: isomerization enthalpy, s1/2: thermal half-life at room
temperature, —: unable to measure.
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This observation in the case of 3-E and 4-E can be attributed to
the weakening of p interactions among the aromatic photo-
switch cores (vide infra). Compound 2-E with a branched 2-
ethylhexyloxy group was designed to lower the Tm to 97 °C by
further reducing the p interactions (Fig. 2a), which is
a commonly applied strategy in forming a liquid-phase MOST
compound.15,40 Nevertheless, strong p stacking of the photo-
chroms results in the formation of a crystalline solid. Moreover,
compounds 1–4 show high melting points (>66 °C) for their Z
isomers as well, because of the planarity of the Z congurations.
Most importantly, none of these derivatives underwent E / Z
photo-isomerization in the solid state, as a consequence of the
strong p interactions.

Therefore, the substitution of both ends of the Azo-BF2 with
alkyloxy groups was explored as a new strategy to further reduce
the intermolecular interactions in both the E and Z isomers. As
shown in Fig. 2b, compound 5-E displays a low Tm of 100 °C,
similar to that of compound 2-E (96 °C), and a Tm of 5-Z at 70 °C
that is comparable to the lowest Tm of 3-Z (66 °C). Surprisingly,
despite the crystallinity of both the E and Z phases, compound 5
undergoes facile and reversible E/Z isomerization in the solid
state (vide infra). All the thermal parameters of compounds 1–5
measured by DSC are summarized in Table 1. In general, the Z
isomers exhibit 15–58 °C lower Tm values than the corre-
sponding E isomers, and the crystal packing differences
between the E and Z isomers are corroborated and elucidated by
the powder X-ray diffraction measurements (Fig. S20†).

The measurement of DSC exotherms associated with the Z
/ E back-isomerization allows for the evaluation of the density
of energy storage (DHiso) in each compound. For example,
thermal activation of 2-Z leads to the melting of Z at 82 °C,
followed by back-isomerization (Fig. 2a). Compound 5-Z,
similar to 1-Z, 3-Z, and 4-Z, displays the rst melting of Z, then Z
/ E back-isomerization, subsequent crystallization of E, and
the melting of the formed E crystals (Fig. 2b and S19†). The
accurate measurement of DHiso is challenging because of the
convoluted processes. The values of the exotherm peaks are
summarized in Table 1. Overall, the DHiso values of Azo-BF2
derivatives are lower than those of azo(hetero)arenes, indicating
that the Z isomer is not as strained as in these systems. DFT
calculations (Fig. S21 and Tables S3–S10†) corroborate the
experimental results, predicting DHiso values of 19–25 kJ mol−1

(Table S11†), which is signicantly lower than the value
© 2023 The Author(s). Published by the Royal Society of Chemistry
predicted (62 kJ mol−1) or experimentally measured (49 kJ
mol−1) for pristine azobenzene.41 We also note that excessive
heating above 125 °C can lead to the partial (∼20%) thermal
decomposition of the Azo-BF2 derivatives, and subsequent
formation of their hydrazone precursors, which can also impact
the accuracy of the enthalpy measurements.

As aforementioned, compound 5 undergoes reversible solid-
state E/Z isomerization under 625 and 470 nm irradiation, as
opposed to the other compounds that do not isomerize in the
solid state. Thin lms of compounds 1–5 (0.1–0.75 mm thick) were
prepared (Fig. S22–S26†), irradiated with a 625 nm LED for 10min
and a 470 nm LED for 2 min, and evaluated by UV-Vis absorption
andNMR spectroscopy. Negligible colour change was observed for
compounds 1–4 upon irradiation (Fig. 3a and S27†), and small
changes in optical spectra (Fig. 3a and S28†) and Z percentage
(Fig. S29–S32†) of the lms were detected. Notably, compound 4
with the longest alkyloxy substituent rapidly (within a minute)
aggregates in the cast lm, forming large domains that scatter
light and induce substantial changes to the absorption proles.
The aggregated state is not altered by the irradiation, and the
absorption prole of compound 4 remains unchanged (Fig. S28†).

Compound 5 also shows aggregation-induced reduction of
absorbance in lms compared to the initially cast state (Fig. S28†),
but the reversible photoswitching of E/Z in lms (average thick-
ness of 0.37 ± 0.17 mm, Fig. S26†) was monitored upon 625 and
470 nm irradiation (Fig. 3b). The optical microscopy images
clearly demonstrate the colour changes between blue (PSS470 48%
E) and red (PSS625 70% Z) (Fig. S33†). Compared to the solution
state, the PSS ratios obtained in the condensed phase are lower,
which is attributed to the incomplete penetration of 470 nm (0.22
mm through E) and 625 nm (0.47 mm through Z) lights (Fig. S34†)
and uneven lm thickness. The effect of light penetration was
conrmed by the irradiation experiment on thinner lms (average
thickness of 0.18± 0.09 mm), which displayed an improved PSS625
of 81% Z and similar PSS470 of 47% E (Fig. S35†). We note that the
reduced conformational freedomof the photoswitches in the solid
state also contributes to the lower PSS ratios. The switching is
repeatable over 10 cycles (Fig. 3c), displaying small variations in
absorbance aer each cycle, which is intrinsic to solid-state UV-Vis
measurement of lms with imperfect uniformity. Additionally,
17% of photo-degradation was detected by NMR for the thin lms
aer 10 cycles of irradiation (Fig. S36†), which can also induce
small absorbance changes. The thermal half-life of 5-Z at 20 °C
Chem. Sci., 2023, 14, 11359–11364 | 11361
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Fig. 3 UV-Vis absorption spectra and optical microscopy images of thin films (a) 1 and (b) 5 upon irradiation at 625 nm (15% 1-Z; 70% 5-Z at PSS)
and at 470 nm (17% 1-Z; 48% 5-Z at PSS). Scale bar= 1mm. (c) Isomerization cycles of thin film 5 upon alternating irradiation at 625 nm for 10min
(red filled area) and at 470 nm for 1 min (blue filled area), monitored by the absorbance changes at 610 nm.
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was characterized to be over 4 days (Fig. S37 and Table S12†),
signicantly extended from that measured in solution (7 min),
which indicates the sterically hindered thermal back-
isomerization of the compound in lms.31,42

