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Abstract: Norbornadiene-based photoswitches have emerged as promising candidates for harnessing and storing solar
energy, holding great promise as a viable solution to meet the growing energy demands. Despite their potential, the
effectiveness of their direct photochemical conversion into the resulting quadricyclanes has room for improvement owing
to (i) moderate quantum yields, (ii) poor overlap with the solar spectrum and (iii) photochemical back reactions. Herein,
we present an approach to enhance the performance of such molecular solar thermal energy storage (MOST) systems
through the triplet-sensitized conversion of aryl-substituted norbornadienes. Our study combines deep spectroscopic
analyses, irradiation experiments, and quantum mechanical calculations to elucidate the energy transfer mechanism and
inherent advantages of the resulting MOST systems. We demonstrate remarkable quantum yields using readily available
sensitizers under both LED and solar light irradiation, significantly surpassing those achieved through direct excitation
with photons of higher energy. In contrast to the conventional approach, light-induced back reactions of the high-energy
products do not play any role, allowing quantitative switching within minutes. These results not only underscore the
potential of triplet-sensitized MOST systems to leverage the high energy storage capabilities of multistate photoswitches

~

\but they might also stimulate the broader usage of sensitization strategies in photochemical energy conversion. )
Introduction 30 years ago, Yoshida and Bren’ etal. defined essential

The unpredictability and non-continuity of solar energy
reaching the Earth’s surface cannot yet be compensated by
reliable energy storage systems. Promising methods of
conserving solar energy are achieved by initially converting
it to electrical energy and storing it as mechanical, electro-
chemical, or chemical energy.! In this context, so-called
molecular solar thermal energy storage (MOST) systems
that directly capture solar energy and release thermal energy
on demand attracted much interest.”®! MOST systems are
based on molecular photoswitches™ that upon excitation
store energy through reversible chemical bond formation or
isomerization processes. Among them, norbornadiene-,
azobenzene-, and dihydroazulene-based structures are the
most extensively studied systems.[*!!] Already more than
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criteria that must be met by molecular systems for efficiently

storing solar energy.">"! Briefly,

(1) absorptivity in the visible spectral range,

(2) energy storage capabilities above 300 kJ/kg,

(3) prolonged conservation of the stored energy by the
photoisomer,

(4) high quantum yield of the photochemical forward
isomerization and a high efficiency of the backward
reaction upon thermal or catalytic initiation,

(5) readily available and cheap chromophores with suffi-
cient stability.

The photoinduced [2+2] cycloaddition of norbornadiene
(NB) has long been recognized as a promising reaction for
energy storage applications."”*"! This is due to its high
energy storage capability (~1000 kJ/kg)!™ and the sufficient
half-life" of the photoisomer quadricyclane (QC). Direct
excitation of NB is, however, not practical due to the poor
solar spectral overlap (Figure S28) and the low conversion
quantum yield (@yp_oc=0.03-0.05).""®) With these chal-
lenges in mind, novel NB structures exhibiting pull-push
conjugation at one NB double bond, steric hindrance as well
as multistate photoswitches were developed.'>"*! These
modifications successfully improve key properties such as
solar spectral match, energy storage density and/or thermal
half-life. Nonetheless, it is important to note that improve-
ments in one characteristic often entail a compromise with
other attributes.'” In stark contrast to direct excitation
forming the high energy S, state, isomerization reactions are
frequently feasible from the lower-lying T, triplet state
(Figure 1A).l**7"1 Direct excitation to the triplet state is
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Figure 1. A) Energy diagram of the isomerization of aryl-substituted
norbornadienes (ArNB) to the respective quadricyclane (ArQC) follow-
ing direct excitation in comparison to triplet sensitization. B) Molecular
structures of aryl-substituted norbornadiene photoswitches. [a] Taken
from Ref [43] [b] Taken from Ref [44], along with key properties. [c]
Reaction enthalpy for cycloreversion and thermal half-life of the ArQC
calculated at 25°C. C) Color-coded absorption spectra of the
norbornadienes and a prototypical sensitizer (green line, see below for
its structure and properties) overlaid by the terrestrial solar irradiation
spectrum.!

spin-forbidden and not observed for NB and a triplet
sensitizer is thus required. The triplet state energy of NB,
reported to be on the order of 2.7 eV,” is better accessible
with light of the solar spectrum compared to the singlet-
excited state. As a further benefit, the sensitization approach
not only minimizes energy losses in the isomerization
process but also permits inherently higher quantum efficien-
cies, because the isomerization of unsubstituted NB via the
triplet-excited state is intrinsically favored (@yp_oc ~ 1).
This is due to the nature of the geometrically relaxed triplet
state (as a 1,3 diradical) resembling closely the QC
structure.! Yet, two problems arise with the sensitization-
driven conversion of NB: (i) Sensitizing the triplet state
(2.7eV, 459nm), requires high-energy sensitizers that,
owing to energy loss, absorb only a small fraction of the
sunlight reaching Earth. In this context, ketones,'”
acridones,” Cu(I)-complexes,®*? transition-metal doped
TiO,, Rh-B and Ir-complexes®! sensitizers and cova-
lently bond sensitizer-norbonadiene structures®*! have
been explored. Fast degradation of these sensitizers and/or
costly synthesis renders them impractical for repeated large-
scale applications. (ii) NB is a highly reactive species in the
triplet state and quickly degrades, reacting with the sensi-
tizer itself making it unsuitable for multiple conversion
cycles.”™ To address these issues, norbornadienes bearing
functional groups were investigated. While the triplet energy
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of these derivatives was essentially reduced, the interconver-
sion efficiency to QC is negatively affected such that
quantum yields well below 20 % resulted, and even cyclo-
reversion to the NB isomer was observed.[*#”

All these findings highlight the complexities encountered
in the development of new photoswitches for energy storage.
The process is far from straightforward due to the diverse
effects of structural modifications on the relevant MOST
criteria. A profound understanding of the underlying
mechanisms is crucial to overcome these hurdles, potentially
paving the way for significant advancements in the field.!*4!
Recently, one of our groups introduced mono-, bis- and tris-
norbornadienyl substituted arenes that can be readily
synthesized by a Suzuki-Miyaura coupling reaction.*¥
Exceptional energy storage densities (up to 734 kJ/kg) are
achieved nearing those of unsubstituted NB as a result of
the low molecular weight.*”! However, direct excitation by
solar irradiation is inefficient because excitation is only
accomplished by the marginal UV fraction (<350 nm)
(Figure 1C). The combination of n-extension lowering the
excited-state energies and the absence of donor as well as
acceptor groups potentially avoids photoinduced electron
transfer. Hence, we speculated that these promising multi-
chromophoric photoswitches™! could serve as a basis for
exploring the potential of triplet energy transfer-driven
MOST systems. In this work, four aryl-norbornadiene
derivatives (Figure 1B) were selected that not only are
highly promising regarding MOST applications but also
enable us to clarify key photophysical properties focusing on
triplet-excited states. Through deep kinetic and mechanistic
analyses, substantiated by quantum mechanical calculations
and visible light driven conversion cycles, we gained
substantial insights into the sensitized MOST systems. As
we will show, these systems can be driven using visible
photons close to the maximum of the terrestrial solar
spectrum (~440-550 nm) with quantum yields approaching
unity. Combined with the high energy density and the long
half-life of the ArQC isomers (compare, Figure 1B), the
MOST systems presented herein satisfy essentially all
aspects that are crucial for MOST applications.

