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Achieving rapid modulation of molecular luminescence under external stimuli remains a significant
challenge in organic luminescent materials. Herein, we present a radical-mediated approach to achieve
dynamic fluorescence switching. A series of benzil derivatives (BS, BZ, BD, and BQ) exhibit rapid
transitions from nearly non-luminescent states to highly fluorescent states under continuous ultraviolet
(UV) irradiation in solution. Notably, the absolute photoluminescence quantum yield of BS solution
increased 41-fold, from 1.26% to 51.09%, after 330 s of 365 nm UV exposure. Mechanistic investigations
reveal that this unique luminescence enhancement originates from UV-induced generation of aromatic
carbonyl radicals. In general, molecules in solution undergo photodegradation with increasing irradiation
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Introduction

Free radicals constitute a category of atoms or molecular groups
with unpaired electrons, which arise from the homolytic
cleavage of covalent bonds within a molecule under external
influences such as light or heat exposure.™” Due to this inherent
property of unpaired electrons, free radicals exhibit high
chemical activity and tend to deactivate rapidly upon encoun-
tering external oxygen or heat, significantly restricting their
practical applications. Generally speaking, there are two strat-
egies to stabilize free radicals at room temperature: (1) intro-
ducing large site-blocking groups to shield the free radicals;*”
(2) delocalizing their electric charges.*® In recent years,
numerous free radical molecules that can maintain stability at
room temperature and display efficient luminescence have been
constructed by scientists. These molecules have been success-
fully applied in OLEDs,*'*"* spin probes,’>** magnetic mate-
rials,”'® and photodynamic therapy.””™® Despite these
advancements, the structure of such molecules is relatively
monolithic. To enhance their application potential, it is essen-
tial to expand the family of systems where free radicals partic-
ipate in luminescence. Free radicals generated under external
stimuli, because of their high reactivity, can serve as potential
mediators of molecular luminescence behavior. However,
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avenue for designing smart organic materials with tailored optoelectronic functionalities.

studies on this aspect remain insufficiently reported. The
radical-mediated molecular luminescence behavior has been
mainly reported in the solid-state or film form,**® while it has
been rarely reported in the solution-state due to their instability
in solution.'®>*>*

In this work, we have synthesized a class of molecules and
successfully demonstrated radical-mediated luminescence in
the solution-state. Notably, as a class of photo-initiators, benzil
derivatives could generate carbonyl radicals under the stimu-
lation of external light, thus triggering polymerization
reactions.?””** However, variations of luminescence behavior in
systems before and after free radical generation are frequently
ignored. To explore the above issues, as shown in Scheme 1, we
constructed a class of molecules (4,4"-oxalyldibenzoic acid (BS),
dimethyl 4,4’-oxalyldibenzoate (BZ), 1,2-bis(4-(pyridin-4-yl)
phenyl)ethane-1,2-dione (BD), and 4,4’-oxalyldibenzonitrile
(BQ)) with radical-mediated molecular luminescence in the
solution-state. By precise design, benzil was introduced as the
core for the generation of aromatic carbonyl radicals, and side-
chain modifying groups with strong electron-withdrawing
ability were used to stabilize the radicals generated by benzil. In
N,N'-dimethylformamide (DMF) solution (1 mM), these four
molecules all exhibited the characteristics of radical-mediated
molecular luminescence. In addition, the four solutions were
almost non-luminescent before 365 nm UV irradiation.
However, their luminescence was gradually enhanced with the
continuous irradiation of 365 nm UV light. The absolute pho-
toluminescence quantum yields (PLQY, Aex = 365 nm) reached
51.09% (BS), 47.64% (BZ), 15.89% (BD) and 34.70% (BQ),
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Scheme 1 Schematic illustration of changes in the luminescence
behavior of the solution-states of BS, BZ, BD, and BQ after radical
generation upon external UV stimulation.

respectively. In general, molecules in solution undergo photo-
degradation with increasing UV irradiation time, resulting in
a decrease in luminescence intensity. In contrast, we report
a molecule whose luminescence intensity increases with
increasing UV irradiation time, which is very rare. Through
a series of experimental means, we demonstrated that the
above-mentioned changes in luminescence originate from the
generation of free radical active species upon stimulation by
external light. What's more, this radical-mediated lumines-
cence behavior of molecules was successfully applied to the
detection of amine species and their concentrations. To the best
of our knowledge, the common strategies to achieve dramatic
changes in luminescence PLQY before and after external stimuli
are aggregation-induced emission,**** assembling-induced
emission,** crystallization-induced emission,**** and so on.
Here, we developed a strategy employing a radical-mediated
molecular luminescence, which was beneficial to expand the
design ideas of novel and efficient luminescent molecules.