To elucidate the mechanism behind the unique photo-
switchability of compound 5 in lms, we performed crystal
structure analysis of compounds 1 and 3–5 in the E isomeric state
Fig. 4 Crystal structures of (a) 1-E, (b) 3-E, (c) 4-E, and (d) 5-E displaye
chromophores are coloured in blue, functional groups (R1 and R2) in red, a
2-E were not obtained.

11362 | Chem. Sci., 2023, 14, 11359–11364
(Table S13 and Fig. S38–S53†). 2-E did not form high-quality
crystals suitable for X-ray diffraction. Fig. 4a shows the twisted
head-to-head packing of 1-E, formed by p stacking of Azo-BF2
cores. Within the structures of 3-E and 4-E, the long alkyloxy
chains assume an important role in mediating parallel molecular
stacking driven by London dispersion forces. Also, the interaction
between the electron-rich phenolic moiety and electron-poor Azo-
d in two perspectives: top view (top) and side view (bottom). Azo-BF2
nd hydrogen atoms are omitted for clarity. Note: high quality crystals of

© 2023 The Author(s). Published by the Royal Society of Chemistry
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BF2 induces an offset molecular arrangement (Fig. 4b and c).
Interestingly, the crystal structure of 5-E does not exhibit any
noticeable inter-chain interactions or aligned alkyloxy chains,
presumably because of the shorter substituents that do not yield
signicant London dispersion forces in the offset arrangement.
Instead, 5-E displays pronounced p stacking between the neigh-
bouring Azo-BF2 cores (Fig. 4d), similar to 1-E. The alkyloxy groups
show staggered arrangement (top view, yellow highlighted) and
out-of-plane distortion in the crystal lattice (side view, yellow
highlighted), which clearly differentiates 5-E from the other
compounds. This unique packing of compound 5 is hypothesized
to reduce the intermolecular interactions in the solid state, which
is manifested as low Tm and melting enthalpies of both the E and
Z isomers (Table 1). In addition, the van der Waals space ll
models that are obtained based on the crystal structures illustrate
the largest fraction of void space (29.5%) in compound 5
compared to the others (23.8–27.5%) (Fig. S41, S45, S49, and
S53†). This nding reveals an important strategy for enabling
solid-state isomerization of large planar photochromic
compounds such as Azo-BF2 through the introduction of two
aliphatic chains into the core structure, which creates a non-linear
geometry of the compound that is less prone to compact packing
in the solid state. The balance between the p interactions among
the aromatic cores and London dispersion43–47 among the
aliphatic chains is critical to decrease the overall intermolecular
interactions and increase the conformational freedom needed for
isomerization in the solid state.

Conclusions

We developed red light absorbing MOST compounds based on
Azo-BF2 photoswitches and demonstrated that they display
reversible photoswitching and energy storage in the solid state.
The limited scope of exclusively visible light activated MOST
compounds makes this nding unique and valuable for solar
energy conversion and storage applications. Through rigorous
crystal structure analysis, we established a design principle of
double aliphatic functionalization, which reduces the inter-
molecular interactions and enables the facile solid-state
switching of large aromatic photoswitches that are unable to
switch otherwise. We believe that this strategy will be widely
applicable for various other photoswitches that consist of
extended aromatic cores, and which are only investigated in
dilute solutions.48–51 Such investigations will open the way for
discovering new MOST compounds having desirable optical
and energy storage properties.
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available in the published article and ESI.†

Author contributions

Q. Qiu performed optical, thermal, and structural character-
ization of compounds. Q. Qi synthesized compounds and
provided crystal structures. J. U. conducted DFT calculations
© 2023 The Author(s). Published by the Royal Society of Chemistry
and analysed crystal structures. K. L. performed TGA and
supplementary UV-Vis absorption spectroscopy. G. G. D. H. and
I. A. designed, conceived, and supervised the project.
Conflicts of interest

There are no conicts to declare.
Acknowledgements

This material is based upon work supported by the Air Force
Office of Scientic Research under Award Number FA9550-22-1-
0254. G. G. D. H. acknowledges the NSF CAREER award (DMR-
2142887) and Alfred P. Sloan Foundation (FG-2022-18328). K. L.
was supported by Brandeis MRSEC SMURF program (DMR-
2011846). I. A. acknowledges the generous support from NSF
DMR (2104464).
Notes and references

1 Y. Kanai, V. Srinivasan, S. K. Meier, K. P. C. Vollhardt and
J. C. Grossman, Angew. Chem., Int. Ed., 2010, 49, 8926–8929.

2 K. Börjesson, A. Lennartson and K. Moth-Poulsen, J. Fluorine
Chem., 2014, 161, 24–28.
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