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Molecular solar thermal (MOST) systems have the potential to harness and store a vast amount of solar
energy, making them promising for renewable energy solutions. However, the integration of solar
absorption, high energy storage density, and long thermal half-life into a single photochromic couple
remains a contemporary challenge, hindering their practical deployment. In this work, we present
a rational design strategy to enhance key properties of a bridged bicyclic diene (BBD)-based
photoswitch through elongation of the unsaturated bridge and strategic functionalization. The
introduced substituents promote synergistic non-covalent interactions, particularly intramolecular
hydrogen bonding and reinforce push—pull electronic effects, collectively enabling pronounced batho-
chromic shifts in absorption without compromising energy storage capacity and duration. Comprehen-
sive electronic structure analyses carried out using the CASSCF, CASPT2, and DLPNO-CCSD(T) methods
ensure the robustness of the findings. This study provides valuable design principles for next-generation
MOST systems by leveraging the cooperative effects of non-covalent interactions and electronic
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1. Introduction

Energy is an inevitable necessity whose demand is growing
continuously with the growth of global population, industriali-
zation, and economic development." The inadequacy of our
primary energy resource, ie. fossil fuels, and its associated
environmental problems leading to catastrophic climate change
necessitate the transition towards renewable and sustainable
energy resources.”* As the sun is the most powerful and funda-
mental energy resource for Earth, scientific advancements are
underway for the development of artificial light-harvesting tech-
nologies such as photovoltaic cells, photocatalytic H, generation
through H,O splitting, and CO, reduction to methanol for its
direct utilization.”™

A molecular solar thermal (MOST) system is a carbon-neutral
energy storage technology that was previously overlooked by the
scientific community but is recently gaining prominence.'>** The
standout characteristic of MOST systems is their ability to harness
solar energy, store it as chemical energy for sufficiently long
durations, and release thermal energy as an output, providing
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modulation through functionalization.

an innovative storage solution for intermittent solar radiation.'*?

The process operates in a closed, emission-free cycle where a solar
thermal battery gets charged with the capture of photons and
discharges with the release of thermal energy, exchanging heat
with the surroundings without exchanging matter."*
Photoswitches are light-responsive molecules that undergo
isomerization to form a metastable photoproduct upon illumi-
nation and can be reverted to the parent isomer when triggered
by an external stimulus and are the vital functional units of
MOST devices."”° Bridged bicyclic diene (BBD)-based norbor-
nadiene (NBD)/quadricyclane (QC) has been recognized as a
promising photoswitching couple for MOST systems owing to
its high gravimetric energy density and energy storage
time.">"'%2° However, the strong optical absorption of NBD in
the UV region and its spectral overlap with QC impose hurdles
for its real-world applications.'*'*2° Strategic incorporation of
electron-donating and electron-withdrawing groups offers a
viable route to tune the electronic structure. Consequently,
research has been conducted exploring multiple design
approaches, such as implementing push-pull effects, introducing

and constructing donor-acceptor dimers
20-22

steric hindrance,
and oligomers to tailor their light absorption characteristics.
However, designing photochromic systems has historically faced
significant challenges as red-shifting in the absorption properties
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either compromises energy density or energy retention time.">">
This inherent trade-off has made it difficult to integrate all
essential features, posing a contemporary challenge and necessi-
tating the rational engineering of the photoswitches. Boulatov and
co-workers emphasized that the major bottleneck behind the lack
of a practical MOST system does not lie in the concept of
photoswitching but in the failure of an optimal molecular design;
conventional chemistry ideas will essentially assist in tackling the
challenge.'**

Moth-Poulsen and co-workers have devoted continuous
efforts to improve molecular designs, which have significantly
enhanced the properties of photoswitching systems to achieve
practical solutions.””**® Recent advancements toward the
development of a single photoswitch integrating all essential
features for practical applications have been systematically
reviewed.>' ™’ Despite several advancements, there are numer-
ous prospects to tailor the properties of photoswitches, making
them suitable for high energy density solar thermal systems as
next-generation rechargeable fuels.

Moth-Poulsen, Mikkelsen and colleagues demonstrated that
the energy storage performance of a bicyclooctadiene/tetra-
cyclooctane (BOD/TCO) couple with an elongated saturated
bridge exceeds that of the structurally analogous NBD/QC
(Fig. 1).**° Inspired by these findings, subsequent research
efforts have focused on investigating photoswitches with struc-
turally modified BOD skeletons to further optimize their
properties.*’ ™ The progressive elongation of the saturated
bridge enhances the energy storage capacity, albeit at the cost
of reduced storage lifetimes due to increased ring strain energy
(RSE) in the photoproduct.***® Structure-RSE-property correla-
tions revealed that elongation of an unsaturated bridge can
concurrently improve both the energy storage density and
thermal half-lives, thereby offering promising properties in a
single candidate.*"** This improvement is achieved due to
a reduced strain in both photoisomers while maintaining a
large enthalpy difference between them.*’** Owing to their
structural similarity, the photoswitching mechanism of these
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systems resembles that of the NBD/QC pair and other related
BBD-based systems.*” In analogy with the NBD/QC system,
these photochromic couples absorb strongly in the core UV
region due to a lack of conjugation and substitution may
diminish their energy storage performance.*"*>*¢

The non-covalent interactions, such as T-shaped interactions,
in arylazopyrazoles can effectively stabilize the Z-isomer, thereby
prolonging the thermal halflife.””*® Yet, to the best of our
knowledge, no studies have synergistically leveraged both non-
covalent interaction design and electronic functionalization to
integrate all desired features within BBD-based photoswitches.

