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The reversible interconversion between spiropyran and merocyanine con-
stitutes one of the most intensively investigated photochromic systems,

enabling diverse applications in stimuli-responsive materials and optical ima-
ging. Here, we report pyridine-substituted merocyanines (PMCs) as a class of
photochromic molecules. Upon visible light irradiation, these compounds
undergo an uncommon photoinduced C-N bond formation to yield spir-
oindolizine (SIZ) structures, accompanied by the color fading. The SIZs can
thermally revert to the colored PMC form. This photochromism is marked by
rapid response, high photo-switching ratio, robust water compatibility, and
fatigue resistance. Furthermore, we have synthesized quinoline-substituted
merocyanines and found that they can be bidirectionally switched by 660 nm
and 500 nm light to form SIZ and PMC structures. Finally, we showed the
photochromism of these molecules in solid matrices and demonstrated a light-
controlled sequential switching function, highlighting their potential for
advanced photonic applications.

Photochromic molecules represent a versatile class of smart materials
capable of reversibly altering color and physicochemical properties
upon light exposure. Owing to their distinctive photo-responsive
characteristics, they have been applied across various fields of che-
mical and biological research, including photo-patterning, activity
modulation and fluorescence switching'®. To date, significant pro-
gress in photochromic molecules research has led to the development
of diverse organic molecular photoswitches, such as azobenzenes™®,
spiropyrans’'®, diarylethenes", indigoids”, hydrazones™'* and Sten-
house compounds®™ ™. They can be classified into two main categories
according to their structural changes: Z-E isomerization (e.g., azo-
benzene, indigoid) and covalent bond formation/cleavage (e.g., spir-
opyran, diarylethene, Stenhouse compound). These systems exhibit
distinct advantages and have been applied in various fields. For
instance, azobenzenes possess simple and diverse chemical structures,

making them widely used in supramolecular chemistry and light-
controlled biological regulation®. Spiropyrans undergo more pro-
nounced structural changes upon light stimulation, thereby leading to
higher contrast on spectral and physicochemical properties. In
addition, the isomerization of spiropyrans can be regulated by pH and
metal ions, enabling their use in the design of complicated molecular
logic gates’. Diarylethenes, on the other hand, exhibit excellent fatigue
resistance and thermal bistability, which makes them highly suitable
for multiple switching cycles and particularly the applications in
molecular electronics and photochromic devices'. However, these
molecules still exhibit certain limitations, such as relying pre-
dominantly on ultraviolet (UV) light for photoisomerization, insuffi-
cient water solubility, or ineffective switching and poor fatigue
resistance in aqueous media. Thus, the development of additional
photochromic molecules continues to be of substantial scientific and
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practical significance. Ideally, the desirable photochromic molecules
should feature facile synthesis, high switching ratio, responsiveness to
visible light, robust fatigue resistance and broad-spectrum matrix
(aqueous and solid) compatibility.

From the perspective of chemical transformations, spiropyrans
undergo reversible C-O bond cleavage to form merocyanine whereas
diarylethenes rely on reversible C-C bond transition in the photo-
cyclization processes (Fig. 1A). Both systems have been extensively
explored as prototypical molecular photoswitches. In contrast, pho-
toinduced reversible C-N bond transformations remain exceedingly
rare (Fig. 1B), and most of these examples have only demonstrated
photochromic behavior in organic solutions®**. The discovery of
additional photoinduced C-N bond transformations can expand the
structural diversity of photoswitches.

In this work, we report a distinct class of photochromic molecules
featuring reversible C-N bond formation (Fig. 1C). These compounds
adopt a pyridyl-substituted cyanine (PMC) scaffold, in which light
irradiation induces the pyridyl nitrogen to attack the C2 atom of the
indolium moiety, leading to a cyclization reaction and formation of a
spiroindolizine (SIZ) structure, accompanied by a drastic spectral
variation. This transformation exhibits fast kinetics, high switching
ratio, excellent fatigue resistance and water compatibility. Further-
more, we also synthesized quinoline-substituted derivatives and
characterized their photochromic behavior under two wavelengths.
Finally, we demonstrated the photo-responsiveness of PMCs in various
solid-state matrices and constructed a light-controlled sequential
switch. This study expands the scope of molecular photoswitches and
provides a molecular platform for diverse applications.

