Open Access Article. Published on 01 October 2024. Downloaded on 06/11/2025 6:18:59 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical
Science

PERSPECTIVE

{ ") Check for updates ‘

Cite this: Chem. Sci., 2024, 15, 17273

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

Received 26th August 2024
Accepted 30th September 2024

DOI: 10.1039/d4sc05723f

#® ROYAL SOCIETY
PPN OF CHEMISTRY

View Article Online
View Journal | View Issue,

Emerging solid-state cycloaddition chemistry for
molecular solar thermal energy storage

Cijil Raju, 2 Han P. Q. Nguyen® and Grace G. D. Han2*

Recently discovered designs of solid-state molecular solar thermal energy storage systems are illustrated,
including alkenes, imines, and anthracenes that undergo reversible [2 + 2] and [4 + 4] photocycloadditions
for photon energy storage and release. The energy storage densities of various molecular designs, from 6 kJ
mol~tto 146 kJ mol™* (or up to 318 J g~3), are compared and summarized, along with effective strategies for
engineering their crystal packing structures that facilitate solid-state reactions. Many promising molecular
scaffolds introduced here highlight the potential for achieving successful solid-state solar energy storage,

guiding further discoveries and the development of new molecular systems for applications in solid-state

rsc.li/chemical-science solar thermal batteries.

Introduction

Over the past couple of decades, there have been increasing
interest and significant progress in the development of molec-
ular solar thermal (MOST) energy storage systems.'” These
molecular systems capture solar photon energy through
photoinduced structural isomerization, storing it in the
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strained chemical bonds of metastable isomers (Fig. 1a). The
reverse isomerization of these metastable states to their ther-
modynamically stable forms can be triggered by photochemical,
thermal, electrochemical, or chemical means (such as catal-
ysis), releasing the stored energy as heat.*” The primary metric
for MOST systems is the amount of stored or released energy
(AGstorage), which corresponds to the energy difference between
the stable and metastable states. Other parameters including
light absorption ranges, photostationary state (PSS) ratios, light
penetration depths, and quantum yields of photoisomerization
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Fig. 1 Energy diagrams illustrating solar photon energy storage and heat release through reversible (a) intramolecular isomerization and (b)

intermolecular cycloaddition.

are also investigated to achieve efficient photon energy storage.
In addition, the activation energy for thermal reverse isomeri-
zation (AGY) is an important metric that determines the energy
storage duration of MOST systems.

These parameters have been fine-tuned and improved
through new molecular designs and the optimization of known
scaffolds.®? Various photoswitches, such as norbornadienes,'*"
azo(hetero)arenes,"** hydrazones,'® dihydroazulenes,”** and
fulvalene dirutheniums,”?* have been explored for their
potential to store and release energy in the solution state.
Recently, there have been developments in solvent-free MOST
systems, including neat liquid-state photoswitches or solid-
state compounds that transition to neat liquid upon
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isomerization, aimed at increasing the overall energy storage
density.”** Nevertheless, these systems continue to present
risks of organic substance leakage, which hinders their wide-
spread implementation.

As a result, exclusively solid-state MOST compounds have
been recently developed via efforts in enhancing the confor-
mational freedom of photoswitches in solids. This led to several
strategies such as integrating photoswitches in polymers or
porous structures (frameworks or cages) or nano-carbon
templates (e.g., graphene and graphene oxide), creating intrin-
sically amorphous solids, and engineering molecular stacking
in crystals.”®** Nevertheless, the number of examples is limited,
as many conventional photoswitches undergo significant
structural changes during E-Z isomerization or ring opening-
closing transformations, which are hindered in a solid state.