This study aims to induce a bathochromic shift in the
absorption profile of photoswitches without compromising
their thermochemical performance, thereby improving their
viability for real-world MOST applications. To this end, six
BBD-based photoswitches with elongated unsaturated bridges
were designed to facilitate push-pull effects through strategic
functionalization. Comprehensive quantum chemical calcula-
tions were conducted using density functional theory (DFT)-
based M06-2X and PBE functionals and ab initio methods,
including DLPNO-CCSD(T), CASSCF, and CASPT2, to ensure
reliable energetic and electronic characterization. Solvation
effects on the properties of the photoswitches have also been
elucidated to identify optimal conditions for their practical
integration into MOST devices. The results underscore the
synergistic influence of non-covalent interactions and donor-
acceptor substitution in modulating absorption into the
desired spectral range while concurrently achieving high energy
storage density and extended thermal half-lives within a single
photoswitch.

2. Computational methodology

The geometries of the parent isomers and photoproducts were
fully relaxed by means of the DFT-based M06-2X functional
in conjunction with the 6-311++G** Pople-style basis set.”®

Previously Scrutinized Bridged Bicyclic Diene Systems

hv
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Fig. 1 Overview of previously investigated bridged bicyclic diene (BBD) photoswitches.
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This method was chosen because previous benchmarking
studies have shown that the M06-2X functional performs well
in accurately predicting the structure and photoswitching
properties of NBD/QC and BOD/TCO couples at low computa-
tional cost.>>*® Analytical second-order derivatives were com-
puted at the same level of theory to analyse the nature of the
critical point structures using harmonic frequency calculations.
The stationary point structure was confirmed as a local mini-
mum on the potential energy surface (PES) by verifying the
absence of an imaginary frequency. These optimized geome-
tries were subsequently used for all further calculations carried
out in this study. The first 15 singlet vertical electronic excited
states were computed at the time-dependent TD-MO06-2X/
6-311++G** level of theory to scrutinize the absorption proper-
ties of the photoisomers.

The storage energy (AGs,) of a photoswitching couple repre-
sents the amount of solar energy harvested and stored in the
metastable isomer, which can subsequently be released as heat
upon thermal or photochemical activation. It is computed as
the difference in Gibbs free energy between the photogenerated
isomer and the original diene structure:

AGstr = Gphotoproduct - Gdiene [1)

where Ggiene and Gphotoproduct F€present the Gibbs free energies
of the parent and metastable isomers, respectively. To ensure
accurate estimation of energy storage capacities, single-point
energies were computed at the DLPNO-CCSD(T)/Def2-TZVP
level of theory.’® The storage energy AGHLNO-CCSP(D)
puted by combining the electronic energy difference between
the two photoisomers refined at DLPNO-CCSD(T)/Def2-TZVP

and thermal corrections derived from MO06-2X/6-311++G**

was com-

calculations, analogous to previous reports,'”»*¢3%3
DLPNO-CCSD(T) _ DLPNO-CCSD(T 06-2X
AGys @ = ABg: @+ AT 2)

where AEDEPNO-CESP(T) denotes the electronic energy difference
at the DLPNO-CCSD(T) level, and AT3 ®?* corresponds to the
thermal correction difference between the two photoisomers at
the M06-2X level.

The conversion of the metastable photoproduct back to the
parent diene in the absence of light is termed thermal back
reaction (TBR) or thermal back isomerization. The activation
energy associated with this process is referred to as the TBR
barrier. Since the ring opening of the [2+2]-cycloadduct is
thermally forbidden according to the Woodward-Hoffmann
rules, the back reversion proceeds through an asynchronous
yet concerted mechanism at elevated temperatures involving
the formation of biradicals.>">*7¢

Single-reference methods are inappropriate, while multi-
reference methods are more suitable for describing biradicals.
The multiconfigurational complete active space with the
second-order perturbation theory (CASPT2) method is compu-
tationally demanding, and its vibrational frequency calculations
can be inaccurate due to reliance on numerical differentiation.>”
As a result, the less expensive multiconfigurational complete
active space self-consistent field (CASSCF) method can be
preferred for locating the geometries of transition states (TS).*®
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An active space consisting of four occupied (four o) and four
virtual (four o*) orbitals in the photoproduct was adequate to
model the photoswitching mechanism in the NBD/QC couple.*®
This follows the precedent set by Kuisma et al., who demonstrated
that (8,8)-CASSCF offers a good compromise between computa-
tional efficiency and accuracy.’® Therefore, the TS structures were
initially optimized using the (8,8)-CASSCF/6-311++G** method.
The active space was extended to include a nitrogen lone pair
(Ipn), resulting in a (10,9)-CASSCF/6-311++G** treatment for
nitrogen-containing systems where the effects of conjugated lone
pairs are significant.