Results

Pyridine-substituted merocyanines

PMCI1-5 were synthesized by coupling 2-formylpyridine analogues
to an indolium moiety (Figure S2). Density functional theory (DFT)
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calculation showed that the amino-substitution significantly
decreased the energy gap between HOMO and LUMO of PMC1-3
(~4.5-4.8eV, Figure S3) compared to that of PMC4 and PMC5
(~5.5eV). Time dependent DFT revealed distinct intramolecular
charge transfer (ICT) features during excitation process. For
PMCI1-3, charge density difference (CDD) on the amino-substituted
pyridine is around 43%, implying a significant electron depletion
during excitation (Sg~>S;). In contrast, CDDs on the pyridine
moieties of PMC4 and PMCS5 are only -5.9% and 1.4%, respectively
(Figure S4). Therefore, the pyridine moieties can not act as the
electronic donor in PMC4 and PMCS5. Experimentally, PMC1-3
exhibited absorption peaks at 462-530 nm (Fig. 1D) and fluores-
cence at 566-607 nm; whereas both PMC4 and PMC5 having rela-
tively weak charge transfer effects displayed shorter absorption
and fluorescence wavelengths (Table 1 and Figures S5-S9).

Unlike imidazole-biradicals and heterocycle-substituted diary-
lethenes which only showed the photochromic property in organic
solvent, PMCs displayed photochromic behaviors in water and rapidly
faded upon irradiation with white LED (Fig. 1D), generating blue-
shifted absorption peaks at 280-419 nm. This spectroscopic change
was consistent with our envision that PMCs may undergo cyclization to
form spiroindolizine structures under light irradiation. The photosta-
tionary state distributions (PSD) of the SIZ products were all above
95%, indicating almost completed transitions (Table 1). Photo-
isomerization quantum yields of PMCs were between 5.4% and 12%
(Table 1), which is comparable to those of spiropyrans and other
photochromic systems (Table S1).

In the absence of light stimulation, the spectra of SIZs gradually
returned to those of PMCs in a temperature-dependent manner, from
which we calculated the activation energy between 15-21kcal/mol
(Table 1). Spectral tests in organic solvents also supported PMCs as
T-type (thermally reversible type) photochromism (Figures S5-S9).
Notably, PMCI-3 exhibited almost complete thermal recovery in all
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and their photoisomerization mechanism. D Absorption spectra of PMCI1-5 in water
before and after irradiation with white light-emitting diode (LED) for 10s.
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Table 1| Photophysical and thermodynamic properties of PMCs?