This challenge has been recently addressed by developing
topochemical photocycloaddition systems tailored for effective
energy storage and release in crystalline solid states (Fig. 1b).
Specifically, topochemical intermolecular [2 + 2] photo-
cycloadditions between alkenes* and [4 + 4] equivalents
between fused aromatic compounds*® have been discovered to
enable solar photon energy storage in their metastable cyclo-
adducts, such as cyclobutanes and dianthracenes. Designing
solid-state molecular systems for effective MOST energy storage
is complex, requiring not only photochemical reactivity in the
solid state but also meeting other essential criteria. This
perspective will elaborate on the detailed molecular design
criteria for achieving reversible solar energy storage and release,
substantial energy densities, and high efficiencies via
photoinduced cycloadditions in the solid state. We note that the
fundamental design principles of MOST compounds and the
general development of solvent-free MOST systems have been
well documented in various reviews.'*'>?*** Independently,
many reviews on solid-state photoswitching materials***® and
conventional topochemical reactions®**® without energy storage
considerations have been available. Distinctively, this perspec-
tive article will focus on the latest developments in top-
ochemical reaction approaches for solid-state MOST energy
storage.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Design principles of solid-state MOST
compounds
Enabling photon energy storage via cycloaddition

For a successful topochemical photocycloaddition, the reac-
tants are required to adopt a specific arrangement, akin to that
of the transition state of reaction, in a crystalline state.’>**
Pioneering studies on topochemical cycloaddition reactions by
Schmidt and co-workers established an empirical rule dictating
the reactivity of molecules in crystals.>”*® Specifically, the rule
predicts a high probability of topochemical cycloaddition of
molecules that present a near parallel arrangement between the
neighboring reactive units and their proximity within 4.2 A. The
principle has been widely accepted and demonstrated as
a preliminary criterion to fulfill for crystalline-state reactions.
Such desired molecular arrangements in crystals can be ob-
tained by engineering non-covalent interactions among the
reactants (e.g., H-bonding, halogen bonding, = interaction, and
so on), which are often induced by the functional groups on the
molecules (Fig. 2).*°> Therefore, the type, position, and
number of functional groups on a molecular scaffold have been
the major design criteria to explore in the field of solid-state
chemistry, as summarized in previous reviews.**** The molec-
ular design strategies discovered in the fundamental investi-
gations of solid-state photo-reactivity have served as important
tools for achieving solid-state MOST compounds.

In addition, for MOST applications, the light absorption
profiles of reactants need to be carefully tailored to maximize the
sunlight harvesting and the yield of solid-state cycloadditions on
a large scale. To enable broad absorption of light in the visible
range, the conjugation lengths across photochromic reactants
are fine-tuned. Upon cycloaddition, the conjugation lengths are
expected to significantly reduce in the metastable products,
exhibiting negative photochromism, to limit any undesired
photoinduced cycloreversion. Specifically, the functionalization
of photochrome scaffolds with donor and acceptor groups,
forming push-pull structures, has been incorporated to effec-
tively red-shift their absorption in the visible range, which then
turns colorless upon dimerization. Such molecular systems with
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Fig.2 Molecular design principles for successful solid-state reactions
that enable energy storage and release.
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large spectral separations between the reactants and products,
particularly in the visible range, are able to achieve near quanti-
tative PSS ratios, large light penetration depths, and complete
energy storage. Lastly, the quantum yields of photocycloadditions
are the fundamental characteristics of molecular systems, which
should be carefully examined to maximize the efficiencies of
solar energy conversion and storage in MOST systems.

Facilitating thermal energy release via cycloreversion

The cycloreversion of cycloadducts to the precursors or reactants
releases the stored energy in solid-state MOST compounds,
which is typically more challenging to achieve than the cycload-
dition process. In principle, the cycloreversion of [2 + 2] and [4 +
4] cycloadducts can occur photochemically under the irradiation
of short UV light. However, the photocycloreversion is often
severely hindered due to the spectral overlap between the reac-
tants and cycloadducts in the UV range, which lowers both the
solid-state PSS ratios and light penetration depths. Moreover, the
use of short UV can result in the photodegradation of molecules,
and the large photon energy input for triggering the energy
release from MOST systems is highly undesirable.

