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ARTICLE INFO ABSTRACT

Keywords: Integrating photochromism and fluorescence switching within a single molecular platform remains a central
Photochromism challenge in the development of light-regulated functional materials. Here, we report a structure-encoded de-
Fulgide sign strategy based on the direct covalent incorporation of a 1,2,4-triazole unit into the imide framework of
Fi‘:ilfzi‘;iede fulgimides, yielding three new photoresponsive molecules (4E-6E). Experimentally, all compounds exhibit pho-

tochromism based on the interconversion between open and closed forms. This is accompanied by large visible-
range spectral contrast and reversible fluorescence ON/OFF switching under alternating UV and visible light.The
open-ring forms are strongly emissive, while photoinduced cyclization produces systematic fluorescence quench-
ing (20-40%) governed by intramolecular energy transfer to the conjugated closed-ring core. Density functional
and time-dependent DFT calculations quantitatively reproduce the observed experimental absorption behavior
and reveal pronounced n-delocalization and HOMO-LUMO gap narrowing upon ring closure, establishing clear
structure—property relationships. Among the series, compound 6E shows the most favorable electronic and opti-
cal characteristics. These results identify triazole-imide coupling as a generalizable molecular engineering route
for multifunctional organic photo-switches and advance their potential for optical memory, sensing, and adaptive

Fluorescence switch

photonic applications.

1. Introduction

Photochromic compounds that undergo reversible isomerization un-
der light irradiation have attracted extensive interest for applications in
molecular electronics, optical data storage, and dynamic sensing [1-6].
Among them, fulgimides combine exceptional thermal stability with
irreversible 6r-electrocyclization behavior, distinguishing them from
other photochromic scaffolds. Integrating fluorescence functionality into
such systems remains a formidable challenge, as it requires precise
control of excited-state dynamics to achieve reversible on/off emission
switching [6-8]. Additionally, they exhibit superior photochromic per-
formance, and increased resistance to hydrolysis [9,10]. Furthermore,
the nitrogen atom in their imide group allows for versatile structural
modifications. While many photochromic fulgimides have been syn-
thesized and studied for their thermal stability and fatigue resistance
[11,12], very few have been reported that can also switch fluorescence
on and off.
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A key challenge in materials science is synthesizing molecules whose
fluorescence can be precisely turned on and off using light [13-15]. Typ-
ically, this involves a photochromic system where one molecular state
(for example, the "open" form) fluoresces brightly, while its alternate
state (the "closed" form) does not. In most photochromic systems, only
one form of the molecule (e.g., the open form) is fluorescent, while the
other (e.g., the closed form) is nonfluorescent [16]. By using specific
wavelengths of light to switch the molecule back and forth between
these two states, scientists can effectively control its light emission.
This reversible control is highly valuable for industrial applications, in-
cluding optical data storage, bioimaging, and molecular-scale switches
[11,17-19]. Sivasankaran and Palaninathan developed a photoswitch-
able fluorescent film by electropolymerizing a special pyrrole monomer
on an ITO electrode. They reported that the resulting polypyrrole film,
which contained 2-indolylfulgimide, could switch its fluorescence on
and off [20]. When the fulgimide was in its open form, the polypyr-
role emitted visible light between 500 and 600 nm. However, when the
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fulgimide switched to its closed form, the fluorescence quenched. The
authors attribute this quenching to Forster resonance energy transfer
(FRET) from the polypyrrole to the closed-form fulgimide [20,21].

Photochromic molecules that exhibit fluorescence modulation func-
tion as molecular-scale fluorescent switches since their fluorescence
can be turned on and off as their structure changes with light. This
property makes them highly useful for super-resolution fluorescence mi-
croscopy [22-26]. Compounds with a triazole ring are of great interest
because they often possess a wide range of valuable biological proper-
ties, including antiviral, antibacterial, and anti-HIV activities [27-29].
Beyond biology, these triazole-containing compounds are also useful in
industrial applications as dyes, corrosion inhibitors, sensors, and pho-
tostabilizers [30,31]. Additionally, photochromic-fluorescent triazole-
linked 2-indolylfulgimide polymers were synthesized by Nithyanandan
et al. [32], which demonstrated fluorescence modulation in fulgimide-
based and triazole-containing systems; however, these systems typically
suffer from limited thermal stability or incomplete fluorescence re-
versibility. Interestingly, both the open-form and the closed-form of this
triazole-fulgimide displayed fluorescent properties. The studied triazole-
fulgimide polymer is considered to have potential application in optical
memory and optical switching systems [33-35].

