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Molecular photoswitches isomerize between two or more forms by exposure to light or by thermal
processes, accompanied by color changes. Spiropyran (SP) derivatives are widely studied. The stable
colorless SP form photoisomerizes to the colored merocyanine (MC) form by UV exposure, whereas the
reverse reaction is triggered by visible light or in a thermal reaction. Based on our previously reported (J.
Am. Chem. Soc., 2018, 140, 14069) photolabile o-nitrobenzyl caged merocyanine switch (denoted as in-
MC) and a negative photochromic spirolazahomoadamantane-pyran] (Anal. Bioanal. Chem., 2023, 415,
715), we have designhed a novel multiphotochromic molecule, ad-MC, by combining an adamantane-
containing negative photochromic unit (2MC) and o-nitrobenzyl. A wavelength dependent photorelease
of the stable 2MC form is demonstrated for the first time. The detailed photochemical reaction
mechanisms of ad-MC and in-MC were investigated using femtosecond transient absorption
spectroscopy and DFT/TD-DFT calculations. The results show that the photochemical mechanisms are
the same for both molecules, but the variation in excited state hydrogen transfer barriers’ heights leads
to the observed differences in photolysis yields and rates of decaging. The structure-reactivity

relationships revealed for ad-MC and in-MC expand the diversity and functionality of SP-based
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1 Introduction

Photochromism implies reversible color changes induced by
exposure to light. Compounds possessing this property are
referred to photochromic molecules, or molecular photo-
switches. Typical isomerization modes are E/Z interconversions
and ring-closing/opening reactions."® Popular examples of the
latter mode are spiropyrans (SP), where the isomerization
reactions imply both geometric and electronic modifications in
the molecular structure.” The geometric changes can be har-
nessed for applications in photonic devices, while the electronic
changes enable the development of optical memory systems
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photoswitches for promising utilization in chemical biology applications.

and photoswitching materials.'*** SP have emerged as one of
the most versatile molecular switches due to their remarkable
responsiveness to multiple external stimuli, including pH,
solvent polarity, and the wavelength used to trigger the photo-
isomerization reactions.'® Irradiation of the SP isomer with UV-
light induces heterolytic cleavage of the strained Cqpire—O bond,
generating a planar, highly conjugated merocyanine (MC)
isomer. More importantly, this photoisomerization is reversible
as the MC isomer undergoes ring closure and reverts to SP in
response to visible light irradiation (at ~550 nm) or heat."”

The use of photolabile protecting groups (PPGs), also known
as photocages, is another approach to introduce photo-
functionality to molecules in diverse fields of research and
practical applications. Examples of such chemical tools include
photocaged proteins, nucleotides, ions, neurotransmitters,
pharmaceuticals, fluorescent dyes, and small molecules.*®>*
The “masking” of the chemical or biological activity of these
compounds is achieved through covalent attachment to a PPG
platform. Upon irradiation at a specific wavelength, the PPG
moiety is cleaved off, enabling spatiotemporal control of
molecular release with high chemo-selectivity in a non-invasive
manner. o-Nitrobenzyl derivatives are among the most widely
used PPGs due to their exceptional photolysis efficiency,
straightforward synthesis, excellent solubility, and versatile
chemical functionalization pathways.>>>
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There has been a growing demand to develop multi-
photofunctional molecular systems,” such as those
combining both photoisomerization and photodecaging, which
provides additional advantages and functionalities.”®*3¢ Previ-
ously, we reported a multi-photofunctional molecule—a pho-
tocaged switch (denoted as in-MC) by linking the MC group to
an o-nitrobenzyl unit (Scheme 1a).*” After the photodecaging,
the corresponding MC (denoted as 1MC) is released. The MC
form is isomerized to the SP form (denoted as 1SP) by visible
light irradiation or in a thermal reaction. Recently, we devel-
oped a novel negative photochromic system by transforming the
cyanine part of the traditional SP into a large rigid azahomoa-
damantane group, which exhibits a stable fluorescent MC form
(denoted as 2MC). 2MC can be switched to the unstable 2SP
state under visible light irradiation, whereas the thermally
unstable SP form (denoted as 2SP) is non-fluorescent, and
spontaneously reverts to the fluorescent 2MC form in the dark
(Scheme 1b).*®* Apparently, low-energy visible photons can
reduce the photobleaching damage to the molecules, as high
energy UV-light can be avoided, thus endowing this compound
with better photostability and photo-reversibility.