Aemc: €pmc (MM, 10°M'em™)° A, @¢(hm, %)°  Agiz. €51z (h(M, 10*M'em™)®  PSD (%)° ®iso (%)’  RY (%)°  ty2 (min)®  k (min™")'  E, (kcal/mol)
PMC1 462,2.90 566, 1.2 366, 0.26 99.5 12 100 577 0.0012 20.4
PMC2 517, 4.10 600, 1.7 412, 0.28 99.4 8.4 98.9 91.2 0.0076 17.9
PMC3 530, 6.20 607,15 419, 0.40 99.1 6.8 100 28.9 0.024 16.4
PMC4  372,2.48 510, 0.4 280, 1.28 95.8 8.5 52.8 72.2 0.096 15.8
PMC5 384,185 510, 0.6 306, 1.12 97.0 5.4 45.4 257 0.0027 16.6
PMC6* 617, 6.17 734,13 438, 0.12 90.1 0.2 99.7 -
PMC7¢ 607, 4.39 720,7.6 434, 0.12 95.8 0.2 99.9 -
2PMC1-5 were measured in water at 298 K, whereas PMC6 and PMC7 were measured in CH,Cl,.
PAbsorption peak and molar absorptivity of PMC.
°Fluorescence peak and quantum yield (®f) of PMC. It is noted that the PMCs show rather low ®; values.
9Absorption peak and molar absorptivity of SIZ.
*Photostationary state distribution of SIZ after irradiation.
Photoisomerization quantum yield (®js,) of PMC.
9Recovery yield (RY) of the SIZ-to-PMC conversion after the first cycle.
"Half-life (t1/2) of SIZ during the thermal recovery at room temperature.
First-order kinetic constant (k) of the SIZ-to-PMC conversion at room temperature.
IApparent activation energy (E,) of the SIZ-to-PMC conversion.
“No thermal conversion.
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Fig. 2 | Photochromic properties of PMC2. A Absorption spectra of PMC2 before
(black) and after (red) 500 nm LED irradiation for 10 s, and then thermally recov-
ered (room temperature without LED) for 10 h (blue). B Photo-response kinetic
curve of PMC2. Arrow indicates the operation of turning on LED lamp. C Thermal
recovery kinetic curves of PMC2 at 25 °C (black) and 50 °C (red). D Cyclic stability of

PMC2 in water under repeated light stimulations (500 nm LED for 10 s) and thermal
recovery (room temperature for 10 h). E Photographs illustrating the photo-
chromism and concomitant phase transfer of PMC2 upon 500 nm LED irradiation.
F Photochromism of PMC2 to SIZ2 in pH 1-12 buffer solution.

solvents (Figures S5-S7). In contrast, PMC4 showed a weak absorption
peak at 372 nm and a stronger peak at 280 nm, suggesting that it can
spontaneously convert to SIZ4 in solutions (71% SIZ4 in CH;0H/H,0 by
HPLC; 47% SIZ4 in CD5Cl by 'H NMR assay, Figure S10). It was noted
that PMC4 and PMCS5 can only retrieve half of their initial absorbance in
water in the first recovery process (Figures S8F and S9F), suggesting
their relatively low stability in water (Figure S11). We attributed this to
the side reaction of PMC4 and PMC5 without the electron-donating
amino groups, because the lack of electron-donating groups (e.g.,
amino) usually leads to instability®**".

As mentioned above, the simple molecular structure of PMCs
endows their photochromism with good water compatibility, which
may be advantageous for various applications in aqueous environ-
ments. Then, taking PMC2 as an example, we studied its photochromic
property in water. As shown in Fig. 2, under the irritation of 500 nm
LED, PMC2 converts to SIZ2 in less than 10 s with PSD of 99.4% and the

photoisomerization quantum yield is 8.4%. Then, SIZ2 fully returns to
PMC2 (98.9%) at room temperature after about 500 min (Fig. 2A-C).
Temperature increase can accelerate this transformation from half-life
of 250 min at 25°C to 12.4 min at 50 °C, with the corresponding rate
constants of 0.0076 min™ and 0.056 min™ (Fig. 2C). Although irradia-
tion with short wavelengths (310 nm, 365 nm or 405 nm) can accel-
erate the SIZ-to-PMC conversion, the resulting photostationary state
remains far from complete recovery (<10%) of PMC2 (Figure S12),
which may be attributed to the simultaneous absorption of PMC and
SIZ at the stimulating wavelength. Considering the structure differ-
ences between PMC and SIZ, we measured their partitions in octanol-
water system. It was found that 98% of PMC2 existed in water phase
(oil-water partition coefficient, logP ~ —1.75), further verifying the good
water solubility of PMC2; after irritation, only 36% of SIZ2 existed in
water phase (logP - 0.25), suggesting a typical photo-induced phase-
transfer behavior (Fig. 2E).
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Fig. 3 | NMR spectra of PMC2/S1Z2. A'H NMR spectral evolution of PMC2 in CD,Cl,
before (up) and after (down) irradiation. B 'H-*C HMBC spectral evolution of PMC2
in CD,Cl, before (left) and after (right) irradiation. C'H-"N HMBC spectral evolution
of PMC2 in CD,Cl, before (up) and after (down) irradiation. Irradiation was

conducted with white LED for 120 s. The *;c and *Jyy correlations are indicated by
red bonds and blue ovals for clarity. More NMR spectra can be seen in
Figures S17 and S18.