Recent work has shown that embedding triazole-based fluorophores
within photochromic diarylethenes enables efficient, light-controlled
fluorescence switching. Ding and co-workers demonstrated that a
triazole-quinoline-bridged diarylethene exhibits reversible fluorescence
on/off switching upon photoinduced ring opening and closure [36]. Co-
ordination with Zn?* generates a strong emission, which is efficiently
quenched in the closed form through Forster resonance energy transfer
to the conjugated diarylethene core. These findings established triazole-
functionalized diarylethenes as viable platforms for fluorescence switch-
ing and chemical sensing [1,36,37]. Despite advances in photochromic-
fluorescent integration, the underlying structure-property correlations
governing triazole-induced electronic modulation in fulgimides remain
poorly understood. Notably, no photochromic fulgimide has been re-
ported in which a triazole unit is directly and covalently integrated
into the imide functionality, leaving a critical gap in structure-property
understanding at the interface of triazole chemistry and fulgimide pho-
tochromism. To address this challenge, we report the synthesis of a new
class of 1,2,4-triazole-linked fulgimide photochromes and present a com-
prehensive investigation of their photochromic and fluorescence proper-
ties in solution. In parallel, detailed theoretical studies based on density
functional theory (DFT) and time-dependent DFT (TD-DFT) were per-
formed to probe the geometrical and electronic factors influencing their
photochromic behavior. The integration of experimental results with
computational insights reveals a previously unexplored molecular archi-
tecture, providing a foundation for the rational design of multifunctional
optical switching materials.

2. Material and methods
2.1. Material

3-Amino-1,2,4-triazole was purchased from Alfa Aesar Company
based in Haverhill, MA, USA. 1E (1R = 2R = 3R = Me and X = O),
2E (1R = Me; (2R)(3R)C = Adamantylidene, and X = O), and 3E
(1R = 2R = 3R = Me and X = S) were synthesized through a multistep
reaction as reported in the literature [38].

2.2. Methods

The 'H NMR spectra were obtained using an Agilent 600 MHz NMR
spectrometer. The mass spectra of compounds 4E, 5E, and 6E were
obtained using high-performance liquid chromatography coupled with
high-resolution time-of-flight mass spectrometry (LC-MS/QTOF). FT-
IR spectra were obtained using a PerkinElmer Spectrum 100 FT-IR
Spectrometer (PerkinElmer, Inc., Waltham, MA, USA).
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Fluorescence spectra were obtained using an Agilent Cary Eclipse
Fluorescence Spectrophotometer (Agilent Technologies, Inc., Santa
Clara, CA, USA). UV-Vis spectra were obtained using an Agilent Cary
60 UV-Vis Spectrophotometer (Agilent Technologies, Inc.). UV light
irradiation at 366 nm was conducted using an 8W Three-Way UV lamp
from Cole-Parmer Instruments Co., Vernon Hills, IL, USA. Irradiation
using visible light at 530 nm was performed with an Obelux Lights
Green (Obelux Oy, Helsinki, Finland). A Biichi Melting Point B-540
was used to determine melting points. Toluene was dehydrated using
sodium wire. Silica gel 60 (0.063-0.200 mm) was utilized for column
chromatographic separation, using a mixture of ethyl acetate and
hexane as the eluent. An analytical thin layer chromatography (TLC)
was performed utilizing Merck precoated silica gel 60 GF-254 plates
with a thickness of 250 pm.