With the purpose of releasing the stable fluorescent MC form
for potential use in biological imaging, and to obtain a photo-
switch with improved photostability and photo-reversibility, we
here strategically integrated the adamantane-containing nega-
tive photochromic unit (2MC) and an o-nitrobenzyl PPG,
successfully synthesizing the target molecule ad-MC (Scheme
1c). The photophysical properties of ad-MC were investigated
and unravelled the efficient photorelease of 2MC. Femtosecond
transient absorption (fs-TA) spectroscopy was employed to
monitor the temporal evolution of reaction intermediates
throughout the photochemical processes. Time-dependent and
density functional theory (TD-DFT and DFT) calculations were
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conducted to validate the experimental spectral assignments
and to provide mechanistic insights into the reaction pathways.
To gain a deeper understanding of the relationship between the
chemical structures and photochemical behaviors, the photo-
chemical reaction mechanism of in-MC was also investigated
and compared with that of ad-MC. Details of the results and
discussion are elaborated below.

2 Results and discussion

2.1 Photophysical and photochemical properties of ad-MC
and comparison with in-MC

The UV-vis absorption spectrum of ad-MC in ethanol (EtOH)
demonstrates two distinct absorption bands at 300 nm and
360 nm (Fig. 1a), which are assigned to the trans configuration
(denoted as trans-ad-MC). The assignment is supported by the
TD-DFT simulated electronic absorption spectrum (Fig. 1b). We
simulated the spectra of trans-ad-MC at selected theoretical
levels which are commonly used for organic molecules (Fig. S8).
We considered that the results obtained from TD-PBEO/def2-
TZVP were in sufficiently good agreement with the experi-
mental spectrum of trans-ad-MC. Thus, the calculations in this
work were all performed using this method. Upon irradiation
with 300 nm light, the characteristic bands of trans-ad-MC
diminished, while a weak but detectable increase in absorbance
was observed around 250 nm (Fig. 1a). In addition, the
absorption at 325 nm is only slightly reduced, probably due to
the contribution of the generated cis configuration (denoted as
cis-ad-MC). These observations suggest that the spectral
changes presented in Fig. 1a are due to the ¢trans — cis isom-
erization, a conclusion further supported by "H-NMR analysis
(Fig. 1d). The vinylic protons of trans-ad-MC exhibit a chemical
shift at 8.07 ppm, which shifts to 6.85 ppm upon irradiation
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Schemel (a) The photochemical reaction scheme of in-MC,*” (b) the stabilized 2MC form and the unstabilized 2SP form,*® and (c) the molecular

structure of ad-MC and possible intermediates investigated in this work.
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(a) Steady state absorption spectra of ad-MC in EtOH (1x = 300 nm). (b) Comparison of the computed electronic absorption spectrum of

trans-ad-MC with the UV-vis absorption spectrum of ad-MC. (c) The computed electronic absorption spectrum of cis-ad-MC. (d) *H-NMR
spectra of ad-MC in EtOH-dg. (e) The absorption spectra of ad-MC after irradiation with 254 nm light, subsequent irradiation with visible light
(525 nm), and storage in the dark. The simulated electronic absorption spectra of (f) 2MC and (g) 2MCH (TD-PBEO/def2-TZVP (EtOH) with a scale
factor of 1.00 and a half-width of 1500 cm™3).

and no significant changes are detected in the "H-NMR spec-
trum (Fig. S9b). This discrepancy may be attributed to the
influence of solvent polarity on the electron distribution and
energy levels of the molecules, which in turn affects the acti-
vation energy and reaction rate of the isomerization process.*

with 300 nm light. Moreover, the coupling constant decreases
from 16.0 Hz to 12.7 Hz, indicating trans — cis isomerization.
UV-vis absorption experiments were also conducted in di-
chloromethane (DCM), where similar spectral changes are
observed (Fig. S9a). However, the decrease in absorbance after
irradiation is less pronounced compared to the results in EtOH,