Despite being a single-reference method, previous bench-
marking studies have shown that the PBE functional reliably
predicts the geometries of the NBD/QC couple, owing to its
better alignment of donor and acceptor groups.””> Conse-
quently, TSs involved during TBR in BBD-based systems were
earlier located using the climbing-image nudged elastic band
(CI-NEB) method with the PBE functional.*®"® In this study, the
geometries of the TSs were similarly optimized using the PBE
functional in combination with the 6-311++G** basis set using
Gaussian16, analogous to our recent reports.’”*>>° The TS
structures were characterized as first-order saddle points on
the PES as they exhibited a single imaginary frequency with
displacement vectors in the direction of bond formation and
breaking.

The PBE functional tends to overestimate TS energies due to
its inadequate treatment of multiconfigurational behaviour.
Likewise, the CASSCF method neglects dynamic electron corre-
lation, which results in an exaggeration of the TS energies.
Although both methods are more suitable for obtaining TS
geometries, the inherent limitations make them less reliable
for accurately predicting energetics.>® An accurate estimation of
the TBR barrier thus requires a method that accounts for both
multiconfigurational behavior and electron correlation. Conse-
quently, prior studies have employed geometry optimizations at
the PBE level, followed by single-point energy evaluations using
the CASPT2 method."”*>***” In line with this protocol, we
performed single-point energy calculations at the CASPT2 level
using the 6-311++G** basis set on geometries optimized using
both the PBE and CASSCF methods.>” The photoswitching
systems whose unsaturated bridge was elongated with a methy-
lene (-CH,-) unit were modelled using (8,8)-CASPT2, while
those elongated with imine (-NH-) were modeled with (10,9)-
CASPT2 to consider the presence of Ipy on conjugated nitrogen.

The TBR barrier (AE%BR) was calculated as:

AE’%‘BR = Ets — Epholopmducl (3)

To assess the influence of solvation, the geometries of the
photoisomers were fully optimized at the M06-2X/6-311++G**
level, while those of the TSs were optimized at the PBE/
6-311++G** level, both in the presence of solvents. Cyclohexane
(¢ = 2.02), dichloromethane (¢ = 8.93), and acetonitrile (¢ =
35.69) were employed to examine the effect of solvent polarity
(dielectric constant). Harmonic frequency calculations were
performed at the same level to confirm the nature of each
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stationary point as a local minimum or a first-order saddle
point. Subsequent single-point energy calculations were carried
out at the DLPNO-CCSD(T)/Def2-TZVP or CASPT2/6-311++G**
level of theory to accurately evaluate thermochemical proper-
ties. Additionally, the first 15 singlet vertical excitation energies
were computed using TD-M06-2X/6-311++G** in the presence
of solvents to investigate the absorption characteristics.
Throughout all geometry optimizations and single-point calcu-
lations, solvent effects were modelled implicitly using the
continuum solvation model density (SMD) model.

DFT and TD-DFT calculations were performed using Gaussian16,
while the single-point calculations at the DLPNO-CCSD(T) and
CASPT2/6-311++G** levels were carried out employing the
ORCA package.®”®! Non-covalent interactions between the dif-
ferent substituents in photoisomers at two thermodynamic
states were examined using the interaction region indicator
(IRI) utilizing the Multiwfn program.®>°?

3. Results and discussion

Unsubstituted BBD-based systems featuring elongated unsatu-
rated bridges have previously been shown to undergo photo-
isomerization via a mechanism analogous to that of the NBD/QC
pair.*® In the present study, BBD systems with elongated unsatu-
rated bridges were selected due to their demonstrated thermo-
chemical advantages, namely high energy storage densities and
prolonged thermal half-lives (), which render them promising
candidates for practical MOST applications.***> However, these
unsubstituted systems absorb predominantly in the UV region,
limiting their efficiency under solar irradiation.*’**> To address
this shortcoming, a series of six rationally functionalized BBD
photoswitches (Sub, to Subg), illustrated in Scheme 1, were
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designed and evaluated to achieve red-shifted absorption profiles
while preserving MOST-relevant thermochemical properties.

In the Sub; system, an electron-donating methoxyphenyl
(MeO-Ph-) group and an electron-withdrawing cyano (-CN)
group were placed on the non-elongated unsaturated bridge.
In Sub,, the same substituents were relocated to the elongated
unsaturated bridge. Sub; differs from Sub, by incorporating an
electron-donating methyl aniline (MeNH-Ph-) group in place of
the MeO-Ph- group, thereby altering the donor strength and
conjugation characteristics.