Therefore, thermally induced cycloreversion of cycloadducts
has emerged as an alternative triggering method that effectively
releases the stored energy in the solid state. Despite the
Woodward-Hoffman rules that intrinsically forbid the thermal
cycloreversion of [2 + 2] and [4 + 4] cycloadducts, there have been
observations of such reactions, particularly at high temperatures
near 200 °C accompanying the degradation of compounds.®7®
Lowering the temperature of cycloreversion has been viable,
however, through the careful molecular designs that allow for
facile bond dissociations of cycloadducts. For example, func-
tionalization at the reaction centers with sterically bulky or
electron-withdrawing groups can weaken newly formed bonds of
cycloadducts. The recent design strategies discovered to achieve
mild thermal triggering conditions will be showcased in this
perspective along with specific examples.

Another specific challenge associated with the energy release
from solid-state MOST materials is the adverse reabsorption of
the released heat by the melting of precursors that are gener-
ated during cycloreversion. Because of the endothermic melting
transition, the net energy release from cycloreversion is signif-
icantly reduced. Thus, molecular designs to bypass the issue
have to be considered, specifically to raise the melting point of
the precursor molecule above the thermal cycloreversion
temperature. Engineering strong directional non-covalent
interactions (e.g., H-bonding, halogen bonding, = interaction,
etc.) among the reactants in the solid state therefore plays
a pivotal role in preserving the crystallinity of compounds and
limiting their melting throughout the cycloreversion process.
Functional groups that yield strong intermolecular interactions
in crystals of reactants and products can thus facilitate
cycloaddition/cycloreversion cycles preserving the crystallinity.

Achieving large energy storage densities (AGgorage)

In order to accomplish substantial energy storage densities in
cycloaddition systems (40-100 k] mol "), comparable to those

Chem. Sci., 2024, 15, 17273-17283 | 17275
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of conventional MOST photoswitches,*” one should fine-tune the
relative energy levels of reactants and cycloadducts. In particular,
either lowering the energy state of reactants or raising that of
cycloadducts increases the energy gap between two states,
resulting in larger energy storage in the MOST system. In recent
reports, a strategy to dearomatize the reactant or break its
conjugation through photocycloaddition has been emphasized,
which enlarges the gap between the relative stabilization energy of
reactants and cycloadducts.**** Another method for enhancing
energy storage is to destabilize the cycloadduct by forming large
ring strains through the functionalization of molecules with bulky
groups. However, it should be noted that altering the structural
features of molecules can affect other parameters associated with
the MOST energy storage mechanism. For example, destabilizing
cycloadduct structures may adversely facilitate their spontaneous
cycloreversion, leading to unfavorably short energy storage
periods. Modifying the reactant structure with bulky groups may
significantly alter the molecular packing in crystals, resulting in
the photostability of crystals. Hence, understanding and predict-
ing the consequences of structural modifications will be crucial
for finding the optimal and novel solid-state MOST compounds.

Currently, the number of reported cycloadducts for MOST
energy storage is limited to a few, and thus further molecular
discoveries and fundamental studies remain vital tasks to
accomplish solid-state MOST applications. Thus, we aim to
highlight the state-of-the-art findings on the subject, which may
elucidate important design principles and encourage the
contribution from scholars in the diverse fields of photochem-
istry, solid-state chemistry, and beyond.

State-of-the-art solid-state MOST
compounds

Intermolecular [2 + 2] and [4 + 4] photocycloadditions have been
recently explored to store solar photon energy in cycloadducts
including cyclobutanes, diazetidines, and dianthracenes. In the
following examples, the energy storage densities have been
measured by differential scanning calorimetry (DSC), and
complete and reversible cycloaddition and reversion have been
achieved. Also, the crystal packing of molecules has been ana-
lysed to shed light on the molecular design rules that lead to
effective MOST energy storage and release.

