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A B S T R A C T   

Since the natural narrow bandgaps of free radicals usually lead to emission in the long-wavelength region, it is 
still of great challenge to design radical luminescent materials with stable and short-wavelength emission in the 
ambient environment. In this work, a series of dicarbonyl-substituted organic molecules with small conjugated 
structures were used to form free radicals with short-wavelength radical emission. These low-conjugated mol-
ecules with only one benzene ring showed stable photoinduced free radical emission after doping with poly-
methyl methacrylate (PMMA) because the rigid polymer environment could help stabilize the free radicals and 
limit the non-radiative energy transfer. Moreover, PMMA with electron-withdrawing groups could promote the 
generation of carbonyl radical cations. The theoretical calculation suggests that the free radical with anti-Kasha 
emission derived from high energy excited state (D4 or D5) would directly relax to the ground state, combining 
with the small spin delocalization of the low conjugation free radical, leading to short-wavelength emission. 
More importantly, such free radical emissions could also respond to external stimulation such as light irradiation 
or heat treatment. These materials show great potential in lithography information recording and information 
encryption. This design strategy provides new insights into molecular and functional diversity of free radical 
materials.   

1. Introduction 

Pure organic radicals with multiple spin states and spin-emitting 
related properties have been widely studied and applied in organic 
synthesis [1,2], organic light-emitting diodes (OLEDs) [3–6], chemical 
sensing [7–9], biotherapy [10–14], and many other fields [15–18]. 
Currently, the reported free radical luminescent systems include tri-
phenylmethyl radicals [19–21], diphenylmethyl radicals [22], carbonyl 
radicals [23–26], imidazole radicals [27,28], and so on. However, their 
emission usually locates in the long-wavelength region, including yel-
low, red, and near-infrared emission, because of most of luminescent 
organic free radicals naturally sustain narrow bandgaps [29]. Lumi-
nescent radicalsrarely show short-wavelength emission such as blue and 
green. However, blue and green short-wavelength emissive materials 
are two primary colours in OLED and are very important excitation 
sources in photocatalysis. Therefore, designing molecular systems to 

broaden the luminescent range of radical luminescent materials is highly 
desired. 

Some strategies have been used to obtain neutral organic molecules 
with short-wavelength emissions, for example, reducing the conjugation 
degree of organic molecules to achieve high energy excited state that 
leads to short-wavelength emission [30]. Another method is to develop 
anti-Kasha emission molecules in which the high energy excited state 
can directly radiate photons to the ground state [31]. Hence, reducing 
conjugation degree of organic radicals and combining it with the 
anti-Kasha emission should be a feasible strategy to obtain 
short-wavelength free radical luminescent materials. We have reported 
co-assembling tricarbonyl-substituted benzene-based small molecules 
with PVA (polyvinyl alcohol) to stabilize free radical emission [23]. The 
carbonyl group easily form free radicals after light irradiation and can 
exhibit anti-Kasha emission. However, their luminescent colours are still 
in the long-wavelength region because of three carbonyl groups greatly 

* Corresponding author. 
** Corresponding author. 

E-mail addresses: glib.baryshnikov@liu.se (G.V. Baryshnikov), wuhongwei@dhu.edu.cn (H. Wu).  

Contents lists available at ScienceDirect 

Dyes and Pigments 

journal homepage: www.elsevier.com/locate/dyepig 

https://doi.org/10.1016/j.dyepig.2023.111625 
Received 3 May 2023; Received in revised form 7 August 2023; Accepted 14 August 2023   

mailto:glib.baryshnikov@liu.se
mailto:wuhongwei@dhu.edu.cn
www.sciencedirect.com/science/journal/01437208
https://www.elsevier.com/locate/dyepig
https://doi.org/10.1016/j.dyepig.2023.111625
https://doi.org/10.1016/j.dyepig.2023.111625
https://doi.org/10.1016/j.dyepig.2023.111625
http://crossmark.crossref.org/dialog/?doi=10.1016/j.dyepig.2023.111625&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Dyes and Pigments 219 (2023) 111625

2

enhance the degree of spin delocalization. Therefore, reducing the 
number of carbonyl groups should decrease the spin delocalization of 
the molecules and allow for shorter wavelength emissions. 