Results and Discussion

Selection of Photoswitch-Sensitizer Pairs and Initial Energy
Transfer Studies

Among the aryl-substituted norbornadienes (Figure 1B),
Ph3NB is especially appealing due to its superior physical
properties, the possibility of accessing multiple states, and
increased energy density achieved by incorporating several
energy storage units in one molecule.! Nevertheless,
spectroscopic investigations of multistate photoswitches are
challenging, which is why PhNB, bearing a single NB
moiety, serves as a reference compound in these studies.
The isomer pair INNB/INQC is notable for its 35-day half-
life, which is highly advantageous for MOST applications.™!
Furthermore, the distinctive absorption features of the
naphthalene scaffold facilitate mechanistic investigations in
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ground-state  UV/Vis and transient absorption spectra.
Although its structural isomer, 2NNB, may not possess
equally appealing characteristics, examining it in conjunction
with INNB may offer valuable understanding of how small
structural changes affect the performance of photoswitches.
Thus, our investigations employed both naphthalene deriva-
tives that were initially combined with the well-studied
triplet sensitizer [Ru(phen);](PFs), (RuPhen). The following
experiments were conducted with INNB and 2NNB, for
clarity only the results for INNB are displayed in the main
manuscript (see Chapter S8.1). Initial Stern-Volmer experi-
ments in MeCN revealed that excited RuPhen (unquenched
lifetime, ~500 ns)!*”! is effectively quenched by the norborna-
dienes suggesting that triplet-triplet energy transfer (EnT) is
feasible (Figure 2A). However, studying triplet-excited
states of organic chromophores via sensitization, especially
those with (ultra)short lifetimes like the 6.2 ns® observed
for unsubstituted norbornadiene, can be challenging because
triplet formation and decay occur on similar time scales.
Laser flash photolysis (LFP) with optical detection is a well-
suited method in this scenario, enabling the direct examina-
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Figure 2. Mechanistic investigations of the triplet state of INNB by
laser flash photolysis using 532 nm laser pulses. A) Kinetic emission of
RuPhen with increasing INNB concentration and corresponding
Stern-Volmer analysis. B) TA spectra of a solution of 100 pM RuPhen
in the absence (dark blue) and presence of 55 MM TNNB in deaerated
MeCN recorded 30 ns (orange) and 1 ps (pink) after excitation
(integration time, 20 ns). The reference spectrum of RuPhen was
scaled to match in the region > 600 nm in order to determine the
respective difference spectrum (purple). C) Kinetic TA traces of both
solutions at the isosbestic point of RuPhen (496 nm) and kinetic
emission of RuPhen in the presence of INNB (dotted purple line). The
triplet lifetime of INNB was determined by a kinetic analysis®” (gray
line).
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tion of such transient, non-emissive triplet states that are
otherwise difficult to probe.**">% Puylsed laser excitation at
532 nm allowed us to selectively excite RuPhen and to study
quenching products by transient absorption (TA) spectro-
scopy. High concentrations of INNB (55 mM) were em-
ployed to accumulate *INNB in large amounts facilitating
precise and reliable measurements. After complete sensi-
tizer quenching (pink spectrum in Figure 2B), only the
baseline level of RuPhen was detected. This allows us to
exclude long-lived photoproducts typically generated by
electron transfer or irreversible side reactions, which is also
consistent with the anticipated short triplet lifetime. A TA
spectrum recorded during the quenching process initially
resembles the triplet-triplet absorption spectrum of RuPhen
(Figure 2B)." Closer inspection, however, revealed decisive
differences. A reference *RuPhen spectrum recorded under
similar conditions was appropriately scaled to match in the
region >600 nm, where we do not expect *INNB to absorb.
Subtracting this TA spectrum allows us to delineate what is
presumed to be the triplet absorption spectrum of INNB,
characterized by absorption bands at 460 nm, 382 nm and a
shoulder at 365 nm. Comparing this absorption spectrum to
unsubstituted naphthalene we find similar absorption bands
around 400 nm (Figure S23). The additional broad absorp-
tion between 400 and 500 nm is also predicted by TD-DFT
calculations (Figure S2). The TA spectrum of *RuPhen
exhibits an isosbestic point at 496 nm, which lays the
grounds for the isolated monitoring of the formation and
deactivation of *INNB (Figure 2C). Fitting this measure-
ment with conventional A (*RuPhen) — B ((INNB) — C
(photoproduct) kinetics a lifetime of 31 ns is obtained for
*INNB."" This is indeed much shorter than reported for the
naphthalene triplet (~15 ps),*" indicating a much more
efficient chemical deactivation pathway. Additional experi-
ments with 2NNB yielded an even shorter lifetime (<15 ns).
Interestingly, Takamuku et al. reported significantly longer
triplet lifetimes for similar norbornadienyl-naphthalene
derivatives that included an extra carboxylate group.[*”!
However, these derivatives performed poorly, attributed to
low conversion yields, and even cycloreversion was ob-
served. Microsecond lifetimes and degradation issues were
recently observed for donor-acceptor substituted norborna-
dienes in related sensitization laser experiments.*! Hence, it
seems natural to assume that short triplet lifetimes, as
observed for two aryl-substituted norbornadienes (INNB
and 2NNB), are beneficial for sensitized MOST applica-
tions.

Characterizing the Triplet-Sensitized Conversion to
Quadricyclane

To confirm the expected energy transfer-induced switching,
we investigated the lab-scale transformation of 1NNB to
INQC. A solution of INNB with RuPhen in Ar-saturated
MeCN was monitored by steady-state absorption measure-
ments during 525nm LED irradiation (Figure 3A). The
system reached a photostationary state within 20 minutes
under our conditions. Larger-scale NMR irradiation experi-
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Figure 3. Quantification of the photoswitch state using NMR, UV/Vis absorption and room-temperature phosphorescence lifetime measurements.
A) Steady-state UV/Vis measurements of 0.1 mM TNNB and 100 pM RuPhen in Ar-saturated MeCN, irradiated with a 525 nm LED. The absorption
spectra are corrected by the absorption of RuPhen, which was used as baseline. Inset: Absorption at 313 nm plotted against irradiation time, fitted
using an exponential decay function. B) NMR spectra displaying characteristic signals of INNB and TNQC measured before and after 525 nm LED
irradiation of a solution with 170 uM RuPhen and 30 mM 1NNB in Ar-saturated CD;CN. C) Kinetic emission of 250 yM RuPhen and a total
quencher concentration of 13.2 mM with varying ratios of INNB and 1NQC in Ar-saturated MeCN upon 532 nm laser excitation. D) Experimental
and calculated RuPhen lifetime plotted against the residual TNNB concentration, and corresponding fraction of INQC. E) RuPhen lifetime
monitored at 600 nm after laser excitation of 22.5 mM TNNB and 250 pM RuPhen in Ar-saturated MeCN during repeated irradiation (7 min,