It is well established that the incorporation of electron-
donating and electron-withdrawing substituents often compro-
mises the thermochemical performance, and alternative stra-
tegies are required to circumvent this trade-off. To address the
typical decline in energy storage capacity and duration induced
by substitution, we explored an approach that integrates H-
bonding interactions with the push-pull electronic effect
through strategic functionalization. In the Sub, system, an
additional hydroxyl (-OH) group is introduced at the elongated
unsaturated bridge relative to Subs, with the intent to facilitate
intramolecular H-bonding with substituents located on the
adjacent non-elongated unsaturated bridge. In both Subs and
Subs, the unsaturated bridge is elongated with an -NH- linker,
and the methoxyphenyl (MeO-Ph-) and cyano (-CN) groups are
positioned on the non-elongated and elongated bridges, respec-
tively. This dual strategy aims to balance electronic tuning and
structural stabilization, mitigating the thermochemical penal-
ties typically associated with strong substituent effects.

The photoswitching process operates via a sequential mecha-
nism comprising the photoinduced conversion of the parent
diene into a metastable photoproduct ([2+2]-cycloadduct) and
its subsequent reversion to the original diene (Scheme 1).'%*
Upon light absorption, the parent diene undergoes a vertical

This Work: Photoswitches Investigated for Solar
Thermal Energy Storage
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Scheme 1
energy landscape illustrating the photoswitching process.

This journal is © the Owner Societies 2025

(b)
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electronic transition to the Franck-Condon region of the excited
state. Subsequently, structural reorganization is initiated as the
system evolves toward the minimum on the excited-state PES.
Vibrational relaxation drives the molecule to a conical intersec-
tion (CI), a region where the excited-state and ground-state
PESs intersect, enabling non-radiative decay to the ground state
(So)-'®* This process results in the formation of a metastable
[2+2]-photoproduct, which is a high-energy species residing at a
local minimum of the S, state. Depending on its thermal stability,
this metastable isomer may spontaneously revert to the parent
diene or require an external stimulus such as heat, light, or
a catalyst to trigger back-isomerization. For real-world MOST
applications, thermo-reversible photoswitches are particularly
attractive, as they enable long-term energy storage in the form
of the metastable isomer. Upon demand, the stored energy can
be released through controlled thermal activation, allowing for
efficient energy release.

3.1 Thermochemical properties

Energy storage capacity and duration are crucial metrics for
evaluating the suitability of photoswitching couples for solar
thermal energy storage. To identify promising candidates, the
work commenced with the assessment of thermochemical
parameters, including energy storage capacity and thermal stabi-
lity of the metastable isomer. The optimized ground-state geo-
metries of the functionalized dienes, their corresponding meta-
stable photoproducts (M06-2X/6-311++G**) and TS geometries
(PBE/6-311++G**) are shown in Fig. S1 (S I of SI). Additionally,
Cartesian coordinates for all optimized geometries are available in
a consolidated file, Cartesian.xyz, included in the SI.

3.1.1. Energy storage capacity. The energy storage capacities
of functionalized switches calculated using M06-2X/6-311++G**
and DLPNO-CCSD(T)/Def2-TZVP methods are depicted by
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histograms in Fig. 2, with numerical values listed in Table S1
(S I of SI). The DLPNO-CCSD(T) calculations indicate that
the storage energy for all systems falls in the range of 133.6 to
167.7 kJ mol ', demonstrating their strong potential for energy
storage applications. The functionalized systems Subs and Subg,
where the unsaturated bridge is elongated via -NH- exhibit the
highest storage energy of 167.7 and 163.3 k] mol ™", respectively.
Likewise, the Sub, system, featuring an extended unsaturated
bridge with -CH,- unit, also has a high storage energy of
150.9 k] mol ™. Interestingly, these energy values surpass that of
the pristine NBD/QC couple (96 k] mol ") and exceed those of other
photoswitches of the MOST quartet."* This enhancement is primar-
ily attributed to the elongation of the unsaturated bridge, which
stabilizes both photoisomers by alleviating ring strain while preser-
ving a large enthalpy difference between them, as elaborated in our
previous study.”® The M06-2X functional underestimates energy
values (121.1-162.2 kJ mol ") compared to DLPNO-CCSD(T); never-
theless, both computational methods yield the same overall trend.

Indeed, the gravimetric energy storage density (ESD) is a
better entity for describing energy storage capacity than the
absolute storage energy. The estimated ESD values for the
studied functionalized systems are illustrated in the bar
graph shown in Fig. 2. Notably, the ESD for all functionalized
systems (563.5-704.2 kJ kg~ ') exceeds the benchmark value of
300 kJ kg™, which is considered the minimum ideal threshold
for MOST systems."® Therefore, all the functionalized BBD-
based systems show strong potential for harvesting and storing
large amounts of solar energy, as required for MOST applica-
tions. Akin to the storage energy, Sub,, Subs, and Subg (598.6,
704.2, and 685.7 kJ kg~ ") stand out as the most energy-dense
solar thermal fuels amidst the studied functionalized systems.
As the considered substituents have roughly similar masses,
the ESD values follow the same trend as that of storage energy.