Styrylpyrylium/cyclobutane [2 + 2] cycloaddition

Topochemical [2 + 2] photocycloaddition reactions of alkenes
to cyclobutanes have been vastly explored in solid-state
chemistry, while the observation of complete and clean
cycloreversion of cyclobutanes has been relatively less re-
ported in the solid state.””® In 1985, Hesse and Hiinig
demonstrated the reversible cycloaddition of styrylpyrylium
(STP) salts generating cyclobutane (CB)-bearing products,®
and in 1993, Novak and co-workers reported the observation of
such reactions in single crystals.** However, the potential of
reversible STP/CB cycloaddition in MOST energy storage
remained unexplored.

17276 | Chem. Sci,, 2024, 15, 17273-17283
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Recently, STP derivatives with varied functional groups and
counter anions (1-10) have been explored as candidates for
MOST energy storage (Fig. 3a).** All compounds exhibited an
orange color with broad visible light absorption in the 400-
600 nm range (Fig. 3b), attributed to the donor-acceptor design
of STPs. An electron-rich phenyl ring, substituted with electron-
donating groups (Me, OMe, and NMe,), and an electron-
deficient pyrylium ring across the central alkene allow for the
extensive delocalization of electron density in the STP structures.
Such a donor-acceptor design also facilitates a favorable head-to-
tail stacking of STPs in their crystals via strong complementary
interactions between electron-rich and electron-deficient
aromatic rings on neighboring molecules.

STPs 1-7 underwent solid-state [2 + 2] cycloaddition under
visible light irradiation (470 or 530 nm) for 3-20 hours, or under
the AM 1.5 standard solar spectrum for 15 hours, resulting in
their products that store energy in the strained CB units. Due to
the reduced conjugation in products, their absorption in the
visible range is negligible, which can significantly increase the
penetration depth of incident light through solid-state materials.
In contrast, STPs 8-10 remained unreactive even after prolonged
(48 hours) photoirradiation. Such different photo-reactivities of
similar STP derivatives were rationalized by analysing their crystal
structures. The representative crystal structures of STP 1 and 10
are shown in Fig. 3c and d. While all STPs adopted parallel
stacking between paired molecules in crystals, the proximity
between the reactive alkenes varied: shorter (1-7) or longer (8-10)
than Schmidt's criterion, 4.2 A. The different degrees of orbital
overlap between paired STPs dictate their reactivity and capability
to store photon energy by cycloaddition.

The cycloreversion from CB to STP releases the stored
energy. Due to the overlapping absorption of STP and CB in the
UV range (Fig. 3b), UV-induced cycloreversion was low-yielding
even in thin films. On the other hand, thermally triggered
cycloreversion was quantitative, effectively releasing heat, as
monitored by DSC. The thermal triggering conditions for CBs
ranged from 71 °C to 165 °C, reflecting the relative stability of
CBs with varied substituents and counter anions. The revers-
ibility of cycloaddition/cycloreversion of 1 was tested for 10
cycles, without any sign of degradation, and each cycloreversion
process was completed in 10 minutes at 160 °C. It is indeed
unusual to observe such facile thermal cycloreversion of cyclo-
butanes under mild heating conditions. It is hypothesized that
the strong donor-acceptor substituents on CBs may stabilize
the transition state energy of cycloreversion. The cycloreversion
temperatures are well below the melting points of the resulting
STPs (except for 5), enabling uncompromised energy release
without any reabsorption of released heat. The high melting
points of STPs (150-250 °C) are characteristic of ionic
compounds with strong intermolecular coulombic interactions
in crystals.

The energy storage densities measured for CBs 1, 2, 5 and 6
were markedly larger (31-42 kJ mol " or 39-51 ] g~ ) than those
of CBs 4 and 7 (6-8 k] mol™* or 6-8 J ¢ ). Such drastic differ-
ences in the energy storage capabilities of molecules were
strongly correlated with their crystal packing structures: STP/CB

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc05723f

Open Access Article. Published on 01 October 2024. Downloaded on 06/11/2025 6:18:59 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Perspective