525 nm LED) and heating (21 h, 65°C) cycles.

ments with a RuPhen loading as low as 0.6 % indeed
revealed that full conversion is achieved (Figure 3B). Even
under solar irradiation INNB rapidly converts to 1INQC
(Figure S41). In contrast, direct excitation in the absence of
a sensitizer leads to inefficient and incomplete conversion
(25 % 1NQC) as the absorption of the corresponding photo-
isomer is usually not negligible causing undesired photo-
reversion (Figure S41).%! Upon direct 315 nm excitation of
a strongly diluted INNB solution (20 uM) up to 80 % of the
desired INQC could be obtained in the photostationary
state.®™ Hence, the sensitization approach not only im-
proved the overlap with the solar spectrum by about 200 nm
but also allows rapid and complete conversion of larger
amounts of INNB.

At different conversion stages of INNB to 1INQC kinetic
laser measurements indicate a progressive increase of the
sensitizer’s emission lifetime (Figure 3C). At full conversion
(100 % 1INQC) RuPhen maintains its inherent unquenched
triplet lifetime, which is unaffected by 1NQC despite
relatively high concentrations. This seems reasonable since
the conversion of the double bonds to the quadricyclane
unit renders the compound structurally similar to alkyl-
substituted naphthalene effectively changing the triplet
energy. Complementary DFT calculations of the lowest
excited triplet states of INNB and 1NQC reveal significant
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spin density on the double bonds of the NB moiety while
contributions of the quadricyclane unit are negligible (SI,
Chapter S3). Assuming that the triplet energy is similar to
that of naphthalene (~2.6eV) the energy transfer rate
constant with the sensitizer RuPhen (2.19 eV) is expected to
be negligibly low," which is in line with our observations.
Rearrangement of the Stern—Volmer equation (Chapter S1)
led us to derive a method to monitor the progress of the
conversion of INNB to INQC simply based on the readily
accessible RuPhen emission. Lifetime measurements of
RuPhen were carried out with varying ratios of INNB and
INQC (Figure 3D). We observed that the measured lifetime
perfectly correlates with the calculated lifetime (i.e., calcu-
lated based on the INNB concentration and the EnT rate
constant). This confirms the validity of this strategy, which
has clear advantages over NMR- and UV/Vis-based techni-
ques as it is fast and it does not rely on strongly diluted
solutions. This simple method can be easily adopted in most
laboratories to efficiently obtain information of the photo-
isomerization progress and does not require sophisticated
laboratory setups.! Conversion cycles of INNB were
monitored by this simplistic approach (Figure 3E).
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Switching Quantum Yield and Triplet Energy Determinations

The efficiency of the light-driven part of MOST systems is
fundamentally determined by the overall quantum yield @
expressed as follows in our sensitized system:

D = Pge X Pgar X Prpoc 1)

Under operational conditions, the intersystem crossing
quantum yield (@) of RuPhen® and the triplet energy
transfer quantum yield (@g,r) approach unity, as demon-
strated by kinetic simulations (SI; Figure S14). The quantum
yield for the intrinsic transformation of triplet-excited NB to
QC (@ng_oc) is a pivotal metric. This quantity was obtained
for INNB through relative chemical actinometry by using
Ir(ppy); as the sensitizer for both switching 1INNB and
catalyzing a well-established reference reaction (SI, Chapter
S5).58 The findings indicated that the isomerization quan-
tum yield for INNB is very close to unity within the
experimental error (1.01+£0.06), paving the way for solar
energy conversion systems with ideal efficiencies. Having
established the highly efficient sensitized conversion of an
aryl-norbornadiene to the corresponding quadricyclane, we
conducted a more detailed series of experiments. These
experiments focus on the triplet state energies of our
chromophores to identify the most suitable sensitizer.**** In
this context, a series of metal complex sensitizers with
known triplet energies was employed in quenching studies
with the energy acceptors INNB, 2NNB and PhNB (Fig-
ure 4).

Essentially diffusion-controlled energy transfer rate con-
stants were observed with the high-energy sensitizers (triplet
energy >2.7 eV). These rate constants decrease as expected
with the sensitizer's triplet energy. Although the energy
transfer rate decreases by two orders of magnitude when
[Os(phen),]*" is used, high concentrations of INNB and
2NNB, which would be required for larger-scale applica-
tions, could ensure substantial energy transfer efficiencies

[Ru(bpy)s]**

Ir(p-F-ppy)s
[Os(phen);]** [Ir(ppy)>(phen)]*
~101° 1 ]
= 3 __'----.A:
< 100 ] o:"" 8 o
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N E .'. »
108 ',—' "f’.
=Y el o PhNB
X 1074 ° ¢
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Figure 4. Rate constants of triplet energy transfer between excited metal
sensitizers and norbornadienes plotted against the triplet energies of
the energy donors with a thermal bond activation model fitted to the
experimental data. The energy transfer rates in MeCN were determined
by Stern—Volmer analyses. A fit function related to the Sandros
equation was selected. For details see SI, Chapter S4.1.
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(Figure S14). Given that [Os(phen);]*" absorbs light across
the entire visible spectrum, significant solar harvesting
efficiencies can in principle be realized with this sensitizer—
photoswitch couple. Based on the results displayed in
Figure 4, we estimate a triplet energy of 2.39 eV for 1INNB,
2.41 eV for 2NNB and 2.56 eV for PhNB (see Chapter S4.1).
Given that such deep spectroscopic insights are tricky to
obtain with all intermediates of the multistate switch
Ph3NB, DFT calculations were carried out to estimate the
adiabatic triplet energies of all isomers as well as the
benchmark core structures benzene (PhH) and naphthalene
(NH) (see Table 1 and Supporting Information Chapter S3).
While the calculations likely underestimate the triplet
energies due to the large structural changes after vertical
excitation, a pattern is observed. The naphthyl-quadricy-
clanes possess triplet state energies ~0.5eV higher com-
pared with their corresponding norbornadienes, aligning
them closely with the benchmark structure NH. Spin density
analyses underscore significant contributions from the
double bonds in the norbornadiene moieties, whereas the
corresponding quadricyclanes closely resemble naphthalene
triplets, as detailed in Chapter S3. This notable triplet
energy difference between the photoisomers corroborates
the observed selective quenching of *RuPhen with 1NNB.
Additional mechanistic investigations were conducted using
the high triplet energy sensitizer thioxanthone TX (2.75 eV),
in combination with INNB. We observed that the con-
version of INNB to INQC is incomplete and the triplet
lifetime of TX is still substantially quenched. These observa-
tions let us conclude that reactivation of INQC is in
principle feasible (Chapter S8.3), further underscoring the
importance of mechanistic studies and triplet energy deter-
minations.