Results and discussion

The synthetic routes of the compounds BS, BZ, BD, and BQ are
shown in Schemes S1-S3 (SI). The chemical structures of BS, BZ,
BD, BQ, 1,2-di-p-tolylethane-1,2-dione (BJ), 1,2-bis(4-(di-
methylamino)phenyl)ethane-1,2-dione (BA), and 1,2-bis(4-m-
ethoxyphenyl)ethane-1,2-dione (BOX) were characterized by
nuclear magnetic resonance (NMR) and high-resolution mass
spectrometry (HRMS) (Schemes S3, S4 and Fig. S18-S38).

Photophysical properties of radical-mediated molecular
luminescence

Taking BS as an example, we first studied the photophysical
properties of BS in DMF solution (1 mM). As depicted in Fig. 1a,
the PL spectra of BS (1 mM) at different irradiation times using
the built-in UV light of the spectrometer under air were recor-
ded. The fluorescence double emission possessed by BS was
located at 450 nm with a lifetime of less than 0.5 ns (Fig. S2h)
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and 595 nm with a lifetime of 4.05 ns (Fig. 1f), respectively. As
the time of in situ 365 nm UV irradiation increases from 0 to 270
s, the intensity of the fluorescence double emission peaks of BS
gradually increased (Fig. 1a), but the fluorescence lifetime
changed slightly (Fig. 1i), demonstrating that the luminescence
originated from the same species. In addition, compared with
the non-irradiated BS, the luminescence intensity of BS irradi-
ated with 365 nm (317.5 mW cm™>) showed a qualitative leap
(Fig. 1b), accompanied by great increases of the PLQY from
1.26% to the highest value of 51.09% (Fig. 1c). As shown in
Fig. 1j, the luminescence photograph of BS under the contin-
uous irradiation of 317.5 mW cm > demonstrated this exciting
luminescence phenomenon visually. In the photoluminescence
(PL) spectra of BS, we found that the fluorescence double
emission showed an overall increasing trend under continuous
365 nm UV irradiation before 270 s, whereas there was a small
decrease in emission intensity over 270-290 s (Fig. S2b and e).
Likewise, the double emission of BS was strengthened and then
diminished when BS was irradiated to the photostable state
(terminal state) under continuous 365 nm UV irradiation (317.5
mW cm ™ ?) (Fig. S2d-g and 1g). The two fluorescence emission
bands at 450 nm and 595 nm of BS transitioned to fluorescence
single emission at 425 nm under continuous UV irradiation at
317.5 mW cm > nm (Fig. 1g), which was accompanied by the
color change from orange to bluish-violet. Meanwhile, the PLQY
increased from a minimum of 1.26% to a maximum of 51.09%,
and finally stabilized at 15.50% (Fig. 1c).

To investigate this unique photophysical phenomenon, the
absorption and emission spectra of BS at different times of 365
nm UV irradiation were studied in detail (Fig. 1d, g, and S3a).
The absorption of BS at 350 nm gradually increased with the
increase of 365 nm UV irradiation time (Fig. S3a), indicating
that a new species was formed and gradually accumulated after
the irradiation. Moreover, the absorption peak of BS at 350 nm
decreased and the original absorption of BS at 400 nm gradually
disappeared when the 365 nm UV irradiation was continued
(Fig. 1d), suggesting that the BS might gradually switch to one
or more new species after the irradiation. As seen in Fig. 1g and
S2i, BS underwent an obvious blue shift relative to the original
excitation and emission wavelength after irradiation to the
photostable state by 365 nm UV light. The fluorescence double
emission at 450 nm and 595 nm of BS changed to a fluorescence
single emission peak at 425 nm, and the excitation wavelength
was blue shifted from 365 nm to 330 nm after prolonged irra-
diation with 365 nm UV light. Such evidence indicated that the
BS underwent photodegradation to another species after being
irradiated by 365 nm UV light. Besides, molecules would always
tend to diffuse from a high concentration to a low concentra-
tion, the aforementioned slight decrease in emission intensity
therefore occurs locally over a certain time scale (Fig. S2b and e).
As a common photo-initiator, benzil derivatives could rapidly
generate aromatic carbonyl radicals under the stimulation of
external light.***** It might be attributed to the generation of
this aromatic radical which mediated the above dynamic
luminescence of BS. To validate this conjecture, the radical
trapping agent 5,5-diethyl-1-pyrroline-N-oxide (DMPO) was
introduced into BS, and a mixed solution was configured