Then, we compared the photochromic properties of PMC2 and the
most intensively studied spiropyran 1,3,3-trimethylindoline-6-nitro-
benzopyran (6-nitro-BIPS) in water. Fatigue resistance is a crucial
property for photochromic molecules. We tested the fatigue resistance
of 6-nitro-BIPS in water by repeated irradiations at 365 nm and 500 nm.
It was found that 6-nitro-BIPS degraded greatly after several cycles
(Figure S13), which may be ascribed to the involvement of the triplet
state under the UV 365 nm excitation”*”. In contrast, PMC2 exhibited
excellent reversibility and fatigue resistance (the absorbance at 517 nm
retains above 95% after 10 cycles) in water under repeated irradiation
and thermal recovery (Fig. 2D). The possible explanation may be that
the photoisomerization of PMC2 is driven by 500 nm light, which
possesses lower photon energy and therefore reduces the likelihood of
photochemical degradation. Whether this photoreaction involves a
triplet-state pathway remains to be clarified. Additionally, previous
reports have shown that the ring-opening/closing switching of spir-
opyrans is strongly influenced by pH and the presence of metal ions™ %,
However, the photoisomerization of our PMC2 molecule could proceed
efficiently within the pH range of 4-10 (Fig. 2F, Figure S14) and was not
affected by common metal ions (Figure S15), demonstrating its good
resistance to environmental interferences. Even in more acidic media
(pH <4), PMC2 with a slightly blue-shifted absorption peak still exhib-
ited efficient photoisomerization, though strongly basic media (pH >
10) largely decreased the photoisomerization. The above results indi-
cated that PMC represents a robust photochromic system with various
advantages over traditional spiropyran systems.

Photochromic mechanism

The structures of pyridine-substituted merocyanines (PMC1, PMC2,
PMC3 and PMC5) were unambiguously determined to be a planar
molecule through single-crystal X-ray diffraction (Figure S16). We
attempted to prepare single crystals of the corresponding SIZs but
were unsuccessful. On the other hand, we used DFT calculations to
determine the geometries of the SIZ isomers (Figure S3). The opti-
mized structures of SIZs reveal a C-N bond length of -1.53 A, which is
slightly longer than a typical C-N bond***%,

Further, we employed NMR spectroscopy to investigate the
structural information on the PMC2-SIZ2 transformation (Fig-
ures S17 and S18). As shown in Fig. 3A, the proton signals at 8.28 ppm
(H4, doublet, /=153 Hz) and 7.72 ppm (H5, doublet, /=15.3 Hz) con-
firm that the predominant species is the trans-alkenyl merocyanine.
These protons shift to 7.35 ppm (H4, d, /= 6.5 Hz) and 6.85 ppm (H5, d,
J=6.4Hz) upon irradiation, and are assigned as cis-alkenyl hydrogens,
indicating the photoinduced trans-cis isomerization of the ethylene
bond. Meanwhile, the chemical shift of the C2 (i.e., Cp in Fig-
ures S17 and S18) in the indole moiety shifts from 180.7 ppm to 111.4
ppm (Fig. 3B), indicating a transformation from an imine carbon to a
saturated spiro-carbon (Cspiro). Notably, in SIZ2, the resonance peaks
of indole 1-methylene protons (H10) broaden into very wide peaks
(Fig. 3A), possibly suggesting the formation of a chiral center at the
spiro carbon®. More definitive evidence is provided by the hetero-
nuclear multiple bond correlation (HMBC) spectra, which typically
detects ¥ or ¥ correlation. In "H-*C HMBC spectra of SIZ (Fig. 3B), Cspiro
displays a correlation with the H1 proton in pyridine. In 'H-"N HMBC
spectra (Fig. 3C), a strong coupling appears between the Npyrigine and
H5 in SIZ2. The emergence of these two correlations strongly supports
the formation of the Cspiro-Npyridine bond, enabling *yc and ¥y cor-
relations in SIZ.