2.3. Synthesis

2.3.1. (E)-3-(1-(2,5-dimethylfuran-3-ylethylidene)-1-(1H-1,2,4-
triazol-3-yl)-4-(propan-2-ylidene)pyrrolidine-2,5-dione (4E)

(1E)-Fulgide (0.115g, 0.443 mmol) and 1H-1,2,4-triazol-3-amine
(0.048 g, 0.576 mmol) were subjected to reflux in dry toluene (20 mL)
using a Dean-Stark apparatus for approximately 70 h. The reaction was
carried out in an argon atmosphere and in the absence of light. The
reaction vessel was periodically monitored using thin-layer chromatog-
raphy (TLC). The solvent was subsequently removed under vacuum. The
mixture was purified using column chromatography with a silica gel
and ethyl acetate/n-hexane combination, resulting in an orange solid
product weighing 0.025 g and a yield of 17%. Melting Point (Mp): 121-
126 °C. 1H NMR (600 MHz, CDCl;, parts per million, Fig. S1) §,: 13.21
(1H, s, triazole-NH), 8.31 (1H, s, triazole-H), 5.93 (1H, s, furyl-H), 2.61
(3H, s, Me), 2.36 (3H, s, Me), 2.25 (3H, s, Me), 2.04 (3H, s, Me), 1.38
(3H, s, Me). Calculated for C,,H;gN,O5: 326.35; ESI-MS: 326.812 (M*).
FT-IR (ATR, neat) ¥/cm~': 3070, 2923, 2851, 1747, 1724, 1694, 1609,
1570, 1491, 1440.

2.3.2. (E)-3-(adamantylidene)-4-(1-(2,5-dimethylfuran-3-yl)
ethylidene)-1-(1H-1,2,4-triazol-3-yDpyrrolidine-2,5-dione (5E)

(2E)-Fulgide (0.156g, 0.443mmol) and 1H-1,2,4-triazol-3-amine
(0.048 g, 0.576 mmol) were subjected to reflux in dry toluene (20 mL)
using a Dean-Stark apparatus for approximately 70 h. The reaction was
carried out in an argon atmosphere and in the absence of light. The reac-
tion vessel was periodically monitored using thin-layer chromatography
(TLC). The solvent was subsequently removed under vacuum. The mix-
ture was purified using column chromatography with a silica gel and
ethyl acetate/n-hexane combination, resulting in a yellow solid product
weighing 0.061 g and a yield of 33%. Melting Point (Mp): 210-215 °C.
1H NMR (300 MHz, CDCI3, parts per million, Fig. S2) §4: 12.66 (1H, s,
triazole-NH), 8.27 (1H, s, triazole-H), 5.94 (1H, s, furyl-H), 4.42 (1H,
broad s, adamantyl-H), 2.54 (3H, s, Me), 2.42 (1H, broad s, adamantyl-
H), 2.25 (3H, s, Me), 2.07 (3H, s, Me), 1.95-1.60 (12H, m, adamantyl-H).
The molecular weight for C,,H,cN,O; was calculated to be 418.49, with
an ESI-MS measurement of 418.816 (M*). FT-IR (ATR, neat) ¥/cm™':
3077, 2906, 2846, 1736, 1694, 1614, 1572, 1490, 1443.

2.3.3. (E)-3-(1-(2,5-dimethylthiophen-3-yl) ethylidene)-4-(propan-2-
ylidene)-1-(1H-1,2,4-triazol-3-yl) pyrrolidine-2,5-dione (6E)

(3E)-Fulgide (0.12g, 0.434mmol) and 1H-1,2,4-triazol-3-amine
(0.047 g, 0.565 mmol) were subjected to reflux in dry toluene (20 mL)
using a Dean-Stark apparatus for approximately 70h. The reaction
was carried out in an argon atmosphere and in the absence of light.
The reaction vessel was periodically monitored using thin-layer
chromatography (TLC). The solvent was subsequently removed under
vacuum. The mixture was purified using column chromatography with
a silica gel and ethyl acetate/n-hexane combination, resulting in a
pink solid product weighing 0.071 g and a yield of 47%. Melting Point
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(Mp): 127-132°C. 1H NMR (300 MHz, CDCl;, parts per million, Fig.
S3) 8y: 12.70 (1H, s, triazole-NH), 8.29 (1H, s, triazole-H), 6.53 (1H, s,
thienyl-H), 2.63 (3H, s, Me), 2.39 (3H, s, Me), 2.32 (3H, s, Me), 2.17
(3H, s, Me), 1.29 (3H, s, Me). For the compound C;,;H;gN,O,S, the
calculated molecular weight is 342.42; ESI-MS analysis indicates a mass
of 342.020 (M*). FT-IR (ATR, neat) ¥/cm™': 2937, 1754, 1731, 1699,
1628, 1570, 1489, 1439, 1369.