View Article Online

Chemical Science

a Bu vis tBu
'x*oDj\_. X'0> Ar= 4 X=BF, 1
Bu LD — sy © cio; 2
O+X> , tBU- o Br- 3
= ~O'X S~ CF.SO. 4

tBu heat fBu oY%
styrylpyrylium (STP) cyclobutane (CB)
e o o 0 o o. o e
X =BF, Ar= © /©/ - /©\ P \©/ \Q/ ©
O O
5 6 7 8 9 10
b 15 —sTP1 C d c1 c2
g 10 —CB1
Py 9.70 A
o 0.5
® 0 cz ) N
300 400 500 600 c1*
wavelength (nm) 1 (photoreactive) 10 (photostable)

e herringbone packing (large AG)

STP § CB5

f 1D columnar packing (small AG)

STP 4 CB4

Fig. 3 (a) Reversible photoinduced [2 + 2] cycloaddition and reversion between styrylpyrylium (STP) and cyclobutane (CB) with varied functional
groups on the phenyl ring and varied counter-anions (X7). (b) UV-vis absorption spectra of STP 1 (orange) and CB 1 (gray). Crystal structures of (c) STP 1
showing proximal head-to-tail packing for [2 + 2] cycloaddition and (d) STP 10 showing offset packing unsuitable for cycloaddition. Crystal packing
structures of (e) STP 5 and CB 5 and (f) STP 4 and CB 4 representing herringbone and 1D columnar packing, respectively. In panels (c)-(f), the hydrogen

atoms are omitted in the crystal packing for clarity. This figure has been reproduced from ref. 44 with permission from Elsevier, copyright 2023.

1, 2, 5 and 6 adopt herringbone packing (Fig. 3e), while STP/CB  energy gap for 1, 2, 5 and 6 and reduced it for 4 and 7. The

4 and 7 display 1D columnar packing (Fig. 3f). Detailed inves- STP/CB systems highlight the critical role of crystal packing in
tigation on the crystal structures revealed different extents of determining the efficacy of MOST energy storage via cycload-

coulombic interactions among cationic molecules and counter dition as well as the energy storage density.
anions in each crystal packing, which enlarged the STP-CB

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Styryldipyrylium/cyclobutane [2 + 2] polymerization

The STP structure was further extended by the addition of
another pyrylium group to the phenyl moiety, which formed
a series of styryldipyryliums (11-14; Fig. 4a) with red-shifted
absorption profiles.® The extended compounds bearing
two reactive alkenes were also expected to increase the
molar and gravimetric energy storage densities. Although the
molecular design of styryldipyryliums (SDPs) has been
known,®*® their crystal packing has been challenging to
predict. Even with various substituents or counter anions,
SDPs tend to form mostly photostable crystals rather than
photoactive forms, which limits their application in MOST
energy storage. Thus, various recrystallization methods or
mechanical activation strategies have been explored to
control the molecular arrangement in the solid state and
reliably obtain photopolymerizable forms.*

For example, the series of SDPs 11-14 generally forms photo-
stable crystals, where the distance between the nearest reactive
alkene units exceeds 4.2 A. For SDP 11, both photostable (major)
and photoactive (minor) crystals were obtained, enabling the
observation of light-induced topochemical polymerization in
single crystals (Fig. 4b and c). Alternatively, the photoactive crys-
talline phase could be produced on a larger scale by the rapid
reprecipitation of SDPs from solvent mixtures. The resulting
orange crystalline powder demonstrated facile polymerization

View Article Online

Perspective

depolymerization at 263 °C, displaying a rather low energy storage
and release (13 J g~ ') compared to STPs.

The mechanical activation of photostable crystals by
grinding effectively converted the initial crystalline phase to an
amorphous phase that is photoactive and polymerizable. Light
irradiation on the amorphized SDP powder yielded the gener-
ation of an amorphous CB polymer, similar to the crystalline
polymer in Fig. 4c but with a large disorder. However, such an
amorphous polymer displayed incomplete depolymerization,
due to the presence of both all-trans (1r,2r,3r,4r) and cis-trans
(1R,2R,35,4S) CB isomers within the polymer backbone, in
contrast to the crystalline polymer solely composed of the cis—
trans CB isomer. DFT calculations suggest that an all-trans CB
structure is essentially uncleavable under thermal triggering
conditions, due to the stronger C-C bonds in the CB unit,
limiting the energy release from the CB polymer.