Quinoline-substituted merocyanines

Encouraged by the above findings, we anticipated that quinoline-
substituted merocyanine may undergo photochromic reaction under
longer wavelength irradiation due to extended conjugation. Hence, we
studied the photochromic behavior of two quinoline-substituted
merocyanines (PMC6 and PMC?7) theoretically and experimentally.
DFT calculations reveal that PMC6 and PMC7 possess relatively low
HOMO-LUMO gap (-4.1eV) and exhibit pronounced excited-state
charge transfer characteristics (CDD > 48%, Figure S19). Under 660 nm
LED irradiation, the absorption peaks of the PMCs around 610 nm fade
rapidly and weak peaks around 436 nm emerge, implying the genera-
tion of SIZ6 and SIZ7 (Fig. 4A, B). The PSD of SIZ6 and SIZ7 is 90.1% and
95.8% (Table 1), respectively. Unlike SIZ1-5 that can thermally return to
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stability of PMC6 (E) and PMC?7 (F) in CH,Cl, under alternative irradiation (500 nm
for 30 s; 660 nm for 30s).

PMCs, SIZ6 and SIZ7 show thermostability. No significant absorption
peak of PMCs was observed even when SIZ6 and SIZ7 were kept in dark
for 72 h (Fig. 4C, D). However, exposure to 365 nm, 500 nm and white
LED light could retrieve PMC6 and PMC?7 rapidly, indicating that
quinoline-substituted merocyanines can function as a P-type photo-
chromic system (Fig. 4C, D and Figures S20-23). Thus, here we can
manipulate the molecular transition between PMC and SIZ forms using
500 nm and 660 nm light. Moreover, PMC6 and PMC7 exhibited fast
response, >90% switching ratio and impressive fatigue resistance
(Fig. 4E, F).

To elucidate the distinct photochromic behaviors of PMC2 and
PMC6 (T-type and P-type, respectively), the reaction energy profiles
associated with the PMC-SIZ isomerization were investigated using DFT
calculations. The Gibbs free energies of PMCs are lower than those of
their corresponding SIZs (Fig. 5 and Figures S24-S28), which is con-
sistent with their negative photochromic character. The only exception
is PMC4, which exhibits a higher Gibbs free energy than SIZ4,
explaining its spontaneous conversion to SIZ4 as observed in chro-
matographic and NMR analyses (Figure S10). The photoisomerization
process from PMC to SIZ can be simplified into two steps: the C=C
bond trans-cis isomerization and the subsequent C-N bond formation.

The former step involves a higher energy barrier and proceeds through
an excited state to a cis-configured intermediate, whereas the latter has
arelatively low barrier and can occur on the ground state (Fig. 5). In the
reverse process, the isomerization begins with the cleavage of the C-N
bond to yield a cis-configured intermediate, followed by cis-trans iso-
merization of the C =C bond to form the PMC structure. As illustrated
in the reverse process in Fig. 5, the cis-trans isomerization step for SIZ2
proceeds with a relatively low energy barrier (~ 24.2 kcal/mol), allowing
for efficient thermal recovery to PMC2 (Fig. 5A). In contrast, SIZ6
encounters a significantly higher energy barrier (- 32.1 kcal/mol) during
the cis-trans isomerization (Fig. 5B), which drastically slows the thermal
relaxation rate, calculated to be -10°fold slower than that of SIZ2.
Consequently, the SIZ6-to-PMC6 transformation predominantly
requires photochemical activation rather than occurs spontaneously
via thermal recovery. Similarly, the energy barrier calculations also
provided a good explanation for the isomerization mechanisms of
PMC1, PMC3, and PMC?7 (Figures S24, S25 and S28). However, for PMC4
and PMCS5, the transition states of trans-cis isomerization were difficult
to converge, suggesting that these compounds may follow an alter-
native reaction pathway, probably due to the absence of ICT effects in
PMC4 and PMCS5 (Figures S26 and S27).
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Photochromism in solid matrices