Table 1: Triplet energies computed by DFT of arenes, aryl-substituted
norbornadienes and corresponding quadricyclane isomers (B3LYP/6-
311+ G(d,p) level of theory).

Compound EFljev
PhH 3.830
PhNB 211
PhQC 0.90
Ph3NB 2.08
Ph2NB1QC 2.10
Ph1NB2QC 2.10
Ph3QC 4.20
NH 2,691
1NNB 1.97
1NQC 2.51
2NNB 1.99
2NQC 2.64

[a] Adiabatic triplet state energies. [b] Experimental triplet energy of
benzene, 3.9 eV.* [c] Bond cleavage during optimization (one bond
within the QC moiety). [d] Experimental triplet energy of naphthalene,
2.63 eV.P
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Mechanistic Studies with the Multistate Photoswitch

The calculated triplet energies of the benzene derivatives
Ph3NB, Ph2NB1QC, PhINB2QC and PhNB are virtually
identical. In accordance with this result, we find that the
spin density in the triplet excited state of each NB-
containing isomer of the multistate switch is mostly located
on only one NB moiety (Figure5), which is expected for
meta-substituted benzene derivatives.

Analyzing the conversion of Ph3NB to Ph3QC by
spectroscopic methods is somewhat cumbersome involving
three separate isomerization reactions. While the first
photoisomerization step can be monitored spectroscopically
when stopping the Ph3NB sensitization at very low con-
version, the second and third steps require tedious isolation
of the isomers Ph2ZNB1QC and PhINB2QC. The last
conversion of Ph1INB2QC to Ph3QC, however, is key for
optimal performance and typically the hardest to achieve by
direct excitation."! The calculated triplet energy of PhNB is
very similar to that of PhINB2QC and this allows us to
assume that when disregarding steric effects the photo-
physical properties of both compounds are comparable.
These detailed investigations enabled us to identify 2,7-
dimethoxy-thioxanthone (MeOTX) as an appropriate sensi-
tizer for the conversion of the multistate Ph3NB, along with
monosubstituted PhNB as reference compound. The UV/
Vis absorption spectrum of MeOTX is red-shifted by about
40 nm compared to TX such that MeOTX readily absorbs

3MeOTX
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blue light (e40,m=580 M* cm™") and exhibits a triplet state
energy of 2.38eVP" with a lifetime of ~15us in toluene
(Figure 6).1°"

Although triplet energy transfer from MeOTX to
Ph3NB and PhNB (experimental triplet energy, 2.56 eV) is
seemingly thermodynamically uphill, efficient isomerization
remains feasible for three reasons: (i) Even at EnT rate
constants significantly below the diffusion limit, the energy
transfer efficiency can approach high values due to the much
longer triplet lifetime of MeOTX compared to the employed
metal sensitizers (Figure S14). (ii) The short triplet lifetime
of the norbornadienes ensures conversion to quadricyclane
before undesired back energy transfer to the sensitizer can
occur, which usually limits uphill energy transfer. (iii)
Thioxanthone-derived sensitizers are reported to have lower
reorganization energies compared to Ir-based sensitizers.
This ultimately results in faster sensitization even when the
triplet energies of the sensitizers are comparable. LFP
quenching studies with *MeOTX revealed efficient and
comparable energy transfer rate constants to the chromo-
phores PhNB and Ph3NB (Figure 5). These experiments
substantiate the conclusions drawn from quantum mechan-
ical calculations. NMR-scale experiments confirm that
MeOTX quantitatively converts Ph3NB to Ph3QC under
440 nm LED irradiation (Figure S39). Based on our findings
on all norbornadiene derivatives analyzed in this study, we
conclude that the conversion of each norbornadiene unit
(which cannot be distinguished by 'H NMR spectroscopy;

MeOTX 3MeOTX MeOTX

W 3. EnT
— —

== Ph1NB2QC - Ph3QC
(AT) (AT)
“
<
("
2@ *Ph3NB 3Ph2NB1QC *Ph1NB2QC
Er=2.08 eVld Er=2.10 eVl Er=2.10eVia

k =28 109 M-1 -1 |r ________________________________________________ \'
EnT <0 % S 1 :
’é-‘ 1.0 ~15] : *MeOTX MeOTX :
S 10 i 1.EnT !
£ ] . PhNB —— ™  PhQC |
m i (AT |
a 0 i . !
o) 00 02 047 |
< c (mM) 1 1
! 1
o-o T T T T T : I
0 5 10 15 20 3PhNB !
t (us) : fa] A
| Er=2.11eV )

Figure 5. Reaction scheme of the cyclization of Ph3NB (top) and PhNB (bottom right) to the corresponding quadricyclane isomer using MeOTX as
sensitizer (see Figure 6 for its structure). Comparative Stern-Volmer quenching experiments for the respective (first) energy transfer step are
shown. The spin densities of the triplet-excited starting compounds (Ph3NB and PhNB) and the intermediates Ph2NB1QC and Ph1NB2QC are
displayed below each energy transfer step (B3LYP/6-311+G(d,p) level of theory). [a] Computed by DFT (see Table 1).
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blue LED, 4 min

-

85°C,1h
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< 0.2 T
i i
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Figure 6. A) Photometric monitoring of the isomerization of Ph3NB to
Ph3QC. A solution of 400 uM Ph3NB with 245 yM MeOTX as
sensitizer in deaerated toluene was used. A 440 nm LED served as the
light source. Absorption spectra were recorded with intervals of 20 s.
Complementary experiments with Ir(ppy); can be found in the
Supporting Information (Figure S29). For clarity only the starting
absorption spectrum of 300 pM Ph3NB with 50 pM Ir(ppy); is
displayed. B) Normalized absorption at 310 nm of the reversible
conversion between Ph3NB and Ph3QC by sequential irradiation

(440 nm, 4 min) and thermal treatment (85°C, 1 h) for a total of 12
cycles using Ir(ppy); or MeOTX as photosensitizer.

see SI, Chapter S6, for details) can be considered as equally
efficient and light-driven back reactions are regarded to be
unimportant owing to the high triplet energy of Ph3QC. A
remarkable inherent quantum efficiency for the conversion
of Ph3NB (@np_qc) approaching 100 % was determined by
relative actinometry (SI, Chapter S6). Given that, under
operational conditions (compare equation 1), nearly every
absorbed photon converts one norbornadiene unit, the
maximum efficiency has already been reached. To the best
of our knowledge, this highly efficient visible light-driven
MOST system with its high energy storage capabilities and
its long thermal stability of the photoisomer (compare
Figure 1) is unprecedented, combining beneficial properties
of four essential MOST criteria as discussed in the
introduction.