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Photophysical properties of BS. (a) The PL spectra of BS (1 mM) at different irradiation times using the built-in UV light of the spectrometer
under air (Aex = 365 nm, E, bandwidth = 5 nm, E,,, bandwidth = 5 nm). (b) PL spectra and (c) scatterplot of PLQY (Aex, = 365 nm). (d) UV-vis

absorption spectra of BS at different (317.5 mW cm™2)

NENANRNARAN

irradiation times using an external UV torch light. (e) EPR spectra of DMPO (25 mM) in the

presence of 1 mM BS in DMF solutions at different UV light (317.5 mW cm™2) irradiation times. (f) PL spectra of BS before and after addition of
DMPO. (g) Normalized excitation and PL spectra of BS in the initial state and terminal state (Ex bandwidth = 5 nm, E,,, bandwidth = 5 nm). (h) EPR
spectra of DMPO (25 mM) in the presence of 1 mM BS in DMF solutions upon 30 s UV light (317.5 mW cm™2) irradiation. (i) Time-resolved
fluorescence lifetime decay curves of BS at 595 nm at different 365 nm UV light (317.5 mW cm™?) irradiation times. (j) Luminescence photographs

of BS at different UV light (317.5 mW cm™2) irradiation times.

through dissolving BS and DMPO in DMF solution at
a concentration ratio of 1:25. As illustrated in Fig. le, only
a noisy signal was detected in the DMF mixed solution of BS and
DMPO without 365 nm UV irradiation, which was similar to the
blank solution (Fig. S3c). As the 365 nm radiation time was
gradually extended from 0 s to 60 s, the concentration of radi-
cals in the DMF mixed solution of BS and DMPO gradually
increased, which was consistent with the trend of the lumi-
nescence intensity. In addition, the emission spectra changes of
BS before and after the addition of DMPO (radical trapping

© 2025 The Author(s). Published by the Royal Society of Chemistry

agent, 25 mM) are discussed to verify the radical-mediated
luminescence of BS. As depicted in Fig. 1f, after 100 s of irra-
diation by 365 nm UV light, the luminescence intensity of BS
was much higher than that of BS after the addition of DMPO,
which indicated that the luminescence behavior changes of BS
before and after the irradiation were radical-mediated. In order
to exclude the possibility that the above differences in BS
luminescence were caused by the absorption of excitation light
by DMPO, the absorption spectra of DMF mixed solutions of BS
and DMPO were also investigated after different irradiation
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times. As shown in Fig. S3b, the DMF mixed solution of BS and
DMPO showed almost unchanged absorption after different
irradiation times. In addition, the absorbance in the range of
300-400 nm was almost zero, which excluded the possibility
that the luminescence changes of BS before and after irradia-
tion were due to the absorption of excitation light by DMPO.
Therefore, the dynamic luminescence of BS was substantiated
to be associated with radicals by the difference before and after
the introduction of the radical trapping agent.