200 - M06-2X 8001 M06-2X
= 160 |- PLPNO-CCSD(T) DLPNO-CCSD(T)
=] —~
£ 2
Z 120 3
7 80 2
g 4]
40
0 0
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Z 160- (8:8)-CASPT2 (10,9)-CASPT2
£
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=
2120+
S
2
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b
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S
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Fig. 2 Thermochemical properties of the functionalized BBD-based systems featuring an elongated unsaturated bridge calculated using different

computational methods.
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3.1.2. Energy storage duration. Subsequent analysis focused

on obtaining precise TBR barriers <AE$BR), with refined electro-

nic energies at the CASPT2/6-311++G** level for the TS geometries
obtained with CASSCF and PBE methods in combination with the
6-311++G** basis set. The TBR barrier of the photoswitching
system should be sufficiently high to prevent the spontaneous
and rapid reversal of the photoproduct into the parent isomer,
enabling the long-term storage of harnessed solar energy for real-
world applications. The TBR barriers were computed using the
(8,8)-CASPT2 method for functionalized systems Sub; to Sub,,
where the unsaturated bridge is extended with a -CH,- unit. For
Sub; and Subg systems, whose bridge is elongated with an -NH-
unit, the (10,9)-CASPT2 method was employed to account for the
Ip on N. The TBR barriers derived at both CASPT2//CASSCF and
CASPT2//PBE levels in conjunction with 6-311++G** basis set are
depicted in Fig. 2. The numerical data of TBR barrier, rate
constant for thermal reversion and half-lives (t) of metastable
photoproducts are provided in Table S2 (S II of SI).

Despite functionalization, all these photochromic couples
have high activation barriers for thermal reversion, ranging
from 101.9 to 126.4 k] mol™' at the CASPT2//PBE level. The
elevated barrier primarily arises from the elongated unsatu-
rated bridge of BBD, which stabilizes the photoproduct more
than QC by facilitating the formation of two four-membered
and one three-membered ring. Sub,, Sub,, and Sub; have the
lowest TBR barriers with values of 105.0, 108.2, and 101.9 k] mol %,
respectively. These values are considerably lower than the TBR
barrier of 149.6 k] mol " for the unsubstituted BBD system with
an elongated unsaturated bridge.*"** This highlights the impact of
functionalization in reducing the thermal stability of the photopro-
duct, and as a result, their energy retention periods are relatively
short (0.03 to 0.40 days).

Interestingly, Sub, exhibits a TBR barrier of 111.2 k] mol ,
which is larger relative to Subj, despite both having similar
substituents. This increase can be attributed to the presence of
an additional -OH group in Sub,, which is absent in Sub;. The
calculated half-life of 1.34 days of the metastable photoisomer
ensures that the system can retain the harvested solar energy for
relatively longer durations, making it a promising candidate for
day-night energy storage cycles and potential window coating
applications. The functionalized systems Subs and Sube have
higher TBR barriers of 126.4 and 120.2 k] mol " and exhibit the
half-life of 51.47 years and 50.09 days, respectively. These values
suggest that the photoproducts are sufficiently stable and exhibit
prolonged energy retention, highlighting their strong potential for
durable solar energy storage applications. The TBR barriers calcu-
lated using the CASPT2//CASSCF in conjunction with 6-311++G**
basis set range from 133.5 to 149.5 k] mol ', implying that
CASPT2//CASSCF overestimates the TBR barriers compared to
CASPT2//PBE (Table S2).

3.2. Photophysical properties

The absorption spectra of the functionalized dienes and photo-
products are depicted in Fig. 3. The spectral data, including
the molar absorption coefficient (¢), absorption onset (Lonset)

This journal is © the Owner Societies 2025
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defined as log(¢) = 2, the first important absorption wavelength
of BBD (/;) and photoproduct (4,) whose oscillatory strength (f)
surpasses 0.2, are provided in Table S3 (S I of SI). All
functionalized dienes exhibit absorption of significantly longer
wavelengths than the parent NBD/QC (214.42 nm) and BOD/
TCO (197.48 nm) couples.**™*® The bathochromic shift evident
in Fig. 3 is attributed to the operation of a push-pull mechanism
facilitated by extended conjugation due to functionalization.

Efficient molecular solar thermal energy storage requires
that the parent isomer absorbs light beyond 340 nm, where
solar irradiance is more intense at the Earth’s surface."* The
functionalized dienes exhibit A,nse¢ values ranging from 334.6
to 461.3 nm, with /, red-shifted to 274.7-355.8 nm compared to
their unsubstituted counterparts, which predominantly absorb
in the core UV region. The most pronounced red-shifts are
observed for dienes of Sub; (355.8 nm) and Sub, (350.0 nm),
highlighting their potential for solar energy capture. Interest-
ingly, the dienes absorb at significantly longer wavelengths
than their corresponding photoproducts. Further, the f and ¢
associated with the first important absorption of photopro-
ducts are notably low relative to the corresponding diene, with
the absorption confined primarily to the deep UV region
(Table S3). This results in minimal spectral overlap between
the two photoisomers in the longer wavelength domain. The
observed optical gaps between the two photoisomers are 97, 82,
and 86 nm for Sub;, Sub,, and Subg, respectively and Agnget
gap ranges from 53 to 154 nm. Such spectral separation
suppresses the formation of a photostationary state during
photoisomerization, thereby enhancing the overall photo-
switching efficiency.