Photostability and Multiple Solar-Driven Conversion Cycles

The photostability is another factor determining the practic-
ability of a MOST system. To estimate the stability, several
irradiation/thermal treatment cycles using a 440 nm LED
were performed with a solution containing MeOTX and

Angew. Chem. Int. Ed. 2025, 64, €202414733 (7 of 9)
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Ph3NB, and monitored by steady-state absorption (Fig-
ure 6A). Over 12 conversion cycles the degradation is
marginal (Figure 6B) and mainly a result of unquenched
sensitizer decomposition typical for organic chromophores
(Figure S31). Using Ir(ppy); as sensitizer not only enables
the harvesting of photons up to 523 nm but also reduced the
decomposition to ~1 % per cycle, which compares favorably
with the stability of a strongly related multiswitch aryl-
norbornadiene investigated upon 315 nm excitation.**! To
demonstrate the applicability of the Ir(ppy);—Ph3NB MOST
system at high norbornadiene concentrations, we tested a
solution with 100 mM Ph3NB and 0.59 mol % Ir(ppy)s. This
solution underwent five cycles of irradiation and thermal
treatment using visible sunlight, deliberately avoiding direct
UV excitation of Ph3NB (Figure 7). Even at elevated
concentrations, the degradation remained minimal. We
attribute the comparatively high photostability of the
sensitized MOST system to the absence of electron transfer
processes that are typically observed when highly functional-
ized compounds are used as quenchers./*%!

For the promising Ir(ppy);~Ph3NB MOST system with
the specified concentrations, we calculated a maximum
energy storage efficiency of 5.8%. This compares very
favorably to the efficiency of 0.53% for direct solar
excitation of Ph3NB (SI, Chapter S7) and to that of most
systems so far analyzed with this efficiency parameter.®%-

45 min - 60 min

R

Ph3QC
cut-off filter |27 !
85°C, 60 min W
100 fFo—T v e e
J ! 3 N " N N
80 < ’l I‘ 'l “ ’: ‘\ :’ “ ,: \‘
— 1 ' \ ' “ ' “ ' “ "
= 60+ 3 H ‘ H y ' s H \
[ 1! . 3 % ] b 1 Y ¥ v
= 404 . ' s ' 3 ' . ' '
o L ' v '
1 Il ‘| l' “ ' “ ' ‘o \
20 - ,: ' ’I ) ,l f 'l “ ’I \‘
40 \‘ ' “ ] “ ' ) \
1} 1} 1} W)
0—p-----@----- @-----@----- ----- - @------@------ @------@------ L
I 1 I 1
0 1 2 3 4 5
Cycle

Figure 7. Experimental setup of the solar-driven conversion cycles of a
solution of 100 mM Ph3NB with 590 uM Ir(ppy); (0.59 mol %) and
26.9 mM bibenzyl (standard) in Ar-saturated deuterated toluene. The
concentrations of Ph3NB and Ph3QC are given for each cycle.
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Conclusion

As has emerged from this work, the combination of photo-
stable sensitizers with aryl-norbornadiene switches as energy
acceptors is a highly promising field for obtaining MOST
systems with outstanding properties. Through the combina-
tion of quenching studies, detailed LFP experiments,
quantitative irradiation experiments and quantum mechan-
ical calculations we could unambiguously show that (i) aryl-
substituted norbornadienes inherently have low triplet
energies paving the way for 200 nm red-shifts of the photo-
action spectrum compared to direct UV excitation, (ii) the
resulting triplets rapidly deactivate to give the desired
quadricyclanes with quantum yields very close to 100 % and
(iii) quantitative unidirectional switching via sensitization is
feasible. The wealth of information from this study adds to
inherently unique properties of recently discovered aryl-
norbornadienes such as superior energy densities of the
photoisomers and sufficiently long conservation times.
Based on our promising results, our study might stimulate
the broader application of sensitization strategies in MOST
systems. In summary, our results not only deepen the
understanding of triplet-sensitized photoisomerization proc-
esses and the critical parameters influencing MOST applica-
tions but also introduce a visible light-driven MOST system
that combines outstanding energy conversion and storage
efficiencies with promising robustness for the first time.

Supporting Information

The Supporting Information contains synthetic and exper-
imental procedures, spectroscopic data, detailed mechanistic
investigations including quantum yield determinations, ki-
netic simulations and Stern—Volmer plots, as well as
quantum chemical calculations. The authors have cited
additional references within the Supporting
Information. [

Acknowledgements

We acknowledge generous financial support from the JGU
Mainz, SusInnoScience, the German Research Foundation
(DFG, grant number KE 2313/3-1) and the German Federal
Environmental Foundation (DBU, Ph.D. fellowship to
T.J.B.Z., grant number 20022/028). M.S. is grateful to the
Chemical Industry Funds for a Kekulé fellowship. R.S. is
grateful to the House of Young Talents (University of
Siegen) and the Stiftung Nagelschneider for PhD fellow-
ships. Open Access funding enabled and organized by
Projekt DEAL.

Conflict of Interest

The authors declare no conflict of interest.

Angew. Chem. Int. Ed. 2025, 64, €202414733 (8 of 9)

Research Article

Angewandte

intemationaldition’y) Chemie

Data Availability Statement

The data that support the findings of this study are available
in the main article and/or the supplementary material. The
data sets shown in the main paper and DFT output files are
accessible via the JGU library and the homepage of the
corresponding author.

Keywords: Energy Transfer - MOST - Solar Energy Conversion -
Sustainable Chemistry - Time-Resolved Spectroscopy

[1] A.G. Olabi, C. Onumaegbu, T. Wilberforce, M. Ramadan,
M. A. Abdelkareem, A.H. Al-Alami, Energy 2021, 214,
118987.

[2] K. Moth-Poulsen, D. Coso, K. Borjesson, N. Vinokurov, S. K.
Meier, A. Majumdar, K.P.C. Vollhardt, R. A. Segalman,
Energy Environ. Sci. 2012, 5, 8534.

[3] Z. Wang, H. Holzel, K. Moth-Poulsen, Chem. Soc. Rev. 2022,
51,7313-7326.

[4] J. Usuba, G. G. D. Han, Trends Chem. 2023, 5, 577-580.

[5] L. Dong, Y. Feng, L. Wang, W. Feng, Chem. Soc. Rev. 2018,
47,7339-7368.

[6] Z. Wang, P. Erhart, T. Li, Z.-Y. Zhang, D. Sampedro, Z. Hu,
H. A. Wegner, O. Brummel, J. Libuda, M. B. Nielsen, K.
Moth-Poulsen, Joule 2021, 5, 3116-3136.

[7] J. Isokuortti, K. Kuntze, M. Virkki, Z. Ahmed, E. Vuorimaa-
Laukkanen, M. A. Filatov, A. Turshatov, T. Laaksonen, A.
Priimagi, N. A. Durandin, Chem. Sci. 2021, 12, 7504-75009.

[8] T. SaBmannshausen, A. Kunz, N. Oberhof, F. Schneider, C.
Slavov, A. Dreuw, J. Wachtveitl, H. A. Wegner, Angew. Chem.
Int. Ed. 2024, 63, €202314112.