In addition, the unpaired single electron structure leads to high 
reactivity of free radicals, making it challenging to stabilize them under 
ambient conditions. Various methods have been used to construct stable 
free radical light-emitting materials such as steric hindrance [32,33], 
spin delocalization [34–36], host-guest doping [12], and so on. How-
ever, these methods often need a cumbersome synthesis or lead poor 
flexibility of the materials. In contrast, polymer materials can afford the 
rigid environment to protect the free radicals and improve flexibility and 
processability [37–40]. Therefore, we try to utilize the polymer envi-
ronment to protect the carbonyl radical excitons and induce their 
short-wavelength emission. 

Herein, we propose a strategy to co-assemble small conjugation de-
gree organic molecules with polymer to stabilize the in situ formed anti- 
Kasha emissive free radical after UV light irradiation, and ultimately 
achieve durable short-wavelength emissive free radical (Fig. 1). 
Carbonyl radicals with stable high energy excited state are easily formed 
by dicarbonyl-substituted benzene molecules after light irradiation, 
which often show anti-Kasha emission under suitable environment [24, 
25]. Doping them in polymer can not only disperse them to avoid the 
aggregation caused quenching of emission but also protect the free 
radical through supramolecular interactions. More importantly, an 
electron transfer can occur between polymers with electron with-
drawing group and the small molecules, thereby enhancing the pro-
ducing of free radicals. Finally, the potential application of free radical 
luminescent materials in lithographic information recording and infor-
mation encryption have also been attempted. 

2. Experimental 

2.1. Preparation of co-assembly films 

PMMA (15 g) and chloroform (300 mL) were mixed in a dried three- 
neck round-bottom flask (500 mL) and stirred at room temperature until 
PMMA was completely dissolved to give a 50 mg/mL PMMA solution. 
Different volumes (0.1 mL, 1 mL, 3 mL, 6 mL, and 12 mL) of 1 mg/mL 

dye molecules dissolved in ethanol were added into the as-prepared 
PMMA solution (10 mL). The obtained solutions were then ultra-
sonicated for about 5 min for co-assembly, and then the solutions (~0.5 
mL) were dropped on quartz glass and kept at 40 ◦C to obtain co- 
assembly films. 

3. Result and discussion 

We first investigated the photophysical properties of compound A in 
ethanol. In initial state, A showed a weak blue emission in the ethanol 
solution. However, to our surprise, a new green emission with the largest 
emission wavelength of 530 nm started to display after 5 s UV light 
irradiation (365 nm, P = 10 W). The emission intensity was time- 
dependent and the strongest emission was obtained after 1 min light 
irradiation of the solution (Fig. 2a). The highest photoluminescence 
quantum yield (PLQY) of the A in ethanol (10 mg/mL) was calculated to 
be 1.6% after 1 min of light irradiation (365 nm, 10 W) in air, while it 
was up to 3.8% in nitrogen, indicating the emissive specie is sensitive to 
the air. The PLQY were calculated according to the quantum yield dif-
ference before and after light irradiation of the sample. In addition, the 
radical ground state lifetime of A in ethanol was about 48 h confirmed 
by naked eye through quenching time of radical emission in environ-
ment. Then the emission intensity decreased with prolonging light 
irradiation time which might be caused by photobleaching under strong 
UV light (Fig. S1). The emission intensity was also related to the con-
centration of A in ethanol. At low concentrations (<10 mg/mL), the 
emission intensity enhanced with the increase of the concentration; 
however, higher concentration would cause aggregation of molecules 
and quench the emission (Fig. S2a). The emission lifetime was about 
1.12 ns in ethanol, indicating it does not involve a spin-forbidden 
emission process (Fig. 2b). The photo-induced emission was also 
investigated in other solvents, such as tetrahydrofuran (THF) and N, N- 
dimethylformamide (DMF) (Fig. S2b). A redshift was observed in the 
emission with the increased polarity of the solvents, indicating the ex-
istence of charge transfer effect from donor to acceptor [41]. Replace the 
ketone group of compound A with an aldehyde group, compound B 
showed a photoinduced emission and emission lifetime similar to A 
(Fig. 2c, S3-S5). The PLQY of the B in chloroform (10 mg/mL) was 