2.4. Computational methods

The initial 3D molecular geometries of triazole-fulgimides were con-
structed and pre-optimized using the MMFF94 force field as imple-
mented in Avogadro [39], followed by full geometry optimization using
density functional theory (DFT) with Becke's three parameters gradient-
corrected exchange functional and Lee-Yang-Parr gradient-corrected
correlation functional (B3LYP) along with a 6-31 + G(d,p) basis set. Har-
monic vibrational frequency calculations at the same level of theory
confirmed that all optimized structures correspond to true minima on the
potential energy surface, as indicated by the absence of imaginary fre-
quencies. Frontier molecular orbitals and the corresponding energy gaps
(AE) were obtained from the optimized geometries to support analysis
of the photochromic ring-opening and ring-closing processes.

Vertical excitation energies and absorption spectra were calculated
using time-dependent density functional theory (TD-DFT) with both
the B3LYP and the Coulomb-attenuating method combined with B3LYP
(CAM-B3LYP) functional, employing the same basis set as used for
ground-state geometry optimization. Benchmark calculations performed
for the 4E isomer showed that CAM-B3LYP reproduced the experi-
mental absorption maximum with good accuracy (A, = 253 nm ver-
SUS Aoy, = 252 nm), whereas the conventional B3LYP functional signif-
icantly overestimated the excitation wavelength (\.,; = 313 nm). Based
on this comparison, the CAM-B3LYP level of theory was selected for
calculating the excited-state properties of all remaining systems. Sol-
vent effects were included using the conductor-like polarizable contin-
uum model (CPCM), with toluene chosen to replicate the experimental
conditions. All calculations were carried out using Gaussian 16 [40].
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3. Results and discussion

This study presents the synthesis of three (3) new 1,2,4-triazole-
linked fulgimides (4E, 5E, and 6E) through the prolonged reflux of
previously synthesized photochromic fulgides 1E, 2E, and 3E with 3-
amino-1,2,4-triazole in toluene, using a Dean-Stark apparatus under an
inert atmosphere with product yields of 17%, 33% and 47%, for 4E, 5E
and 6E, respectively (Fig. 1). The modest yields, most notably that of 4E,
are likely due to the extreme sensitivity of the precursors to environmen-
tal conditions, including light, temperature, and solvent purity. Yield
fluctuations similar to those observed here have been reported in previ-
ous studies [41,42]. For instance, insufficiently dried solvents can induce
hydrolytic cleavage of the fulgide moiety, thereby preventing condensa-
tion with the amine and reducing the yield of the target fulgimide. The
newly synthesized photochromic compounds were characterized using
spectroscopic techniques, including 'H NMR, mass spectrometry, and
FT-IR, as well as by their photochromic characteristics. In the 'H NMR
analyses of the new fulgimides, minor isomeric structures were observed,
particularly noticeable isomerization in 4E. The structural isomerization
observed in the triazole-fulgimides is assumed to result from prolonged
reflux with the polar protic 3-amino-1,2,4-triazole. The clean mass spec-
tra of these compounds, indicate that the observed impurities are likely
due to isomerization as revealed by 'H NMR spectra.

3.1. Photochromic properties

The ring-closure and ring-opening photoreactions of triazole-
fulgimides (4E, 5E and 6E) in toluene were conducted using UV
light at 366 nm and visible light at 530 nm, respectively. Similar to
other fulgimides, the triazole-fulgimides were found to convert to
their C-forms (4C, 5C and 6C), which possess high conjugation, when
exposed to UV light in toluene. The photoreaction resulted in the
transformation of colorless or nearly colorless solutions into colored
solutions. The colored solutions in the photostationary state (PSS),
containing the C-forms, underwent a ring-opening photoreaction with
visible light (530nm), resulting in the conversion of fulgimides to
their colorless E-forms. Fig. 2 illustrates the structural transformations