[9] U. Pischel, J. Andréasson, D. Gust, V. F. Pais, ChemPhysChem
2013, 14, 28-46.

[10] A. Gimenez-Gomez, L. Magson, B. Peiiin, N. Sanosa, J. Soildn,
R. Losantos, D. Sampedro, Photochem 2022, 2, 694-716.

[11] C. Sun, C. Wang, R. Boulatov, ChemPhotoChem 2019, 3, 268—
283.

[12] V. A. Bren’, A. D. Dubonosov, V. 1. Minkin, V. A. Chernoiva-
nov, Russ. Chem. Rev. 1991, 60, 451-469.

[13] Z. Yoshida, J. Photochem. 1985, 29, 27-40.

[14] K. D. Borne, J. C. Cooper, M. N. R. Ashfold, J. Bachmann, S.
Bhattacharyya, R. Boll, M. Bonanomi, M. Bosch, C. Callegari,
M. Centurion, M. Coreno, B. F. E. Curchod, M. B. Danailov,
A. Demidovich, M. Di Fraia, B. Erk, D. Facciala, R. Feifel,
R.J. G. Forbes, C.S. Hansen, D. M. P. Holland, R. A. Ingle,
R. Lindh, L. Ma, H. G. McGhee, S. B. Muvva, J. P. F. Nunes,
A. Odate, S. Pathak, O. Plekan, K. C. Prince, P. Rebernik, A.
Rouzée, A. Rudenko, A. Simoncig, R.J. Squibb, A.S.
Venkatachalam, C. Vozzi, P. M. Weber, A. Kirrander, D.
Rolles, Nat. Chem. 2024, 16, 499-505.

[15] D.P. Schwendiman, C. Kutal, J. Am. Chem. Soc. 1977, 99,
5677-5682.

[16] G.S. Hammond, N.J. Turro, A. Fischer, J. Am. Chem. Soc.
1961, 83, 4674-4675.

[17] B. C. Roquitte, J. Am. Chem. Soc. 1963, 85, 3700-3700.

[18] N. Ivanoff, F. Lahmani, J.F. Delouis, J.L. Le Gouill, J.
Photochem. 1974, 2, 199-220.

[19] K. Jorner, A. Dreos, R. Emanuelsson, O. El Bakouri, I. Fdez.
Galvan, K. Borjesson, F. Feixas, R. Lindh, B. Zietz, K. Moth-
Poulsen, H. Ottosson, J. Mater. Chem. A 2017, 5, 12369-12378.

[20] V. Gray, A. Lennartson, P. Ratanalert, K. Bérjesson, K. Moth-
Poulsen, Chem. Commun. 2014, 50, 5330-5332.

[21] R.R. Weber, C.N. Stindt, A.M.J. Van Der Harten, B. L.
Feringa, Chem. Eur. J. 2024, €202400482.

© 2024 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

U807 SUOWWIOD @A1e8.D 3|ded|(dde ayp Aq peusenob are ss(oiie VO ‘SN Jo Sa|n1 10} Afeiqi8UIUQ /]I UO (SUOPUCO-pUe-SWLBH L™ A8 | IMAReIq 1 Ul UO//Sd1Y) SUORIPUOD PUe swiie | 8L} 89S *[5202/80/20] Uo A%eiqiaulluo A8 |IM ‘Zul N YeUIolqIgsIeNSIeAIuN Aq €624 T202 @1Ue/z00T OT/I0p/uod A8 | Areiq 1 jeul|uo//Sdny Woiy papeo|umoq ‘Z ‘SZ0e ‘€LLETZST


https://doi.org/10.1016/j.energy.2020.118987
https://doi.org/10.1016/j.energy.2020.118987
https://doi.org/10.1039/c2ee22426g
https://doi.org/10.1039/D1CS00890K
https://doi.org/10.1039/D1CS00890K
https://doi.org/10.1016/j.trechm.2022.12.010
https://doi.org/10.1039/C8CS00470F
https://doi.org/10.1039/C8CS00470F
https://doi.org/10.1016/j.joule.2021.11.001
https://doi.org/10.1039/D1SC01717A
https://doi.org/10.1002/cphc.201200157
https://doi.org/10.1002/cphc.201200157
https://doi.org/10.3390/photochem2030045
https://doi.org/10.1002/cptc.201900030
https://doi.org/10.1002/cptc.201900030
https://doi.org/10.1016/0047-2670(85)87059-3
https://doi.org/10.1038/s41557-023-01420-w
https://doi.org/10.1021/ja00459a025
https://doi.org/10.1021/ja00459a025
https://doi.org/10.1021/ja01483a051
https://doi.org/10.1021/ja01483a051
https://doi.org/10.1021/ja00905a037
https://doi.org/10.1016/0047-2670(73)80018-8
https://doi.org/10.1016/0047-2670(73)80018-8
https://doi.org/10.1039/C7TA04259K
https://doi.org/10.1039/C3CC47517D

GDCh
~~

[22] A.S. Aslam, L. M. Muhammad, A. E. Hillers-Bendtsen, K. V.
Mikkelsen, K. Moth-Poulsen, Chem. Eur. J. 2024, €202401430.

[23] M. Jevric, A.U. Petersen, M. Mansg, S. Kumar Singh, Z.
Wang, A. Dreos, C. Sumby, M. B. Nielsen, K. Borjesson, P.
Erhart, K. Moth-Poulsen, Chem. Eur. J. 2018, 24, 12767-12772.

[24] T. Nevesely, M. Wienhold, J.J. Molloy, R. Gilmour, Chem.
Rev. 2022, 122, 2650-2694.

[25] Z. Wang, L. Fernandez, A.S. Aslam, M. Shamsabadi, L. M.
Muhammad, K. Moth-Poulsen, Responsive Mater. 2023, 1,
€20230012.

[26] J. Gemen, J.R. Church, T.-P. Ruoko, N. Durandin, M. J.
Biatek, M. Weillenfels, M. Feller, M. Kazes, M. Odaybat, V. A.
Borin, R. Kalepu, Y. Diskin-Posner, D. Oron, M. J. Fuchter,
A. Priimagi, 1. Schapiro, R. Klajn, Science 2023, 381, 1357—
1363.

[27] K. Kuntze, J. Isokuortti, J. J. Van Der Wal, T. Laaksonen, S.
Crespi, N. A. Durandin, A. Priimagi, Chem. Sci. 2024, 15,
11684-11698.

[28] A.M. Helms, Richard A. Caldwell, J. Am. Chem. Soc. 1995,
117,358-361.

[29] N.J. Turro, W.R. Cherry, M. F. Mirbach, M. J. Mirbach, J.
Am. Chem. Soc. 1977, 99, 7388-7390.

[30] A.H. A. Tinnemans, B. Den Ouden, A. Mackor, H.J. T. Bos,
Recl. Trav. Chim. Pays-Bas 1985, 104, 109-116.