The applicability of molecular photoswitches critically depends on
their ability to undergo photochromic transitions in the solid
matrices"***. Photo-responsive materials are particularly important
for applications in optoelectronic devices, data storage, and smart
coatings. Accordingly, we investigated the photochromic behavior of
PMC2 embedded in polymethyl methacrylate (PMMA) as well as
absorbed in silica gel, and filter paper (Fig. 6A and Figure S29). Upon
irradiation with 500 nm light, the red color of PMC2 faded, and the
complete recovery of the red color was observed at room temperature
within 2 h; the recovery process with an apparent activation energy of
13.2 kcal/mol (Figure S30) can further be accelerated by heating. This
reversible color change could be repeated over many cycles without
any noticeable degradation (Figure S31). Furthermore, PMC7

embedded in PMMA exhibited P-type photochromism modulated by
500 and 660 nm light, consistent with its behavior in solution (Fig. 6B
and Figures S32 and S33).

Finally, we demonstrated the application of PMCs by constructing
a light-controlled sequential switch. As shown in Fig. 6C, a PMMA sheet
co-loaded with PMC2 and PMC7 initially appears brown (PMC2-PMC7).
Sequential irradiation first with 500 nm light and then with 660 nm
light resulted in an orange color (SIZ2-SIZ7), which is attributed to
successive conversion of PMC2 to SIZ2 and PMC7 to SIZ7. In contrast,
reversing the order of irradiation (first with 660 nm followed by
500 nm) produced a dark purple color (SIZ2-PMC7) via an orange
transition (PMC2-SIZ7), as 500 nm light not only converted PMC2 to
SIZ2 but also reverted SIZ7 back to PMC7 (Fig. 6C). The same switching
sequence was observed in solution (Figure S34), corroborating the
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photochromic pathway. This behavior constitutes a sequential switch,
in which the sequence of two input signals dictates the system’s
output®. Such a strategy could be extended to the development of
more sophisticated photo-controlled materials.

Discussion

The discovery of additional photochromic molecules is essential for
advancing the design of intelligent molecular systems and functional
materials¥. Over the past decades, numerous photochromic mole-
cules have been developed and widely applied in various fields such as
stimulating-response material and photo-modulating biological
systems®, Most of the known systems rely on well-established
mechanisms such as Z-E isomerization or the reversible cleavage/for-
mation of C-O or C-C bonds (Table S1). In contrast, photochromism
based on reversible C-N bond formation remains exceedingly rare, and
the previous examples have been largely limited to organic
solvents'®>, In this context, PMCs are particularly noteworthy, as they
undergo visible-light-induced C-N bond formation even in aqueous
media. This behavior highlights both their distinctive mechanistic
features and potential for applications in environments inaccessible to
conventional photochromic systems.

Similar to classical spiropyran systems, substituent effects also
play a crucial role* in determining the photochromic properties of
PMCs. The introduction of an electron-donating amino group enhan-
ces molecular stability and imparts the ICT feature to the molecule.
This effect extends the absorption into the visible region, enabling
efficient photoisomerization under mild visible-light irradiation (a
significant advantage for photonic and biological applications). In
contrast, electron-withdrawing substituent destabilizes the mer-
ocyanine framework and suppresses the ICT, leading to a pronounced
hypochromic shift to the UV region. Compared with spiropyrans, the
photoisomerization of PMCs is driven by visible light rather than UV
irradiation, which, together with the electron-donating substituent
effect, improves both stability and reversibility of PMCs. Moreover, by
substituting the pyridine (T-type) with a quinoline moiety, the PMCs
can be transformed into P-type photochromic molecules, in which the
back reaction is triggered by another light rather than thermal
relaxation. It might be envisioned that further tuning the thermal
equilibrium position via structural substitution may obtain a positive
photochromic system, which would broaden the application scope of
these molecules.