Based on the above experimental results, the diminished
luminescence of the DMF solution of BS with the addition of
DMPO compared to that without DMPO was due to the fact that
DMPO traps the radicals generated after the irradiation of BS.
The luminescence phenomenon led to two questions: the
luminescence behavior change of BS originated from the
intrinsic luminescence of the radicals, or the generated radicals
participated in photochemical reactions. To elucidate this
phenomenon, the EPR spectra of BS without DMPO were
analyzed after different times of UV irradiation at 365 nm. If it is
the intrinsic luminescence of the radicals, then the radicals
generated under irradiation after BS should be able to capture
the EPR signal. In contrast, BS without DMPO did not capture
the EPR signal after irradiation (Fig. S3d), so the intrinsic
luminescence of the radicals was basically ruled out. Therefore,
the change in the luminescence behavior of BS before and after
365 nm irradiation was attributed to the generation of one or
more chemical products mediated by radicals. During the
research process, we failed to obtain this new chemical due to
its extremely short lifetime in the solution. However, it was
certain that the observed luminescence behavior arose from the
generation of radicals and photochemical reaction.

Mechanism investigation of radical-mediated luminescence

HRMS, femtosecond transient absorption (TA) and 'H NMR
spectra were used to further investigate the intrinsic mecha-
nism of the radical-mediated luminescence of BS after irradia-
tion. The type of free radicals generated by BS after irradiation
was first analyzed. Superoxide radicals were detected as shown
in Fig. 1h (4 = 10.1 G, Ay = 13.0 G, Ay/Ax < 1). Superoxide
radicals may originate from aromatic carbonyl radicals gener-
ated after irradiation with BS.***” To verify this speculation, the
"H NMR spectra of BS in DMF-d,, with different irradiation times
were investigated. As shown in Fig. 2, a new single peak at the
chemical shift of 8.17 ppm appeared in the BS spectra after 3
minutes of irradiation. The relative intensity of this new peak
gradually increases with increasing irradiation time. The peak
areas of the hydrogen on the aromatic ring of BS, the emerging
peak and the solvent peak are denoted as S,, S, and S,
respectively (S. = 1). As the irradiation time prolonged, the S,/S.
value decreased while the Sp/S. value increased, indicating
a gradual decrease in BS and a gradual accumulation of newly
produced compounds. The newly generated compound of BS
after irradiation was identified as terephthalic acid by "H NMR
and HRMS analysis (Fig. 2 and S39). By comparison with
previous reports in the literature, terephthalic acid originated
from aromatic carbonyl radicals generated by BS after
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Fig. 2 Characterization of products after BS irradiation. *H NMR (400
MHz) spectra of BS in DMF-dg after different irradiation times using an
external UV torch light (317.5 mW cm™2).

radiation.”® This experimental result showed that BS was first
formed into aromatic carbonyl radicals after irradiation, which
subsequently underwent electron transfer with oxygen mole-
cules to generate superoxide radicals. In order to exclude the
possibility that the dynamic luminescence of BS was caused by
superoxide radicals, the PL spectra of BS before and after
deoxygenation were investigated. As shown in Fig. S4, the BS
emission intensity after deoxygenation was significantly higher
than that before deoxygenation after the same irradiation time,
which ruled out the enhancement of BS emission after irradi-
ation as a result of superoxide radicals. To further validate the
generation of aromatic carbonyl radicals, TA was used to reveal
the excited state dynamics of these compounds. As shown in
Fig. 3b-d, the TA spectra of BS after 30 s of irradiation showed
two distinct excited state absorption (ESA) in the 400-750 nm
range (detection time window = 1000 ps). The ESA located at
488 nm can be attributed to the singlet state of BS, whereas the
ESA at 643 nm belongs to the absorption of radicals, which was
consistent with previous literature reports.*->>

As shown in Fig. 3c, the negative signal of BS at 425 nm could
be attributed to ground-state bleaching (GSB). With the increase
of delay time, the intensity of the two ESAs (488 nm and 643 nm)
gradually decreased in the time scale range of 300 ps, and their
lifetimes were 263.7 ps and 292.4 ps, respectively. The TA
spectra results indicated that BS showed radical absorption
located at long wavelengths after irradiation. To further deter-
mine the type of radicals produced by BS irradiation, other
photochemical reactions were further investigated. Since BS
was insoluble in methanol (MeOH), we chose the BZ molecule
to study the photochemical reaction of BZ with MeOH after 365
nm UV irradiation. 50 mg BZ was added into a 20 mL mixed
solution of MeOH/dichloromethane (DCM) (v/v = 3:1) and
irradiated with 365 nm UV light at an electric power of 10 W in
a photoreactor for 24 h. The obtained solution was purified by
thin-layer chromatography which yielded dimethyl tere-
phthalate, a product of the photostable state, and several
photolysis products with indeterminate structures exhibiting
blue-violet fluorescence. The detailed characterization of the
compounds is displayed in Fig. 3a and S43-S45. The photo-
chemical reactions demonstrated that the type of radical