© 2025 The Author(s). Published by the Royal Society of Chemistry Chem. Sci,, 2025, 16, 23121-23128 | 23123
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In our previous study, the irradiation with 254 nm light
induces the photorelease of the o-nitrobenzyl group from the
phenolate oxygen of in-MC, leading to the formation of 1MC
through an intermediate 1MCH (as illustrated in Scheme 1a).>”
The steady-state UV-vis spectrum of ad-MC was recorded in
EtOH following irradiation with 254 nm light (Fig. 1e). Upon
excitation, the absorption signals corresponding to trans-ad-
MC decreased, and a new absorption band emerged at 480 nm.
By comparing the experimental results with the simulated
electronic absorption spectra of 2MC and 2MCH obtained
through TD-DFT calculations (Fig. 1f and g), the product
observed at 480 nm can be identified as 2MC. Analysis of the 'H-
NMR spectra of ad-MC before and after 254 nm irradiation
(Fig. 1d) reveals the emergence of a distinct absorption peak at
10.01 ppm. This is assigned to the aldehyde proton signal of o-
nitrosobenzaldehyde, which is the photolysis product. These
findings confirm the successful photochemical transformation
of ad-MC upon 254 nm irradiation, yielding the anticipated
photorelease product with a photolysis yield of 0.19. When
exposing ad-MC to 254 nm light in DCM, a new intermediate
was observed at 295 and 370 nm and was attributed to 2MCH
(Fig. S9c-e). In addition, a weak band was observed at 510 nm
indicating the formation of 2MC. The red-shift in the 2MC
absorption from 480 nm in EtOH to 510 nm in DCM is
consistent with the established negative solvatochromism for
the MC form, and is also supported by the simulated electronic
absorption spectrum. 2MC was obviously observed in EtOH,
while both 2MC and 2MCH were detected in DCM. This is
attributed to the caging effect of EtOH, which favors the
formation of 2MC. Additionally, EtOH facilitates proton trans-
fer, leading to higher photorelease efficiency. However, experi-
ments conducted in DCM rule out the influence of the solvent
cage effect, thereby allowing the detection of 2MCH. The
photochemical reaction of ad-MC is more efficiently observed
experimentally in protic solvents, suggesting that improving the
water solubility could facilitate its application in aqueous
environments.

Upon irradiation with visible light at 525 nm, 2MC
undergoes a transformation into the 2SP form (Fig. 1e and
Scheme 1b). During this process, the absorbance at 480 nm
diminishes. The system spontaneously reverts to 2MC in the
dark.
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Scheme 2 The photochemical pathways of ad-MC.
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As summarized in Scheme 2, exposure of ad-MC to UV light
at 300 nm induces the trans — cis isomerization. On the other
hand, irradiation at 254 nm initiates photorelease, resulting in
the formation of 2MCH. Subsequent deprotonation of the
hydroxyl group in 2MCH generates the negative photochromic
molecule 2MC (vide infra). Finally, upon visible light irradiation
(525 nm), 2MC converts to its ring-closed form (2SP), which
spontaneously reverts to 2MC in the dark.

Based on the photochemical reaction studies of ad-MC, we
found that its behavior differs significantly from that of the
previously reported in-MC. Previous studies have shown that
2MC is more stable than 2SP, while 1SP is more stable than
1MC,*”*® and the same conclusion was reached by theoretical
calculations (Tables S2 and S4). Consequently, ad-MC and in-
MC exhibit unique properties that make them suitable for
different applications. To elucidate their photochemical reac-
tivity differences, we conducted comparative reaction studies on
both molecules (Fig. S10). Under 260 nm irradiation, for in-MC,
a decrease in absorption at 300 nm and 395 nm and an increase
in absorption at 540 nm was observed. Similarly, ad-MC
exhibited decreased absorption at 300 nm and 360 nm, with
a concurrent increase at 480 nm. Interestingly, the photorelease
rate constant of in-MC was 45.9 x 10~* s, while that of ad-MC
was 121.8 x 10~* s, clearly showing a faster photorelease
process for ad-MC compared to in-MC. This is also reflected in
the photolysis yields for in-MC and ad-MC determined by "H-
NMR. The photolysis yield of in-MC is determined to be 0.12,
which is lower than that of ad-MC (0.19) (Fig. S11). The superior
release kinetics and photolysis yield of ad-MC relative to in-MC
establish it as a more promising PPG candidate.