Oxazole/diazetidine [2 + 2] cycloaddition

Photoinduced [2 + 2] cycloaddition of imine (C=N) groups
yields a diazetidine, a four-membered heterocyclic ring con-
taining two nitrogen atoms.*”* Such a reaction remains less
explored compared to the analogous photocycloaddition of
alkenes (C=C) yielding a large number of cyclobutane-bearing
products. In the 1980s, Paillous and co-workers evaluated the
photoreactivity of 2-phenylbenzoxazole (PB) 15; they observed

upon irradiation at 470 nm and thermally induced . . o
the UV (300 nm)-induced solution-state [2 + 2] cycloaddition of
a {Bu vis
v tA? N\ P
tBu ro= Ay <P 3
X0 N u Bu __ 0O <
Bu & ¢ o' x Bu ,
tBu heat Y
styryldipyrylium (SDP) monomer cyclobutane (CB) polymer
X =BF, Ar= H )+ Eéi% )OO+ %Q :
1" 12 13 14
SDP monomer 11 CB polymer 11
Fig. 4 (a) Reversible photoinduced [2 + 2] cycloaddition and reversion between styryldipyrylium (SDP) monomers and cyclobutane (CB)-linked

polymer derivatives with varied arene spacers. Crystal structures and microscopic optical crystal images of (b) SDP monomer 11 and (c) CB
polymer 11. In panels (b) and (c), the hydrogen atoms are omitted in the crystal structure for clarity. This figure has been reproduced from ref. 85,
an open access article of Springer Nature (Creative Commons CC BY license).
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the imine units of PBs forming 1,3-diazetidine cycloadducts.****
The strained diazetidine rings displayed exothermicity upon
acid-mediated cycloreversion. Later, the photoreactivity of PB
derivatives, functionalized with F, Cl, Br, or I, was tested,
revealing the favorable cycloaddition of fluorinated (16) and
chlorinated (17) derivatives in solution or at the hexane-water
biphasic interface.?>** However, the energy release from these
cycloadducts was not examined for MOST energy storage
applications.

Inspired by the potential to store large energy in their
strained diazetidine rings, we recently investigated the MOST
energy storage capabilities of PB derivatives 15-18 (Fig. 5a).**
The crystal structures of PBs display parallel arrangements
between neighboring molecules that are either head-to-head (17
and 18) or head-to-tail (16) stacked with desired distances
between reaction C=N units (Fig. 5b and c). Despite having
a favorable crystalline arrangement, PBs 16 and 17 failed to
undergo photocycloaddition in the solid state, similar to other
PB derivatives, displaying prominent fluorescence.®**® There-
fore, the hexane-water biphasic condition was used instead to
facilitate their photocycloaddition at the interface under UV
irradiation for 72 hours.

The thermal activation of all solid-state diazetidine (DA)
derivatives successfully induced their complete cycloreversion at
around 110 °C within 15 minutes. The energy release from DAs is
remarkably large, ranging from 94 to 146 k] mol " (224-318] g ),
compared to all other solid-state MOST compounds reported to
date. The exceptional energy storage capability of the PB/DA
system 1is attributed to the photoinduced dearomatization of
PBs and the formation of a highly strained four membered ring of
DAs. However, most of the compounds displayed the unfavorable
reabsorption of released heat due to the melting of regenerated
PB, except for PB 17 that has a high melting point.