[31] F. Franceschi, M. Guardigli, E. Solari, C. Floriani, A. Chiesi-
Villa, C. Rizzoli, Inorg. Chem. 1997, 36, 4099—4107.

[32] C. Kutal, D. P. Schwendiman, P. Grutsch, Sol. Energy 1977, 19,
651-655.

[33] L. Pan, J.-J. Zou, X. Zhang, L. Wang, Ind. Eng. Chem. Res.
2010, 49, 8526-8531.

[34] G. W. Sluggett, N.J. Turro, H. D. Roth, J. Phys. Chem. A
1997, 101, 8834-8838.

[35] L. Schmid, F. Glaser, R. Schaer, O. S. Wenger, J. Am. Chem.
Soc. 2022, 144, 963-976.

[36] P. A. Grutsch, Charles. Kutal, J. Am. Chem. Soc. 1986, 108,
3108-3110.

[37] F.-Y. Meng, I.-H. Chen, J.-Y. Shen, K.-H. Chang, T.-C. Chou,
Y.-A. Chen, Y.-T. Chen, C.-L. Chen, P.-T. Chou, Nat.
Commun. 2022, 13,797.

[38] M. Upadhyay, R. Deka, D. Ray, J. Phys. Chem. Lett. 2024,
3191-3196.

[39] A. A. Gorman, R.L. Leyland, Tetrahedron Lett. 1972, 13,
5345-5348.

[40] O. Brummel, F. Waidhas, U. Bauer, Y. Wu, S. Bochmann, H.-
P. Steinriick, C. Papp, J. Bachmann, J. Libuda, J. Phys. Chem.
Lett. 2017, 8, 2819-2825.

[41] Hideo. Ikezawa, Charles. Kutal, Katsutoshi. Yasufuku, Hiroshi.
Yamazaki, J. Am. Chem. Soc. 1986, 108, 1589-1594.

[42] K. Nakabayashi, H. Nishino, S. Toki, S. Takamuku, Int. J.
Radiat. Appl. Instrum. Part C Radiat. Phys. Chem. 1989, 34,
809-815.

[43] R. Schulte, S. Afflerbach, T. Paululat, H. Ihmels, Angew.
Chem. Int. Ed. 2023, 62, €202309544.

[44] R. Schulte, S. Afflerbach, H. Ihmels, Eur. J. Org. Chem. 2023,
26, €202201398.

[45] “The American Society for Testing and Materials (ASTM) G-
173, ‘Reference Air Mass 1.5 Spectra,”” can be found under
https://www.nrel.gov/grid/solar-resource/spectra.html, 2003.

[46] W. Alex, P. Lorenz, C. Henkel, T. Clark, A. Hirsch, D. M.
Guldi, J. Am. Chem. Soc. 2022, 144, 153-162.

[47] K. Maruyama, K. Terada, Y. Naruta, Y. Yamamoto, Chem.
Lett. 1980, 9, 1259-1262.

[48] R.J. Salthouse, K. Moth-Poulsen, J. Mater. Chem. A 2024, 12,
3180-3208.

[49] A. Juris, V. Balzani, F. Barigelletti, S. Campagna, P. Belser, A.
Von Zelewsky, Coord. Chem. Rev. 1988, 84, 85-277.

Angew. Chem. Int. Ed. 2025, 64, €202414733 (9 of 9)

Research Article

Angewandte

intemationaldition’y) Chemie

[50] T.J. B. Zghringer, M. Wienhold, R. Gilmour, C. Kerzig, J. Am.
Chem. Soc. 2023, 145, 21576-21586.

[51] J. C. Scaiano, Chem. Soc. Rev. 2023, 52, 6330-6343.

[52] J. Rocker, T. J. B. Zahringer, M. Schmitz, T. Opatz, C. Kerzig,
Beilstein J. Org. Chem. 2024, 20, 1236-1245.

[53] A.C. Sell, J. C. Wetzel, M. Schmitz, A. W. Maijenburg, G.
Woltersdorf, R. Naumann, C. Kerzig, Dalton Trans. 2022, 51,
10799-10808.

[54] M. Montalti, A. Credi, L. Prodi, M. T. Gandolfi, Handbook of
Photochemistry, CRC Press, 2006.

[55] R. Schulte, H. Thmels, Beilstein J. Org. Chem. 2022, 18, 368
373.

[56] F. Strieth-Kalthoff, C. Henkel, M. Teders, A. Kahnt, W.
Knolle, A. Gémez-Suarez, K. Dirian, W. Alex, K. Bergander,
C. G. Daniliuc, B. Abel, D. M. Guldi, F. Glorius, Chem 2019, 5,
2183-2194.

[57] J.N. Demas, D. G. Taylor, Inorg. Chem. 1979, 18, 3177-3179.

[58] Y. Shindo, K. Horie, I. Mita, J. Photochem. 1984, 26, 185-192.

[59] F. Edhborg, A. Olesund, B. Albinsson, Photochem. Photobiol.
Sci. 2022, 21, 1143-1158.

[60] J. P. Doering, J. Chem. Phys. 1969, 51, 2866-2870.

[61] L. D. Elliott, S. Kayal, M. W. George, K. Booker-Milburn, J.
Am. Chem. Soc. 2020, 142, 14947-14956.

[62] A. Solé-Daura, F. Maseras, Chem. Sci. 2024, 15, 13650-13658.

[63] W. Schwarz, K. M. Dangel, J. Bargon, G. Jones, J. Am. Chem.
Soc. 1982, 104, 5686-5689.

[64] Q. Hong Wu, B. Wen Zhang, Y. FuMing, Y. Cao, J. Photo-
chem. Photobiol. Chem. 1991, 61, 53-63.

[65] Z. Wang, A. Roffey, R. Losantos, A. Lennartson, M. Jevric,
A. U. Petersen, M. Quant, A. Dreos, X. Wen, D. Sampedro, K.
Borjesson, K. Moth-Poulsen, Energy Environ. Sci. 2019, 12,
187-193.

[66] Z. Wang, H. Holzel, L. Fernandez, A. S. Aslam, P. Baronas, J.
Orrego-Herndndez, S. Ghasemi, M. Campoy-Quiles, K. Moth-
Poulsen, Joule 2024, S2542435124002885.

[67] Z. Wang, J. Udmark, K. Borjesson, R. Rodrigues, A. Roffey,
M. Abrahamsson, M. B. Nielsen, K. Moth-Poulsen, ChemSu-
sChem 2017, 10, 3049-3055.

[68] W. Sun, Z. Shangguan, X. Zhang, T. Dang, Z. Zhang, T. Li,
ChemSusChem 2023, 16, €202300582.

[69] T.J.B. Zahringer, M.-S. Bertrams, C. Kerzig, J. Mater. Chem.
C 2022, 10, 4568-4573.

[70] E.C. Constable, P. R. Raithby, D. N. Smit, Polyhedron 1989, 8,
367-369.