2.2 Photochemical reaction mechanism studies of ad-MC
and in-MC

Ultrafast transient absorption spectroscopy and DFT/TD-DFT
calculations were combined to unravel the mechanistic basis
for the different properties of ad-MC and in-MC.

Fig. 2a presents the fs-TA spectra of ad-MC in EtOH following
266 nm excitation (the available wavelength closest to 254 nm).
Upon excitation, excited state absorptions emerged at 340, 400
and 435 nm. The signal at 340 nm subsequently decayed, while
the 400 nm band red-shifted to 420 nm. Simultaneously, a new
absorption band appeared at 510 nm, and the signal at 435 nm
decayed. Over time, the signals at 420 nm and 510 nm
decreased, giving rise to a new species with an absorption peak
at 335 nm. The presence of an isosbestic point at 380 nm
suggests that the species at 420 nm and 510 nm is the precursor
to the one at 335 nm. The fs-TA results in DCM are similar to
those observed in EtOH (Fig. S12).

As illustrated in the schematic energy diagram (Fig. 2b),
upon irradiation at 266 nm light, trans-ad-MC is initially
pumped to the Franck-Condon region of highly excited states,
then rapid internal conversion occurs to yield the singlet excited
state (trans-ad-MC(S,;)) minimum (73.6 kcal mol™'). Subse-
quently, trans-ad-MC(S;) undergoes a hydrogen transfer
process by overcoming a reaction energy barrier through 2TS1
toyield an aci-nitro form product (2CI) which serves as a conical

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2
Photorelease reaction mechanism of ad-MC.

intersection between the S; and S, states. After internal
conversion, the ground-state intermediate 2IM, is generated,
then the aci-nitro proton migrates to the neighbor oxygen (2IM,,
26.8 kcal mol ') by overcoming an energy barrier of
24.0 kecal mol ™" (2TS2). Additionally, the meta-stable 2IM, can
undergo a cyclization process to form the stable species 2IM;
(4.4 kcal mol ") via 2TS3 (39.9 kcal mol ). Finally, 2IM;
undergoes a synchronous C-O bond breaking and proton
transfer process by overcoming a potential barrier of 21.2 kcal-
mol~ " (2TS4), and ultimately rearranges to release 2MCH.
Although the potential energy surface (PES) in Fig. 2 suggests
the 2IM; — 2PC process is slightly endothermic, the corre-
sponding Gibbs free energy change is —2.6 kcal mol " (Table
S3), implying a spontaneous deprotection. In addition, the
vibrational hot state of 2,1-benzisoxazole, 1-oxide can undergo
a Dbarrierless process to generate o-nitrosobenzaldehyde
(Fig. S13). This agrees with the results of photochemical tests,
explaining the experimental detection of the photorelease
product of ad-MC pumped by 254 nm light.

We then assigned the intermediate species observed in the
fs-TA spectra to the corresponding intermediates identified in
the PES calculations. Based on a comparison between the
characteristic fs-TA spectra and the simulated electronic spectra
derived from TD-DFT calculations, we made the following
assignments (Fig. S14 and Fig. 2c): the intermediate with
absorption signals at 340 and 400 nm can be assigned to trans-
ad-MC(S,), while the signal at 435 nm was attributed to 2IM;.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(a) fs-TA spectra of ad-MC in EtOH (e, = 266 nm). (b) The PES of the photochemical reaction of ad-MC (PBEQ/def2-TZVP (EtOH)). (c)

The fs-TA spectra show that the signal of 2IM; (435 nm) is
weaker in EtOH than in DCM. This is rationalized by the fact
that EtOH, a protic solvent, facilitates the proton transfer
process for the conversion of 2IM; to 2IM,. Given that water is
also a protic solvent, a similarly rapid reaction rate is antici-
pated in biological (aqueous) environments. The species
exhibiting absorption at 420 and 510 nm was identified as 2IM,,
while the absorption at 335 nm was assigned to 2IMj;.