To shed light on the distinct absorption profiles of the
functionalized dienes, we analyzed the molecular orbitals
involved in their electronic transitions. Close inspection reveals
that the key excitations in the dienes arise predominantly from
transitions between the highest occupied molecular orbitals
(HOMO) and the lowest unoccupied molecular orbitals
(LUMO), as illustrated in Fig. 3c.

The diene of Sub, exhibits a more red-shifted absorption
than Sub,, which may be attributed to the functionalization at
the non-elongated unsaturated bridge. The diene of Sub;
(355.8 nm) and Sub, (350.0 nm) absorbs at longer wavelengths
compared to Sub; and Sub,. In Sub; and Sub,, the HOMO is
mainly localized on the n-bonding framework of BBD and the
phenyl moiety and electronic excitation facilitates charge trans-
fer to the LUMO, which is distributed over the phenyl ring and
the -CN group. However, the HOMO in Sub; and Sub, extends
over the n-system of BBD, the phenyl ring, and the nitrogen
lone pair of the methyl aniline group. Meanwhile, the LUMO is
localized on the phenyl ring and -CN group, with negligible
contribution from the nitrogen lone pair. The pronounced
bathochromic shift observed in Sub; and Sub, is attributed
to the incorporation of a strong electron-donating methyl ani-
line group, which enhances the intramolecular push-pull
interaction.

In Subs, the lone pair on the oxygen atom of the methoxy-
phenyl group is involved in intramolecular H-bonding with the
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Fig. 3 Absorption properties of the functionalized BBD-based photoswitches (TD-M06-2X/6-311++G**). (a) Absorption profiles of dienes,
(b) Absorption profiles of photoproducts, (c) Frontier molecular orbitals involved in the first important electronic excitation in dienes, highlighting the

absorption wavelength and oscillatory strength.

-NH- group. This interaction reduces the electron-donating
capacity of the methoxyphenyl group, effectively rendering the
methoxyphenyl unit as electron-withdrawing. Consequently,
the HOMO is localized on the n-framework of BBD, nitrogen
lone pair, and -CN group, while the LUMO resides over the
methoxyphenyl group. This weakens the push-pull effect; thus,
Sub; shows an absorption at 285.2 nm. These results under-
score that the heteroatom responsible for push-pull enhance-
ment should not engage in H-bonding interactions to ensure
maximum bathochromic shift for efficient solar energy harnessing.
In the case of Subg, the diene exhibits a pronounced bathochromic
shift with the absorption wavelength at 324.2 nm. This shift arises
from an electronic excitation from the HOMO, localized on the
n-bonding orbital of BBD and the nitrogen lone pair to the LUMO,
which is primarily distributed over the methoxyphenyl and -CN
moieties.

3.3. Effect of solvation

Attention was focused on evaluating the influence of solvent
polarity on the properties of functionalized BBD-based systems
to optimize the conditions for MOST device integration. The
variation in thermochemical properties of all solvated systems

17578 | Phys. Chem. Chem. Phys., 2025, 27,17572-17584

relative to the gas phase is illustrated in Fig. 4, with the
corresponding numerical data presented in Table S4 (S IV of
SI). The absorption profiles of the photoisomers of Sub, in
different polarity solvents are also presented in Fig. 4,
while those for the other studied systems are provided in
Fig. S2 (S IV of SI).

Solvent polarity exerts a significant influence on the thermo-
chemical properties of the functionalized BBD-based systems.
Generally, an increase in solvent polarity leads to a slight decrease
in both storage energy and energy storage density, accompanied
by a notable increase in the TBR barrier. However, Sub, deviates
from this trend, exhibiting an increase in both energy storage
capacity (137.4 kJ mol ') and TBR barrier (116.0 k] mol ') with
increasing solvent polarity, indicating its enhanced suitability
for MOST applications in polar solvents. In acetonitrile, Sub,,
Subs, and Subs exhibit storage energies of 143.2, 166.7, and
158.4 k] mol™* and the corresponding TBR barriers are 120.9,
121.7, and 129.6 k] mol ", respectively, underscoring their strong
energy storage and retention capabilities. A pronounced red-shift
in excitation wavelength and an increase in the molar absorption
coefficient are observed upon solvation, while spectral overlap is
minimized, favoring features for efficient photoisomerization.
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Overall, highly polar solvents play a crucial role in enhancing
energy storage duration and optimizing the absorption character-
istics without compromising the intrinsic energy storage perfor-
mance of these photoswitches.

3.4. Electronic structure analysis

The thermal reversion of the metastable photoproduct to the
parent diene follows a highly asynchronous yet concerted

mechanism for dissociation of -bonds, wherein a-bond dissocia-
tion precedes that of the B-bond.*”*>*® As a result, the o-bond
distances in the TS structure are significantly longer than the
B-bond distances, as illustrated in Fig. 5a. This asynchronous
cleavage introduces biradicaloid character in the TS. As these
structural and electronic parameters are critical in governing the
photoswitching behavior, we examined the two dissociating o-
bond lengths and the active space orbital occupancies in the TS.