1 1
R N- R
Me NH Me
~ H,N— ] ~ 0
XZ \ N XZ \ Neni
Me > Me N_</ J
2R Toluene R N~
3R O . A 3R O
(Yield: % 17-47)
Fulgide Fulgimide
'1IE 'R= 2R=3R=Me ve X=0 4E !
i 2R i
I IR = . _ = |
2B 'R=Me; 3}{/0_3 <©: and X=0 S5E i
i adamantylidene
'3E 'R=2R=3R=Me and X=S§ 6E

Fig. 1. Synthesis of fulgimides.
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________________________________________
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Fig. 2. Photoreactions of triazole-fulgimides in toluene and the observed color changes. (For interpretation of the references to color in this figure legend, the reader

is referred to the Web version of this article.)

and the corresponding color changes observed during the bulk
ring-closing (forward) and ring-opening (reverse) photoreactions of
triazole-fulgimides.

For example, Fig. 3 shows the detailed changes in the UV-Vis absorp-
tion spectra of fulgimide 4E in toluene prior to and during the photoreac-
tion. In toluene (1 x 10~* M), fulgimide 4E exhibits UV absorption below
400 nm, with a maximum at 252 nm, corresponding to an initially col-
orless solution. Fig. 3 (a) presents the UV-Vis spectral bands indicating
the conversion of 4E (E-form) to its C-form upon exposure to UV light at
366 nm. The photoreaction process of the colorless solution transformed
to dark red, achieving its photostationary state (PSS) within 7 min un-
der the specified conditions. The C-form (4C) at the PSS exhibited an
absorption band (4,,,,) at 505 nm.

Fig. 3 (b) presents the UV-Vis spectra obtained during the reverse
photoreaction from 4C (at PSS) to 4E. Exposure of the colored solution
containing 4C at PSS to 530 nm light for specific time intervals resulted
in a gradual fading of the red color. After approximately 30 min, the
initial colorless solution was restored as 4C converted back to 4E. Sim-

ilarly, the forward and reverse photoreactions of 5E and 6E in toluene
were conducted, with the UV-Vis spectral changes before and after the
photoreactions as presented in the supporting information (Figs. S7 and
S8). The UV-Vis spectral data for the triazole-fulgimides (4E, 5E, 6E)
prior to and during the photoreaction are presented in Table 1.

Table 1 shows that the transformation of triazole-fulgimides from
their E-forms to C-forms in toluene produced a bathochromic shift of
approximately 250 nm. For instance: 4E (1,,, = 252 nm) transitions to
4C (A = 505 nm). This tendency was similarly observed in the previ-
ous studies [ 9,25,28] where E-forms of photochromic compounds were
converted to C-forms.

The ring-closed forms (C-forms) of triazole-fulgimides were also com-
pared with the ring-closed forms (C-forms) of the original fulgides. The
transformation of fulgides into their respective triazole-fulgimides did
not only affect the thermal stabilities [9] but also resulted in a minimal
bathochromic shift in the absorption maximum wavelengths (4,,,,) of
the ring-closed forms. The ring-closed forms of the respective fulgides
and fulgimides in toluene were observed as follows: 1C (4,,,x = 495 nm)
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Fig. 3. Observed changes in the absorption spectra of fulgimide 4E in toluene (1 x 10~* M): (a) Conversion from 4E to 4C (PSS) (A = 366 nm) (0s, 10s, 30's, 1 min,
2 min, 4 min, and 7 min (PSS)); (b) Conversion from 4C (PSS) back to 4E (A = 530 nm) (0s, 30s, 1 min, 2 min, 7 min, 12 min, 18 min, 30 min).

Table 1
Absorption data (UV-Vis) of the triazole-fulgimides in Toluene.
Compounds Experimental Calculated Quantum
absorption data absorption data Yields data
Amax/ (Emax) = Amax (A)* Amax/ (€max) = Amax Ppc/Pcp
()
4E—4C 252/(10308)—505 253 (13000) =500 (0.24)69/0.01
(0.21)
5E—5C 276/(13310)—529 274 (14000) —512 (0.20)32/0.18
(0.12)
6E—6C 277 (10188)—527 266 (10000) —505 (0.24)26,/0.03
(0.19)

1) Cell length: 1 cm. Concentration: 1.0 X 10™4 M.
2 Amax/NM (£mae/mol™! dm® em™) - A,,,,/nm (absorbance).