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Study of radical types after BS irradiation. (a) Formation of dimethyl terephthalate or ethyl methyl terephthalate by the photochemical
reaction of BZ in a mixed solution of DCM and MeOH or EtOH by 365 nm UV light irradiation and *H NMR characterization of the photochemical
product. (b) Femtosecond broadband-transient absorption spectra of BS in DMF after 30 s of irradiation under 365 nm excitation. (c) TA spectra
of BS at different pump—probe delay times. (d) Dynamics of BS at 488 nm and 643 nm detection wavelengths (scatterplot, experimental data;

solid line, fitted results).

generated by BZ upon irradiation with 365 nm UV light was an
aromatic carbonyl radical.

To verify the generalizability of this photochemical reaction,
similarly, 50 mg of BZ was dissolved in 20 mL of EtOH/DCM (v/v
= 3:1) mixture and irradiated with 365 nm UV light at an
electric power of 10 W in a photoreactor for 24 h. The obtained
solution was purified by thin-layer chromatography, and the
photostable product ethyl methyl terephthalate (Fig. S46-548)
was obtained, which further demonstrated that the solution of
BZ produced aromatic carbonyl radicals after 365 nm UV light
irradiation. This type of photochemical reaction did not require
an external catalyst but only an external light stimulation.
Therefore, this could be used as a facile strategy to synthesize
aromatic asymmetric esters. The speculated mechanism
leading to the above unique luminescence behavior of BS was as
follows: as shown in Scheme 1, BS was irradiated with 365 nm
UV light to form aromatic carbonyl radicals, which rapidly

© 2025 The Author(s). Published by the Royal Society of Chemistry

underwent a photochemical reaction to generate a new species,
resulting in the change of luminescence of BS. Then, the new
molecules underwent photodegradation and resulted in a blue-
shift of luminescence after continuous irradiation. The lumi-
nescence behaviors of BZ, BQ, and BD with electron-with-
drawing groups before and after irradiation were also
investigated to verify the universality of radical-mediated
molecular luminescence. As expected, BZ, BQ, and BD all
exhibited the above phenomena of radical-mediated molecular
luminescence. We also observed the near-white light emission
in BD (Fig. S1). The detailed absorption spectra, TA spectra,
emission spectra, time-resolved fluorescence decay curves, EPR
spectra, and luminescence photographs are shown in Fig. S1
and S5-516, respectively. Since the stability of radicals was
affected by the electron-donating and withdrawing ability of the
substituents in the molecule, the photophysical properties of
molecules modified with electron-donating groups on benzil
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had been investigated in the DMF solution. As illustrated in Fig.
S17a, as expected, BJ, BA, and BOX with electron-donating
groups did not exhibit the radical-mediated molecular lumi-
nescence behavior. The luminescence of BJ, BA, and BOX
showed almost no significant variation before and after UV
irradiation (Fig. S17b-d), which might be due to the destabili-
zation of the radicals produced after irradiation, thus leaving
the luminescence of the molecules unaffected. BS, BZ, BD, and
BQ molecules contained electron-withdrawing groups, so that
the radical electron generated after irradiation could be delo-
calized and thus relatively stabilized,>* leading to the
phenomena of radical-mediated molecular luminescence. To
further verify that electrons in radicals containing electron-
drawing groups can be delocalized, the electrostatic potentials
(ESPs) of the radicals formed after the irradiation of BS, BZ, BD,
BQ, BJ, BA, and BOX were analyzed by using the wave function
analysis program Multiwfn and visualization program VMD,***
and the compounds are denoted as BS-D, BZ-D, BD-D, BQ-D, BJ-
D, BA-D, and BOX-D, respectively. As depicted in Fig. 4, the
electrons of the electron-withdrawing groups BS-D, BZ-D, BD-D,
and BOX-D were concentrated on the electron-withdrawing
groups, in contrast to the electron-donating groups BJ-D, BA-D,
and BOX-D, which were concentrated on the benzene rings and
the carbonyl radicals. This prohibited the electrons in the
carbonyl radicals containing electron-donating groups from
delocalizing, leading to their relatively unstable state. Based on
the above, a class of molecular systems with radical-mediated
molecular luminescence have been successfully developed,
which would be helpful for expanding the understanding of the
radical luminescence family.