The fs-TA experiments were also conducted on ad-MC under
300 nm excitation in both EtOH and DCM (Fig. S15 and S16),
and the results were similar to those observed under 266 nm
excitation. Specifically, the intermediates ¢rans-ad-MC(S;),
2IM;, 2IM,, and 2IM; were detected (Fig. S17). However, the
signal of 2MCH is absent in the steady state absorption spectra
upon 300 nm irradiation, implying the deprotection process is
not taking place. This will be discussed in detail later.

To understand the structure-property relationship, reaction
mechanism studies were further conducted for the previously
studied multi-functional photoswitch in-MC. fs-TA spectra of
in-MC were recorded in EtOH (Fig. S19) and the signals were
attributed to trams-in-MC(S;), 1IM,;, 1IM, and 1IMj3, in
conjunction with theoretical calculations (Fig. S20).

The PES for the photorelease process of in-MC is shown in
Fig. 3, which is generally similar to ad-MC in its photorelease
process. trans-in-MC is initially excited to the high-lying excited
state, and after rapidly relaxes to the first singlet excited state
(trans-in-MC(S,)), which then transforms to 1CI for non-

Chem. Sci., 2025, 16, 23121-23128 | 23125
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Fig. 3 The PES of the photochemical reaction of in-MC (PBEO/def2-TZVP (EtOH)).

adiabatic decay to the S, state. Subsequently, in-MC undergoes
hydrogen transfer, proton transfer and cyclization coupled C-O
bond dissociation processes sequentially via intermediates
1IM,, 1IM,, and 1IM;, respectively, which ultimately leads to
the release of 1IMCH.

As illustrated in Fig. 2 and 3, the photorelease mechanisms
of in-MC and ad-MC are generally the same, and both exhibit
excitation wavelength selectivity due to stepwise processes via
different reaction coordinates. Furthermore, the energetically
favored trans — cis isomerization (Fig. S21) competes with the
deprotection of ad-MC and in-MC, and overall limits the
branching ratio of MC releasing.

On the other hand, it is noted that both the photolysis yield
and rate constant of the photorelease process for ad-MC have
been greatly improved with respect to in-MC. This fact can be
traced back to the stability of the ¢trans form in the S; state. The
relative energy of trans-in-MC(S,) is 12.0 kcal mol~* lower than
trans-ad-MC(S;) due to the extended conjugation system, and
the corresponding barrier height for hydrogen transfer (trans —
cis isomerization) are 12.7 (3.7) kcal mol ' and 0.2
(3.3) keal mol ™, respectively. Obviously, the reduced hydrogen
transfer barrier for trans-ad-MC(S;) not only significantly
increases the photorelease rate, since it serves as the precursor
to the subsequent steps to complete the overall photoreleasing
reaction, but also makes the photorelease reaction more
competitive compared to the trans — cis isomerization
pathway.

It is not surprising that the photorelease yields of ad-MC and
in-MC are relatively low since various steps corresponding to
different reaction modes need to be accomplished prior to
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deprotection. To improve the photorelease efficiency of MC-
based systems, the following could be considered: first, more
nitro groups could be introduced to the o-nitrobenzyl group to
enhance the acidity of the benzyl hydrogen, and thus promote
the branching ratio of the deprotection reaction. Moreover, the
reduced S, state hydrogen transfer barrier would imply that the
photorelease can be activated with lower irradiation energy.
Second, enhancing the rigidity of the MC backbone or intro-
ducing steric hindrance to restrict the -C=C- twisting would be
beneficial. Although the MC derivative may lose the multi-
photochromic character, the deprotection capability would be
improved.

Notably, both in-MC and ad-MC utilize o-nitrobenzyl groups
enabling UV-light-triggered release. To broaden the photo-
pharmacological applicability, the o-nitrobenzyl group could be
replaced by PPGs absorbing above 600 nm,* a spectral region
where neither MC nor MCH exhibits absorption.