to 4C (Apax = 505 nm); 2C (A = 511 nm) to 5C (A = 529 nm); and
3C (Apax = 524nm) to 6C (1, = 527 nm). Similar comparisons have
been made in the previous studies, where fulgimides were observed to
absorb at longer wavelengths compared to their original fulgides [23].
However, when the absorption intensities of the fulgides are compared
with those of their corresponding fulgimides, a significant decrease in
the absorption intensity of the fulgimides was observed (Hypochromic
Effect). Fig. 4 shows a comparison of the UV-Vis absorption spectra of
the fulgides 1C, 2C, and 3C with their corresponding triazole-fulgimides,
4C, 5C, and 6C, respectively.

Quantum yields of ring closure (®;_) for the 4E, 5E and 6E, and
the ring opening quantum yields (®_) for the colored forms 4C, 5C
and 6C were measured using a chemical actinometer, Aberchrome 540,
as described by Heller et al. 12 [38]. Quantum yields are given in
Table 1. When the ring-closing (®E—C) and ring-opening (®C—E) quan-

tum yields of synthesized photochromic fulgimide derivatives were ex-
amined, it was observed that the heteroaromatic ring structure and steric
effects play a decisive role in the quantum yields. The furan derivatives
4E (0.69) and 5E (0.32) exhibited higher ring-closing quantum yields
compared to the thiophene derivative 6E (0.26); this was attributed
to the lower aromatic stabilization energy of the furan ring relative to
thiophene. The higher aromatic stability of the thiophene ring creates re-
sistance to the ring-closing process, leading to a lower conversion yield
in compound 6E. On the other hand, when comparing the furan deriva-
tives among themselves, the observed decrease in yield for compound
5E can be explained by the steric hindrance caused by the incorporated
adamantyl group, which prevents the molecule from adopting the favor-
able conformation required for ring closure. In contrast, the highest ring-
opening quantum yield was observed for compound 5E, which possesses
the bulky adamantyl group. Consistent with the literature, this arises
because bulky substituents such as adamantylidene introduce structural
strain on the closed form, increasing the system's tendency to return to
the ground state and thereby significantly enhancing the ring-opening
quantum yield [7,43].

3.2. Computational results

Geometry optimizations were performed to analyze the ground state
electronic structures of compounds 4E-6E in their open and closed ring
forms. The optimized geometries provide a structural basis for interpret-
ing the experimentally observed photochromic behavior, as variations
in molecular conformation and n-conjugation directly affect electronic
delocalization, frontier orbital energies, and optical response. There-
fore, the theoretical calculations complement the experimental results
by providing molecular level insight into the ring-opening and ring-

1.00 0.75-
(b) (©)
1.51
1C(pss)
0.75
. o g 0.50-
g g 1.0 1 2C(pss) g 3C(pss)
g 050 = 2
i f 4
8 = [\ -g
= E < 0.25
< 025 <051
5C(pss)
0.00 — = T o000~ 0 =
650 300 350 400 450 500 550 600 650 300 350 400 450 500 550 600 650

Wavelength (nm)

Wavelength (nm)

Wavelength (nm)

Fig. 4. Comparison of the C-form of the fulgides with the corresponding C-form of the triazole-fulgimides (in toluene, 1 x 10~* M, at the photostationary state).
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closing processes underlying the observed spectral changes. The opti-
mized structures were used for subsequent frontier molecular orbital and
absorption spectra analyses are provided in the Supporting Information
(Fig. S9).

3.3. Frontier orbitals and photochromic switching

Fig. 5 shows the frontier molecular orbitals (FMOs) and HOMO-
LUMO energy gaps (AE) for the open (o-form) and closed (c-form) iso-
mers of compounds 4E-6E. Distinct electronic signatures between the
two photochromic states rationalize their light-induced ring-opening
and ring-closing behavior. In all closed forms (4C-6C), the HOMO is ex-
tensively delocalized over the cyclic n-framework, while the LUMO dis-
plays significant density along the photoactive bond region. Photoexci-
tation therefore, promotes HOMO—LUMO transitions with pronounced
antibonding character at the cyclized moiety, facilitating light-induced
ring opening. In contrast, the open forms (4E-6E) exhibit more localized
frontier orbitals with reduced conjugation, consistent with their higher-
energy absorption and enhanced flexibility required for photocycliza-
tion. Ring closure leads to pronounced HOMO-LUMO gap narrowing,
reflecting increased n-delocalization and explaining the experimentally
observed bathochromic shift in the UV-Vis spectra of the closed isomers.
The calculated AE decreases from 4.12 to 2.69 eV for compound 4E, from
4.15 to 2.65eV for compound 5E, and from 4.21 to 2.57 eV for com-
pound 6E. These trends directly correlate with red-shifted absorption
and stronger visible-light responsiveness upon cyclization.