Additionally, although our preliminary studies suggest that metal
ions do not markedly alter the photochromic behavior of PMCs, the
presence of the pyridyl coordination site may open the possibility of
distinct metal-ligand interactions*’. The substantial structural differ-
ence between PMC and SIZ could be harnessed to design light-
responsive ion chelator/channels or even photoactivatable ther-
apeutic agents. These opportunities underscore the broader implica-
tion of our findings, not only in materials chemistry but also in
chemical biology.

In summary, we have developed a series of pyridine- and
quinoline-substituted merocyanines that exhibit fast, reversible, and
fatigue-resistant photochromic property in both solution and solid
matrices, featuring a reversible photoinduced C-N bond formation/
cleavage. By tailoring the substitution patterns, we achieved tunable
absorption wavelength and different photochromic types (T-type and
P-type), as elucidated through detailed spectroscopic analyses and
DFT calculations. Notably, the combination of PMC2 and PMC?7 facili-
tated the construction of a light-controlled sequential switch, wherein
the order of dual-wavelength inputs determined distinct optical out-
puts. This study highlights the potential of PMCs as versatile molecular
photoswitches for applications in optical information processing and
smart materials. We anticipate that the C-N bond photochromic stra-
tegies and functional capabilities disclosed in this study will inspire
further exploration of photo-responsive molecular systems.

Methods

Syntheses

For all syntheses, and characterization, please see Supplementary
Information.

Preparation of single crystals

Single crystals for X-ray diffraction analysis were obtained by dissol-
ving the solid in CH,Cl,, followed by dropwise addition of low-
solubility solvents (ether, n-hexane, or ethyl acetate) to induce crystal
formation via solvent diffusion. The mixture was left undisturbed at
room temperature for 2-3 days to form single crystal.

Fluorescence quantum yield measurements

Fluorescence quantum yields were determined by the relative
method*. PMC solutions were prepared at a series of concentrations
(ensuring absorbance below 0.05). Both absorption and emission
spectra were recorded in 1cm quartz cuvettes. Parallelly, the corre-
sponding reference fluorophores were measured: fluorescein (0.85 in
0.1 M NaOH) for PMC1*, resorufin (0.74 in H,0) for PMC2 and PMC3*,
quinine sulfate (0.54 in 0.05M H,S0,) for PMC4 and PMC5*, and Cy5
(0.27 in pH7.4 phosphate buffer) for PMC6 and PMC7%. The integrated
fluorescence intensity was plotted against the absorbance (/ vs. A)
linearly, and the slope was compared with that of the reference
fluorophore. The relative fluorescence quantum yields were calculated
by:

s
ng

S,
O, =0, S—S @
r

where S is the slope of the / vs. A linear regression, @ is the quantum
yield, and n is the refractive index of the solvent. The subscripts s and r
denote sample and reference respectively.

Photochromism measurements

Generally, 3mL of PMC solution (10 pM) in a 1-cm quartz cell was
irradiated with LED light for 10-30 s and the UV-vis absorption spectra
were determined before and after irradiation.

Determination of photoisomerization quantum yield

Because of the wide distribution of the absorption spectra of PMC1-7, it
is hard to use single photochromic standard to determine the relative
quantum yield. Hence, the photoisomerization quantum yield was
determined by combining kinetic analysis with photon flux calculation.
A 3-mL of PMC solution was placed in 1x1 cm quartz cuvette and fully
irradiated with an LED light and continuous stirring. The time-
dependent absorption spectra were recorded and fitted with a
single-exponential decay function to obtain the isomerization reaction
rate constant k. The absorbed photon flux per unit area (/,,5) was
calculated by differentiating the incident and transmitted photon
fluxes determined using a power meter. The photoisomerization
quantum yield (@;s,) was then calculated using the following equation:

kiso'CO'V'NA

By = 5 @)

so Iabs .

where Cy is the initial concentration, V is the solution volume, Ny is
Avogadro’s constant, and A is the illuminated area.