2.3 Why no photorelease reaction occurs for ad-MC and in-
MC at longer excitation wavelengths

The fs-TA studies on ad-MC under excitation by both 266 nm
and 300 nm probed the same processes of hydrogen transfer,
proton transfer and cyclization. On the other hand, the steady-
state spectroscopic analysis revealed that only the short wave-
length can trigger the photorelease reaction for the two mole-
cules. That suggests that the key is the C-O bond dissociation,
which is the last step during the photorelease process as indi-
cated by DFT calculations. It is thus interesting to unravel how
the wavelength decides the different photochemical behaviours
of ad-MC and in-MC.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Upon photoexcitation, the absorbed photon energy disperses
into potential energy that determines which electronic state the
system is in and kinetic energy that drives the molecule’s
evolution. Within the following non-radiative relaxation
process, the potential energy spontaneously converts to kinetic
energy via the vibration modes coupled with the reaction
coordinates and then dissipates to surrounding solvent. For the
multi-step reaction process, if the two consecutive steps follow
similar reaction coordinates, this can be achieved easily with
the highly efficient vibration energy redistribution. On the other
hand, switching to divergent reaction coordinates after the first
step is unfeasible compared to dissipating to the surroundings.

For ad-MC, the reaction coordinate switching takes place
after hydrogen transfer, proton transfer and cyclization along
the photoinduced deprotection reaction pathway, overcoming
energy barriers of 0.2, 24.0 and 13.1 kcal mol ™", respectively.
However, the first three reaction processes are thermodynami-
cally favored exothermic reactions, where the reactant could
spontaneously convert to product to achieve a more stable
condition despite being hindered by a substantial barrier.
When the molecule transforms to 2IMg, it is only 4.4 kcal mol
higher than trans-ad-MC(S,), and thus can be considered as an
intermediate product with the initial potential energy being
entirely consumed. Therefore, the following deprotection with
a conserved energy change via a 21.2 kcal mol ' barrier
becomes the controlling step of the multi-step wavelength
dependent release process. To facilitate the deprotection reac-
tion employing synergetic C-O dissociation and hydrogen
transfer modes, a complex vibration redistribution is required
and thus a large amount of kinetic energy is stored in modes
that are independent of the reaction coordinates of the previous
reaction steps as this is better for the reaction efficiency of the
current step. Consequently, for the photochemical reaction of
ad-MC, the initial kinetic energy (equal to the difference
between the 300 or 266/254 nm photon and the S, — S; vertical
excitation energy of trans-ad-MC) absorbed from the photon
will be responsible for overcoming the 2TS4 barrier. Upon
300 nm excitation in EtOH, the excess kinetic energy for ad-MC
is 12.7 kcal mol~'. Compared to the deprotection barrier of
21.2 keal mol ™" for ad-MC, the 300 nm photon is insufficient to
trigger the C-O bond breaking reaction and the photochemical
process is trapped after the cyclization process (Table S7). On
the other hand, the excess kinetic energy after 266/254 nm
excitation for ad-MC is 24.9/30.0 kcal mol ', which guarantees
the C-O bond breaking step and finally forms the released
product. The same conclusion is found in DCM. An analogous
process applies to in-MC. For in-MC, photodeprotection occurs
upon 254/266 nm irradiation, while cis-trans isomerization
takes place under 405 nm light. The theoretical calculations
show that the excess kinetic energy available at 254/266 nm
excitation is also sufficient to overcome the energy barrier for
the C-O bond breaking process (Table S8).

3 Conclusions

In conclusion, we have designed a spiropyran-based photo-
switch by connecting the o-nitrobenzyl photocage with the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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adamantane-containing negative photochromic unit. Upon
irradiation, a stable fluorescent MC form is released which can
be photoisomerized to the unstable SP state under visible light
irradiation, shining new light on the utilization of this multi-
functional photoswitch in chemical biology applications. The
photorelease reactions for ad-MC and in-MC undergo a similar
photochemical reaction mechanism of sequential hydrogen
transfer, proton transfer, cyclization, and C-O bond breaking
processes. On the other hand, ad-MC achieves a higher
photolysis yield than in-MC due to the nearly barrierless tran-
sition from the S, state to the conical intersection. Moreover, it
increases the photorelease rate constant of ad-MC. Further-
more, product analysis of ad-MC and in-MC unravels that the
photorelease is triggered by 266/254 nm irradiation, while
300 nm excitation has no effect on the decaging. To sum up, the
first step during the overall photorelease process decides the
photorelease yield and rate for both ad-MC and in-MC, while
the last step determines the wavelength-dependent behavior.
Building on in-depth investigations of reaction mechanisms,
this study unveils the structure-reactivity relationship of the
multifunctional molecule, offering critical insights for the
utilization of such molecules in chemical biology applications.
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