Among the series, compound 6E exhibits the most favorable elec-
tronic features. Its closed form (6C) possesses the smallest AE and the
most delocalized HOMO-LUMO pair, indicating superior electronic cou-
pling through the n-system and intensified low-energy absorption. More-
over, the LUMO of 6C is optimally aligned along the photoactive bond,
maximizing antibonding character and promoting photoinduced ring
opening. Although the open form (6E) retains a larger AE, sufficient

[ W

LUMO .‘)—1.57
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orbital overlap and redistribution enable effective ring closure, ensur-
ing reversibility. Comparatively, the photochromic performance follows
the order 6E > 5E ~ 4E, consistent with the magnitude of AE modula-
tion and empirical observations in UV-Vis absorption shifts, identifying
compound 6E as the most promising photochromic candidate in this
series.

3.4. Absorption spectra and photochromism

The TD-DFT simulated absorption spectra of compounds 4E-6E in
their open (E) and closed (C) forms are shown in Fig. 6, and the absorp-
tion properties are presented in Table 1. The spectra reflect the electronic
trends discussed in FMOs and exhibit the characteristic optical response
of photochromic systems. In all cases, a clear spectral contrast is ob-
served between the two isomeric states, with the appearance of a new
low-energy absorption band upon ring closure. The open ring isomers
(4E, 5E and 6E) display intense absorption bands in the 200-330 nm
region, originating predominantly from localized n—=* transitions, with
negligible absorption in the visible region. This behavior indicates that
the open forms are optically transparent under visible light, enabling
high switching contrast.

In contrast, the closed isomers (4C-6C) display an additional broad
absorption band in the visible region (~480-560 nm), which is absent
in the open forms. This low-energy band is primarily associated with
HOMO—-LUMO excitations involving delocalized frontier orbitals across
the cyclized n-framework. The pronounced bathochromic shift upon
ring closure is consistent with the reduced HOMO-LUMO gaps and in-
creased conjugation, and it provides the optical basis for the colored
photochromic state observed experimentally. Additionally, the compar-
ative analysis shows that compound 6E exhibits the strongest optical
response, combining intense UV absorption in the open form with a
well-defined and strongly absorbing visible band in the closed form. The
combined spectra further reveal minimal spectral overlap between open

Fig. 5. Frontier molecular orbitals and corresponding HOMO-LUMO energy gaps (AE, eV) of compounds 4E-6E in their open (E) and closed (C) photochromic forms.
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and closed isomers above ~450 nm, enabling selective optical address-
ing and efficient switching. Consistent with the frontier orbital analysis,
the overall photochromic performance inferred from the absorption be-
havior follows the trend 6E > 5E = 4E, identifying compound 6E as the
most promising photochromic candidate in this series.

3.5. Fluorescent properties of triazole fulgimides

The fluorescent properties of triazole fulgimides (4E, 5E, and 6E)
were examined in toluene at ambient temperature. Upon excitation with
300 nm light (Aex = 300 nm), toluene solutions of the triazole fulgimides
4E, 5E, and 6E displayed emission bands at approximately 504 nm,
530 nm, and 529 nm, respectively. The observed fluorescent properties
in the synthesized triazole fulgimides can be explained as follows: The
1,2,4-triazole ring, linked to the fulgimide at the 3-position, features an
N-H hydrogen on the nitrogen at position 1. The N-H hydrogen at po-
sition 1 is assumed to undergo tautomerization, potentially isomerizing

to form a hydrogen bond with the imide carbonyl group (Fig. 7). Con-
sequently, the presence of the hydrogen bond indicates that the triazole
ring and the imide ring are coplanar, facilitating conjugation between
the triazole and imide rings. The triazole fulgimides likely acquired their
fluorescent properties as a result.