(@) ry r;
hy AN °
—_— —_— —_—
Parent BBD Photoproduct  Biradicaloid TS  Parent BBD
Photoisomerization Thermal Back Reversion
1 s, A,
Ad (CASSCF) --- Ad (PBE) — Vs, 3 Zs> > o
o (CASSCF) o (PBE)
3.0 B (CASSCF) Wl B (PBE)

Sub; Sub, Sub; Sub, Subg
Systems
(b)

Fig. 5

1-sub, 1-sub, 1-subg
1.61
Y
Qﬁ & Q
1-suby 1-subg 1-subg

== 1} (CASPT2//CASSCF)
r; (CASPT2//CASSCF)

=== 1} (CASPT2//PBE)

e T3 (CASPT2//PBE)

(©

Sub

(a) Schematic representation of the mechanism for the asynchronous thermal back reversion in BBD-based photoswitches, (b) the a- and B-bond

distances, along with their differences (Ad = a—f) computed using the two computational approaches, and (c) active space orbital occupancies for the

singlet biradicaloid as determined by the two methods.
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The o- and B-bond distances, along with their differences
(Ad = o-B), are shown in Fig. 5 and numerical values are
summarized in Table S5 (S V of SI). The CASSCF method
predicts a-bond lengths in the range of 2.27-2.34 A, which
are 0.05-0.39 A shorter than those estimated using the PBE
method (2.37-2.55 A). In contrast, the f-bond distances from
CASSCF (1.49-1.50 A) show only minor deviations (maximum
0.06 A) relative to the PBE-calculated values (1.48-1.55 A). The
Ad values obtained from PBE range from 0.85 to 1.22 A,
effectively capturing the high asynchronicity of the reaction.
These results are in agreement with our recent reports where
similar Ad values were observed for the various unsubstituted
BBD-based photoswitches.*> The CASSCF-derived Ad values are
smaller (0.77 to 0.85 A), suggesting less asynchronicity com-
pared to PBE.

The terms r} and r§ refer to the occupation numbers (ONs) of
the two orbitals involved in the biradical formation. These
orbitals arise due to the cleavage of the a-bond in the highly
asynchronous dissociation mechanism. These ON values were
obtained from the active space orbitals derived from single-
point CASPT2/6-311++G** calculations performed on the TS
geometries. The active space orbitals employed in the CASPT2
calculations are illustrated using the TS geometries of Sub, and
Sub; in Fig. S3 (S V of SI). A system is characterized as a
biradical when both ONs are close to 1.0, indicating the
presence of two unpaired electrons in separate orbitals. When
the ONs of these orbitals deviate from 1.0 and lie between 0 and
2, the system is better described as a biradicaloid, implying
partial biradical characteristics with a multiconfigurational
nature. The occupancies of the biradicaloid r} and rj are
schematically illustrated in Fig. 5c, and the values are tabulated
in Table S5 (S V of SI).

The orbital occupancies in the TS geometries of Sub, to Sub;
predicted using CASPT2//PBE show nearly equivalent electronic
distribution in r{ (1.14-1.18) and r$ (0.82-0.86). Thus, the active
space orbitals of the TS geometries obtained using PBE approxi-
mately uphold the r} =15 =~ 1 relations, indicating that they
exhibit a pronounced biradicaloid character. In contrast,
CASPT?2//CASSCF predicts an imbalanced electron distribution
in r} (1.57-1.68) and 5 (0.32-0.43) in the TS for Sub, to Subs.
Such an uneven orbital occupation number has been previously
reported and is known to exhibit a biradicaloid character.®*
Analogous to the CASPT2//CASSCF method, CASPT2//PBE also
predicts a larger difference in the occupancies of r} (1.48-1.61)
and r$ (0.39-0.52) in the TS for Sub, to Sube. Thus, both the
level of theories predicts Sub, to Subg to exhibit a reduced
biradicaloid character compared to Sub, to Sub;.

In the asynchronous TS of thermal reversion, the extent of
a-bond dissociation governs the biradicaloid character. The
significant elongation of the a-bond (larger Ad) leads to nearly
equal orbital ONs (r} ~r} ~ 1), reflecting balanced electron
distribution. However, in cases where a-bond dissociation is
relatively less pronounced (smaller Ad), the electron density
remains localized, resulting in imbalanced occupation num-
bers (r} > r$). This behavior highlights a direct correlation
between the geometry of the TS and its electronic structure.
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The correlation plot between the degree of asynchronicity in the
TS and the difference in ONs of the singlet biradicaloid is
depicted in Fig. S4 (S V of SI).

It is worth mentioning that the degree of asynchronicity and
the orbital occupation pattern exhibit correlations with the TBR
barrier of the metastable photoproduct (Fig. S4). Systems with
highly asynchronous TSs and pronounced biradicaloid charac-
ter (more symmetric occupation) tend to be more stable and
exhibit lower TBR barriers. On the contrary, systems with fewer
asynchronous TSs and asymmetric orbital occupation are less
effective in stabilizing the TS, thereby requiring higher TBR
barriers. Therefore, the TBR barrier of Sub, to Subg are remark-
ably high among all the studied functionalized BBD-based
photoswitches. These findings suggest that an effective photo-
switch design should favor increased biradicaloid asymmetry to
achieve longer energy storage durations. The TS geometries
optimized using CASSCF less effectively capture the high asyn-
chronicity of the reaction and predict reduced biradicaloid
nature than PBE, as verified by CASPT2 single-point calcula-
tions. Consequently, the TBR barriers predicted via CASPT2
single-point calculations on CASSCF/6-311++G** geometries
are significantly higher than those obtained from the PBE/
6-311++G** optimized structures.