DAs can also be produced from the photocycloaddition of
oxazolones, as reported by Wendlander and co-workers in

a o uv R
O
S S W
N , N
R < > % I j
© heat R @
phenylbenzoxazole (PB) diazetidine (DA)
R Cl Me

[ =, C TN <y c 7S
N /379A 3.56 A
- 73 7S -
N+ C C T\
PB 17 PB 16

Fig. 5 (a) Reversible photoinduced [2 + 2] cycloaddition and reversion
between various phenylbenzoxazole (PB) and corresponding dia-
zetidine (DA) derivatives. Proximal (b) head-to-head stacking of PB 17
and (c) head-to-tail PB 16 molecules in their crystals. In panels (b) and
(c), the hydrogen atoms are omitted in the crystal structures for clarity.
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1984.%” The effective solid-state cycloaddition of oxazolones is
promising for MOST energy storage, and the evaluation of their
energy storage densities and release conditions is an ongoing
effort, along with the optimization of molecular designs.

Anthracene/dianthracene [4 + 4] cycloaddition

The photoinduced [4 + 4] cycloaddition of anthracenes (A) has
been reported to occur in solution, neat liquid, and solid state,
creating new C-C bonds between the C9 and C10 positions of
anthracenes.”””*°*1* The dearomatized dianthracenes store
energy and revert to anthracenes releasing energy in the range
of 20-50 k] mol' for most derivatives that were
investigated.®>'*>%” Exceptionally, in 1973, Donati and co-
workers reported the solid-state cycloreversion of dia-
nthracenes of 9-cyanoanthracene (19) and 9-cyano-10-
acetoxyanthracene (22), releasing a substantial thermal energy
of 74 and 82 kJ mol ™', respectively.’®® Building upon this
discovery, a comprehensive investigation on 9-cyanoanthracene
derivatives 19-22 and their capability to store and release solar
energy in the solid state has been recently performed (Fig. 6a).*®
All anthracene derivatives exhibited a characteristic n-m*
transition with an absorption band centred around 400 nm
(Fig. 6b). Upon photoirradiation at 405 nm for 4-20 hours, they
underwent solid-state cycloaddition to form respective dia-
nthracenes, storing energy and turning colorless. Crystal struc-
tures show the favorable head-to-tail stacking between
neighboring anthracenes that are separated by 3.5-4.2 A between
the reactive carbons (C9/C10), which enables a facile crystal-to-
crystal transformation (Fig. 6c). Dianthracenes 20-22 under-
went thermally induced cycloreversion to the corresponding
anthracenes at reasonably low temperatures, exhibiting the onset
of reversion at temperatures below 75 °C, while the onset of 19
was at 140 °C. However, because all anthracenes displayed high
melting points in the range of 170-210 °C, the complete heat
release from cycloreversion could be accurately measured: 82—
102 kJ mol " or around 200 J g . Such large energy release is
attributed to the rearomatization and stabilization of the result-
ing anthracenes relative to the dearomatized dianthracenes. The
cyclability of the compounds was tested upon the repeated pho-
todimerization and self-activated heat release processes,
revealing no degradation as confirmed by NMR analysis.
Remarkably, the released energy (AGiorage) is comparable to or
even exceeds the activation energy (AG') for thermal cyclo-
reversion, which allows for the observation of self-activated energy
release in the solid MOST compounds. Locally triggered energy
release can induce further cycloreversion from neighboring areas
of unreacted dianthracenes, resulting in a rapid cascade of reac-
tions and heat propagation throughout the solid materials within
15-20 seconds (Fig. 6d). The use of an IR laser allows for short and
localized thermal triggering as well as the estimation of the
thermal activation efficiency; approximately 7.5% of energy input
triggered the complete energy release from dianthracenes upon the
self-activated cascade process. Such cycloreversion of dia-
nthracenes is also facilitated by molecular cooperativity in the solid
state, which lowers the activation barrier as the reaction prog-
resses, displaying the characteristic kinetics of auto-catalysis.'”
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(a) Reversible photoinduced [4 + 4] cycloaddition and reversion between various anthracenes and corresponding dianthracenes. (b) UV-

vis absorption spectra of A 21 (orange) and D 21 (gray). (c) Experimental crystal structure of A 20, showing the head-to-tail stacking of
anthracenes and the simulated crystal structure of D 20, showing a shortened distance between reactive carbons. (d) Optical and IR images
showing the color and temperature change of a pellet of D 21 during cycloreversion and heat release. In panel (c), the hydrogen atoms are
omitted in the crystal structures for clarity. The figure was reproduced from ref. 45 with permission from Elsevier, copyright 2024.