The fluorescent behavior of the ring-closed forms of triazole-linked
fulgimides was examined by exposing the respective fulgimides in
toluene to UV light until reaching the photostationary state (PSS),
after which their fluorescence spectra were measured again. Fig. 8
shows the changes in the fluorescence emission spectra of triazole
fulgimides before and after photoreaction with 366 nm UV light at their
photostationary state (PSS).

A marked fluorescence quenching is observed for the PSS C-forms,
yielding intensity reductions of 20% (5E), 30% (4E), and 40% (6E).
Although not directly applicable in their present form, these quench-
ing efficiencies represent a highly promising starting point. Through
structural modification such as the systematic replacement of key sub-
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Me| N I 2 « >
R/ {4 N o
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Fig. 7. The FRET observed in the ring-closed forms of the triazole-fulgimides.
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stituents on the fluorophore or switching core, it is possible to elevate
performance. Through this paradigm, these compounds could be tuned
into a promising candidate for applications including optical memory
and super-resolution imaging. Table 2 presents the relative comparative
values for the fluorescence intensities of the E— and C-forms.

With only a few exceptions [44], an open ring form of fluorescence-
switchable fulgide derivative displays an intense fluorescence emission
band in the visible region, while the fluorescence of its C-form solution
is quenched significantly [42,45,46]. The fluorescence quenching ob-
served in the ring-closed forms (C-forms) of triazole-fulgimides may be
attributed to FRET from the fluorescent triazole ring to the conjugated
fulgimide structure in the C-form. The fluorescence quantum yields of all
synthesized fulgimide derivatives were measured using anthracene as a
reference material. For all three compounds, the fluorescence quantum
yields Q; for 4E, 5E and 6E for ring-closing were found to be 5.1 x 1074,
8.3 x107* and 6.2 x 10~ respectively.

It is widely accepted in the literature that fulgide and fulgimide
derivatives generally do not exhibit emission at room temperature unless
they structurally contain a fluorescent group. In our study, the fluores-
cence quantum yields of the synthesized derivatives (4E-6E) were ob-
tained in the range of 5.1 X 10~ to 8.3 X 10~*, which are consistent with
the findings reported in the literature. Notably, a significant decrease
in fluorescence quantum yield values was observed upon transitioning
from the open (E) form to the closed (C) form. This decrease can be
explained by the lower excited-state energy level of the C-form com-
pared to the E-form, causing the C-form to act as an energy trap [7].
Consequently, the excited-state energy is primarily channeled into the
electrocyclic ring-closure reaction rather than fluorescence emission, or
it is quenched through non-radiative pathways.

4. Conclusion

This work demonstrates a structure-encoded strategy for coupling
photochromism and fluorescence switching within a single organic
photo-switch by covalently embedding a 1,2,4-triazole unit into the
imide framework of fulgimides. The resulting materials display pho-
tochromism based on the interconversion between open and closed
forms, large visible-range spectral contrast, and reversible fluorescence
modulation under alternating UV and visible light. Experimentally ob-
served fluorescence quenching in the closed form is governed by effi-

Table 2
Fluorescence emission data of the triazole-fulgimides in toluene.

Compounds Solution Aem/nm (rel. int) - hem/nm (rel. int)
4E — 4C Toluene 504 (1) =504 (0.7)
5E —5C Toluene 530 (1) — 530 (0.8)
6E — 6C Toluene 529 (1) =529 (0.6)

Concentration: 1 x 10~* M; Excitation wavelength: Ao, = 300 nm.

cient intramolecular energy transfer, while quantum-chemical analysis
reveals that photoinduced cyclization drives substantial n-delocalization
and HOMO-LUMO gap compression, directly controlling the optical re-
sponse. The strong agreement between experiment and theory estab-
lishes clear, predictive structure-property relationships and identifies
heteroatom-assisted imide functionalization as a powerful design lever.
By unifying photostability, fluorescence tunability, and electronic pre-
dictability, this platform advances organic photo-switches toward prac-
tical light-regulated materials for optical memory, sensing, and adaptive
photonic systems.
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