3.5. Molecular designing strategy for synergistic control of
electron behaviour

As expected, the nature and position of the substituents have a
substantial impact on the thermochemical properties of the
photoswitch. Based on the exhibited properties, design infer-
ences have been drawn that will aid in improving the photo-
switching properties in the future. While similar substituents
are introduced, at the two distinct unsaturated bridges of the
BBD, the energy storage capacity of Sub, is 7.52 k] mol™' and
Sub; is 4.25 k] mol™" greater than Sub, in the gas phase
(DLPNO-CCSD(T)). This signifies that systems functionalized
on a non-elongated bridge (Sub, and Sub;) have a relatively
higher energy storage capacity than those functionalized on an
elongated bridge (Sub,). The functionalization of BBD with a
methoxy phenyl group as an electron donor (Sub;) provide
higher energy storage capacity and storage time than the
methyl aniline group in Sub;. The larger electron releasing
tendency of methyl aniline may be attributed to the com-
paratively easier thermal ring opening of the photoproduct of
Sub;. Moreover, BBD systems functionalized at an elongated
unsaturated bridge, including that elongated with -NH- units
(Sub, and Sub;), are found to have a better TBR barrier.

It is worth mentioning that substituents in Sub, participate
in intramolecular hydrogen-bonding interactions, wherein the
hydrogen atom of the methyl aniline group interacts with Ip on
O, thereby stabilizing the photoproduct and TS structure. The
existence of H-bonding interaction in the TS of Sub, is evi-
denced from the IRI analysis (Fig. 6). As a result, additional
energy is required for the ring-opening of the [2+2]-cycloadduct,
raising the thermal reversion barrier by 9.32 k] mol " relative to
Sub;. Close analysis reveals that the H-bonding interactions
restrict the large separation of the o-bond in the TS structure

This journal is © the Owner Societies 2025
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during the thermal back reversion of the metastable photo-
product in Sub,. Consequently, the degree of asynchronicity
and the biradicaloid character are reduced in Sub, comparative
to the Sub;. In essence, the hydrogen bond acts as a tether
between the dissociating bridges of the photoproduct, necessi-
tating extra energy for the thermal back-conversion. The orbital
occupancies (r},r3) in the TS for Subs (1.55, 0.45) and Subg
(1.48, 0.53) obtained even with PBE indicate inequivalent
electron distribution between the two radicals, likely due to
electron density interference from the Ip of conjugated N.
Consequently, BBDs with -NH- elongated bridges show signifi-
cantly higher TBR barriers than those extended with ~CH,—
linkers. This finding highlights the potential of rational
substituent designs to introduce stabilizing non-covalent inter-
actions that enhance the thermochemical performance of
photoswitches for solar thermal energy storage.

4. Conclusion

The functionalized BBD-based photochromic systems with
elongated unsaturated bridges exhibit remarkable energy sto-
rage capacities (133.6-167.7 k] mol ! at the DLPNO-CCSD(T)
level), establishing their strong potential for MOST applica-
tions. The strategic incorporation of electron-donating and
-withdrawing substituents enables significant bathochromic
shifts in absorption, although with a trade-off in thermal
stability. It is notable that synergistic non-covalent interactions
and push-pull electronic effects enable substantial red-shifts in
absorption wavelengths without compromising thermochemi-
cal performance. Notably, the participation of the lone pair on

This journal is © the Owner Societies 2025
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(a) Molecular structure of the TS involved in thermal reversion, (b) optimized TS geometries, and (c) IRI plot of the TS.

the donor heteroatom in intramolecular hydrogen bonding
slightly reduces the red-shift, suggesting that such interactions
should be avoided to preserve the full push-pull effect and
maximize solar absorption efficiency. The asynchronicity in the
TS structure and the occupancies of the singlet biradicaloid
significantly affect the TBR barrier of the photoswitch. The
H-bonding interactions restrict the large separation of the
a-bond, and consequently, the degree of asynchronicity and
the biradicaloid character in the TS structure, thereby elevating
the TBR barrier. Highly polar solvents play a crucial role in
enhancing energy storage duration and optimizing absorption
characteristics without compromising the intrinsic energy sto-
rage performance. The Sub, system exhibits a storage energy
(density) of 150.9 kJ mol " (546.7 kJ kg™'), TBR barrier (half-
life) of 111.2 k] mol™" (1.34 days) and Zonser () of 460 nm
(350 nm), making it suitable for day-night photoswitching
cycles in window coating applications. The Sub; exhibits
a storage energy of 167.28 kJ mol™ ', TBR barrier of
126.4 k] mol ™", allowing it to retain the stored energy for up
to 51.47 years, thus demonstrating strong potential for long-
term energy storage applications.
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