Recap

Comparison of solid-state cycloaddition MOST systems.

Melting

temperatures of Charging Cycloreversion Energy storage
MOST systems monomers wavelength(s) Half-lives of dimers temperatures densities
Styrylpyrylium/cyclobutane  150-250 °C 470 or 530 nm 4 days to 32 years  71-165 °C 6-51]g7"
dimerization**
Styryldipyrylium/ — 470 nm — 263 °C 13]g "
cyclobutane
polymerization®
Benzoxazole/diazetidine 101-149 °C 300 nm 135 days to 23 years 60-71 °C 224-318 g~ *
dimerization®*
Anthracene/dianthracene 176-207 °C 365 or 405 nm 1 day to 190 years ~ 59-140 °C 195-221]g "
dimerization®®

Conclusions and outlook

The rational molecular designs and precise molecular
arrangements in crystals have enabled quantitative top-
ochemical cycloaddition reactions, which are critical for effec-
tive photon energy storage in solid-state MOST systems. The
reversible and repeatable cycloaddition reactions, occurring in
the absence of solvents, catalysts, or side reactions, allow for
greener, safer, and more efficient MOST energy storage and
release. Because of the solvent-free operation, the cycloaddition
systems can be easily integrated into various materials
including garments, windows, surfaces of solid-state consumer
products, and so on for various self-charging and heating
applications. The solid-state materials can be processed into
diverse forms such as films, pellets, fibers, and powder, which is
difficult to achieve for conventional MOST systems that operate
in solutions. Most critically, the overall energy densities of

17280 | Chem. Sci,, 2024, 15, 17273-17283

cycloaddition MOST systems (i.e., gravimetric and volumetric
energy densities) are substantially higher than those of
solution-state systems, in which the large excess solvent
contributes to diluting the energy densities of molecules in
a large volume and mass of solution. These desirable features of
solid-state cycloaddition chemistry drive further development
of topochemical MOST systems, also supported by the rich
literature in the fields of crystal engineering and topochemical
reactions. Translating the design principles gained from tradi-
tional solid-state photochemical reactions to MOST applica-
tions will be an important step towards achieving practical and
novel molecular solids that harness solar energy.

However, this burgeoning topic of chemical research has
many remaining challenges and unanswered questions. For
example, how can we control the impact of lattice energy change
upon cycloaddition to favorably contribute to the overall energy

© 2024 The Author(s). Published by the Royal Society of Chemistry
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storage? The prominent intermolecular interactions in close-
packed crystals will affect the relative stability of reactants
and cycloadducts, in turn changing the energy storage densi-
ties. Are there ways to predict such an effect, for example, by the
computation of molecular crystals? The emerging machine-
learning strategies could possibly accelerate the discovery of
novel materials.**

The mechanistic and kinetic analysis of solid-state reactions,
both photochemical and thermal transformations, will allow for
a deeper understanding of energy storage and release processes.
The advantages and disadvantages of solid-state designs for
achieving rapid photo-charging, long-term energy storage, and
facile heat release will need to be further scrutinized by
fundamental studies. The cooperativity of molecules for reac-
tions in a given crystalline lattice will either accelerate or hinder
the desired processes.

Lastly, new method development for catalyzing the energy
release will be critical. Unlike solution-state heat release for
which photochemical, chemical, and electrochemical triggering
has been rigorously developed, solid-state systems present
unique difficulties such as the increased light scattering and
limited diffusion of triggers. Fortunately, some solid-state
compounds, such as dianthracenes, have shown auto-
catalyzed thermal cycloreversion, which efficiently releases the
stored energy. Further studies on controlling the self-activated
energy release process and discovering alternative triggers will
be important for elevating and expanding the emerging topic.
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