[71] M. S. Lowry, W. R. Hudson, R. A. Pascal, S. Bernhard, J. Am.
Chem. Soc. 2004, 126, 14129-14135.

[72] O. Baumgirtel, G. Szeimies, Chem. Ber. 1983, 116, 2180-2204.

[73] F. Neese, WIREs Comput. Mol. Sci. 2012, 2, 73-78.

[74] M. D. Hanwell, D. E. Curtis, D. C. Lonie, T. Vandermeersch,
E. Zurek, G. R. Hutchison, J. Cheminformatics 2012, 4, 17.

[75] A. A. Vicek, E.S. Dodsworth, W.J. Pietro, A.B.P. Lever,
Inorg. Chem. 1995, 34, 1906-1913.

[76] Y. Wei, Y. Li, Z. Li, X. Xu, X. Cao, X. Zhou, C. Yang, Inorg.
Chem. 2021, 60, 19001-19008.

[77] V. Balzani, F. Bolletta, F. Scandola, J. Am. Chem. Soc. 1980,
102, 2152-2163.

[78] 1. Antol, J. Comput. Chem. 2013, 34, 1439-1445.

[79] K. Raghavachari, R. C. Haddon, H. D. Roth, J. Am. Chem.
Soc. 1983, 105, 3110-3114.

[80] T. Hofbeck, H. Yersin, Inorg. Chem. 2010, 49, 9290-9299.

Manuscript received: August 3, 2024
Accepted manuscript online: September 9, 2024
Version of record online: November 2, 2024

© 2024 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

U807 SUOWWIOD @A1e8.D 3|ded|(dde ayp Aq peusenob are ss(oiie VO ‘SN Jo Sa|n1 10} Afeiqi8UIUQ /]I UO (SUOPUCO-pUe-SWLBH L™ A8 | IMAReIq 1 Ul UO//Sd1Y) SUORIPUOD PUe swiie | 8L} 89S *[5202/80/20] Uo A%eiqiaulluo A8 |IM ‘Zul N YeUIolqIgsIeNSIeAIuN Aq €624 T202 @1Ue/z00T OT/I0p/uod A8 | Areiq 1 jeul|uo//Sdny Woiy papeo|umoq ‘Z ‘SZ0e ‘€LLETZST


https://doi.org/10.1002/chem.201802932
https://doi.org/10.1021/acs.chemrev.1c00324
https://doi.org/10.1021/acs.chemrev.1c00324
https://doi.org/10.1126/science.adh9059
https://doi.org/10.1126/science.adh9059
https://doi.org/10.1039/D4SC02538E
https://doi.org/10.1039/D4SC02538E
https://doi.org/10.1021/ja00106a039
https://doi.org/10.1021/ja00106a039
https://doi.org/10.1021/ja00464a065
https://doi.org/10.1021/ja00464a065
https://doi.org/10.1002/recl.19851040403
https://doi.org/10.1021/ic9706156
https://doi.org/10.1016/0038-092X(77)90025-1
https://doi.org/10.1016/0038-092X(77)90025-1
https://doi.org/10.1021/ie100841w
https://doi.org/10.1021/ie100841w
https://doi.org/10.1021/jp972007h
https://doi.org/10.1021/jp972007h
https://doi.org/10.1021/jacs.1c11667
https://doi.org/10.1021/jacs.1c11667
https://doi.org/10.1021/ja00271a053
https://doi.org/10.1021/ja00271a053
https://doi.org/10.1016/S0040-4039(01)85246-1
https://doi.org/10.1016/S0040-4039(01)85246-1
https://doi.org/10.1021/acs.jpclett.7b00995
https://doi.org/10.1021/acs.jpclett.7b00995
https://doi.org/10.1021/ja00267a032
https://www.nrel.gov/grid/solar-resource/spectra.html
https://doi.org/10.1021/jacs.1c04322
https://doi.org/10.1246/cl.1980.1259
https://doi.org/10.1246/cl.1980.1259
https://doi.org/10.1039/D3TA05972C
https://doi.org/10.1039/D3TA05972C
https://doi.org/10.1016/0010-8545(88)80032-8
https://doi.org/10.1021/jacs.3c07678
https://doi.org/10.1021/jacs.3c07678
https://doi.org/10.1039/D3CS00453H
https://doi.org/10.3762/bjoc.20.106
https://doi.org/10.1039/D2DT01157C
https://doi.org/10.1039/D2DT01157C
https://doi.org/10.3762/bjoc.18.41
https://doi.org/10.3762/bjoc.18.41
https://doi.org/10.1016/j.chempr.2019.06.004
https://doi.org/10.1016/j.chempr.2019.06.004
https://doi.org/10.1021/ic50201a044
https://doi.org/10.1016/0047-2670(84)80037-4
https://doi.org/10.1007/s43630-022-00219-x
https://doi.org/10.1007/s43630-022-00219-x
https://doi.org/10.1063/1.1672424
https://doi.org/10.1021/jacs.0c05069
https://doi.org/10.1021/jacs.0c05069
https://doi.org/10.1039/D4SC03352C
https://doi.org/10.1021/ja00385a022
https://doi.org/10.1021/ja00385a022
https://doi.org/10.1016/1010-6030(91)85074-Q
https://doi.org/10.1016/1010-6030(91)85074-Q
https://doi.org/10.1039/C8EE01011K
https://doi.org/10.1039/C8EE01011K
https://doi.org/10.1002/cssc.201700679
https://doi.org/10.1002/cssc.201700679
https://doi.org/10.1039/D1TC04782E
https://doi.org/10.1039/D1TC04782E
https://doi.org/10.1016/S0277-5387(00)80428-3
https://doi.org/10.1016/S0277-5387(00)80428-3
https://doi.org/10.1021/ja047156+
https://doi.org/10.1021/ja047156+
https://doi.org/10.1002/cber.19831160612
https://doi.org/10.1002/wcms.81
https://doi.org/10.1021/ic00111a043
https://doi.org/10.1021/acs.inorgchem.1c02846
https://doi.org/10.1021/acs.inorgchem.1c02846
https://doi.org/10.1021/ja00527a002
https://doi.org/10.1021/ja00527a002
https://doi.org/10.1002/jcc.23270
https://doi.org/10.1021/ja00348a026
https://doi.org/10.1021/ja00348a026
https://doi.org/10.1021/ic100872w

	Triplet-Sensitized Switching of High-Energy-Density Norbornadienes for Molecular Solar Thermal Energy Storage with Visible Light
	Introduction
	Results and Discussion
	Selection of Photoswitch–Sensitizer Pairs and Initial Energy Transfer Studies
	Characterizing the Triplet-Sensitized Conversion to Quadricyclane
	Switching Quantum Yield and Triplet Energy Determinations
	Mechanistic Studies with the Multistate Photoswitch
	Photostability and Multiple Solar-Driven Conversion Cycles

	Conclusion
	Supporting Information
	Acknowledgements
	Conflict of Interest
	Data Availability Statement