Detection of amines

Based on the radical-mediated luminescence behavior of BS, in
which the carbonyl group could react or interact with the amino
group, we explored the feasibility of using the radical-mediated
luminescence behavior of BS to detect amine and ammonia
concentrations. Aromatic carbonyl radicals are extremely elec-
trophilic. Their unpaired electron is located on the carbonyl
carbon atom, making that carbon atom strongly inclined to take
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Fig. 5 Spectra of BS for amine detection. (a) The PL spectra after
addition of different species of amines (0.02 M) in BS (1 mM) solution
(Aex = 365 nm, E, bandwidth = 5 nm, E,,, bandwidth = 5 nm). (b) CIE of
BS in accordance with (a). (Inset) Luminescence photographs of
different species of amines (0.02 M) in BS (1 mM) solution. (c) In situ PL
spectra of BS with different concentrations of ammonia (25-287%) after
UV light irradiation for 100 s (Aex = 365 nm, E, bandwidth =5 nm, E,,
bandwidth = 5 nm). (d) CIE of BS in accordance with (c). (Inset)
Luminescence photographs of BS with different concentrations of
ammonia (25-28%) under 365 nm (317.5 mW cm™2) UV irradiation.

a hydrogen atom from other molecules or to react with an
electron-rich center. Their extremely high electrophilicity drives
the efficient seizure of hydrogen atoms from the characteristic,
weakened o-C-H bond of amines. This reaction rapidly
quenches the aromatic carbonyl radical, leading to a change in
system fluorescence. As presented in Fig. 5a, the PL spectra of
the BS showed significant differences after the addition of
different kinds of amines (0.02 M) (ammonia 25-28%), ethyl-
amine, propylamine, diethylamine, triethylamine, cyclohexyl-
amine, and aniline, accompanied by the luminescence color
changes (Fig. 5c and e). This showed that it was feasible to
identify amine species by monitoring changes in the PL spectra
of BS. In addition, since the concentration of the amine also
significantly affects the variations in the luminescence behavior
mediated by the BS carbonyl radical, ammonia solutions of
different concentrations were added to BS to detect the lumi-
nescence alterations. As the concentration of ammonia solution
increases from 0 to 0.1 M as demonstrated in Fig. 5c, the
intensity of the fluorescence double emission peak of BS
decreased, accompanied by luminescence color change from
orange to blue (Fig. 5d and f), which further suggested that
aromatic carbonyl radicals produced by the BS upon UV irra-
diation were trapped by amines to prevent them from bimo-
lecular reactions with the original molecules. Therefore, the
radical-mediated changes in the luminescence behavior of BS
molecules could be well applied to the detection of amine
species and monitoring their concentration, which can help to
enhance the application potential of molecules with radical-
mediated luminescence behavior.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Conclusion

In summary, a class of molecules with radical-mediated
dynamic luminescence in the solution-state has been success-
fully reported. The unique luminescence behavior of these
molecules was due to the generation of aromatic carbonyl
radicals upon external light stimulation, which mediated the
luminescence behavior of the molecules. In particular, the
absolute PLQY of BS solution after irradiation was increased 41-
fold from 1.26% to 51.09%. Moreover, this was another new
method to realize a rapid change in the luminescence of
molecules besides aggregation-induced emission, assembling-
induced emission, and crystallization-induced emission. In
addition, this radical-mediated luminescence behavior could
also be used as a method for the synthesis of asymmetric
aromatic esters without adding invasive reagents and for the
detection of amine species and concentrations. The develop-
ment of these molecules with solution-state radical-mediated
dynamic luminescence provides a new idea for designing smart
luminescent materials.
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