Thermal recovery kinetics

The thermal recovery process was carried out by keeping the SIZ
solution either under normal laboratory lighting or in a dark enclosure.
During the study, no observable effect was detected for the normal
laboratory lighting compared with dark condition. The absorbance
evolution of the thermal recovery was analyzed using a first-order
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kinetic model:

Ac=hp(1- ) 3)

where Ap is the initial absorbance, k is the rate constant, and ¢ is
elapsed time.

Determination of apparent activation energy

The apparent activation energy was determined using the Arrhenius
equation. Sample solutions were kept in dark at different temperatures
(25, 37 and 50°C), and the absorption spectra were recorded at
defined time intervals. The time-dependent spectral changes were
fitted to obtain the rate constant k at each temperature. A plot of Ink vs.
1/T was linearly fitted, from which the apparent activation energy ()
was derived by:

E, 4
Ink=InA — =& ( )

where A is a pre-exponential factor, R is the gas constant and T is the
absolute temperature.

Density functional theory (DFT) and time-dependent DFT (TD-
DFT) calculations

All calculations were carried out using Gaussian 16 (Rev. C.01) at the
MO06-2X/def2-TZVP level***. Solvent effect (CH.Cl,) was included
using the solvent model based on density. In the vertical transition
calculations, we calculated 10 excited states. During the excited state
structure optimization, the lowest three excited states were com-
puted. Frequency analyses confirmed that all optimized ground- and
excited-state minima exhibited no imaginary frequencies. Transition
states (TSI and TS2) were optimized using opt(ts, calcfc, noeigentest)
and verified by a single imaginary frequency together with intrinsic
reaction coordinate calculations. Charge-density difference (CDD)

analyses were performed with Multiwfn*$*’,

Solid matrix preparation

Silica gel plates and filter papers were immersed in 100 pM
PMC2 solution of acetonitrile for 10 min, and then dried to afford the
functionalized materials.

PMMA (500 mg) was dissolved in CHCI; (5 mL) under continuous
stirring at 50 °C for 30 min. PMC2 stock solution was then added
dropwise to the PMMA solution to achieve a PMC2:PMMA mass ratio of
1:1000 (w/w). The mixture was subsequently sonicated for 30 min to
ensure homogeneous dispersion. Then the solution was cast into a
glass beaker, and allowed to evaporate in oven at 50°C for 48h.
Finally, the dried polymer film was further annealed at 40 °C under
vacuum for 24 h to remove any residual solvents.

Preparation of the composite film: PMMA (500 mg) was dissolved
in CHCI; (5 mL) under continuous stirring at 50 °C for 30 min. Subse-
quently, PMC2 and PMC7 stock solutions were added dropwise into
the PMMA solution to achieve a mass ratio of PMC2:PMC7:PMMA =
0.5:1:1000 (w/w). The resulting mixture was then sonicated for 30 min
to ensure homogeneous dispersion. The solution was poured into a
glass beaker and allowed to evaporate in an oven at 50 °C for 48 h.
Finally, the dried polymer film was annealed at 40 °C under vacuum for
24 h to remove any residual solvents.

Data availability

The data generated in this study are provided in Source Data file.
Crystallographic data for the structures reported in this article have
been deposited at the Cambridge Crystallographic Data Centre.
Deposition numbers for compounds: PMC1 (2455320), PMC2
(2455316), PMC3 (2455317), PMCS5 (2455318), PMC6 (2455319). These
data can be obtained free of charge from The Cambridge

Crystallographic Data Center via (https://www.ccdc.cam.ac.uk/
structures/). Coordinates for computational experiments are pro-
vided as Supplementary Data 1. All data are available from the corre-
sponding author upon request. Source data are provided with
this paper.
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