Fig. 1. Schematic illustration of photo-induced short-wavelength free radical emission. a) Co-assembling organic small molecules with polymethyl methacrylate 
(PMMA) to give the film that exhibits blue or green emission after irradiating with 365 nm UV light (10 W) for a few seconds. Chemical structures of dicarbonyl- 
substituted benzene compounds (A–E) and PMMA are represented here. b) The mechanism of free radical luminescence. Neutral carbonyl molecules become cation 
radicals after light irradiation, then they can be excited from the ground state to the Dn state. The excitons in the Dn state can reach the D4 state (for A) through 
internal conversion (IC). Since the rigid environment of the polymer suppresses non-radiative relaxation (Non-rad.) processes, the exciton returns to the ground state 
D0 in the form of photon radiation, producing radical luminescence. “Ex” and “Em” refer to excitation and emission processes, respectively. 
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calculated to be 0.2% in air and 0.3% in nitrogen after 1 min of light 
irradiation. The radical ground state lifetime of B in chloroform was 
about 72 h confirmed by naked eye. Based on above results, the 
photoinduced emission can be possibly ascribed to the free radical 
emission, which is in accordance with our previous results [23]. 

However, when the meta-substituted dicarbonyl compounds were 
replaced by the para-substituted and ortho-substituted ones, there was 
no photoinduced emission observed in the solutions of C, D and E. These 
compounds only showed changes in emissive intensity rather than 
emissive wavelength after 365 nm light irradiation (Fig. 2d and 
Figs. S6–7). Typically, the formation of new luminous species in the 
system should cause the change of emission wavelength after light 
irradiation. We thus investigated the formation of new substances in the 
solution of A and B by their UV absorption features. The largest ab-
sorption wavelength of A was blue-shifted from 289 nm to 286 nm with 
increased emission intensity. In addition, the tail absorption band was 
red-shifted to the visible region (Fig. 2e and Fig. S8). The result sug-
gested that new species were formed in the solution of A and B after light 
irradiation. Hence, we investigated the NMR spectra of A and B in so-
lution before and after light irradiation (Fig. 2f and Fig. S9). There was 
no new 1H NMR signal for A in CD3CN and B in CDCl3, implying that the 
chemical structure of these compounds was not changed with light 
irradiation and the new species may be from free radicals, which could 
not be easily detected by NMR spectra. These results suggested that both 
A and B could generate emissive free radicals via UV irradiation. 

In addition, we also studied the solid-state emission properties of 
these molecules. A, B, C and D exhibited very weak emission and no 
obvious photoinduced emission in the solid powder state, indicating the 
aggregation induced quench of the free radical emission. To confirm that 
the photoinduced emission in solution originates from free radical 
emission, we attempt to make a better environment to protect free 
radicals than solutions. The polymer environment can provide strong 

intramolecular interactions to limit the movement of free radicals [23]. 
Meanwhile, the emission in film state can further broaden their appli-
cation ranges compared to that in solution. We first doped A in PVA 
(A-PVA). However, there was no obvious photoinduced emission ob-
tained in the A-PVA system (Fig. S10). Next, we selected polymethyl 
methacrylate (PMMA) to dope with A. A-3-PMMA film (3 mg A in 100 
mg PMMA, other films are also named according to this form) was used 
to study the photoinduced emission. A weak blue emission (~403 nm) 
was observed at the initial state of the film (Fig. 3a), then red-shifted to 
475 nm (sky-blue) with UV irradiation and became stronger by pro-
longing the irradiation time until 50 min (Fig. 3a, S11, S12), the emis-
sion colours of compound A different in ethanol and in PMMA is 
attributed to a change in the polarity of the environments. However, the 
emission intensity decreased with the increased time of light irradiation, 
which could be ascribed to photobleaching (Figs. S12 and S13a). In 
addition, it was found that the increase of A concentration (from 1 to 24 
mg in 100 mg PMMA) would enhance the emission intensity and redshift 
the emission wavelength, indicating the concentration-dependent 
emission effect (Fig. S13b), because the higher concentrations can 
induce to generate more free radicals [42]. However, the emission 
would be weakened when doping with higher concentration of A in 
PMMA, because the carbonyl radical may form the aggregate in higher 
concentration, the dimers or more larger aggregation will quench the 
free radical directly [43]. 

The highest PLQY of the A-24-PMMA film (the optimum doping 
concentration) in air was calculated to be 0.74% and 1.0% in nitrogen 
after 3 min of light irradiation (365 nm, 10 W). When the photoactived 
A-6-PMMA film was placed in the air for 120 h, the emission intensity 
did not change significantly (Fig. S14a), indicating the well protection 
effect of the PMMA polymer to radical emission. The emission lifetime of 
A-3-PMMA film was 0.92 ns, ruling out the possibility of phosphores-
cence of the molecule (Fig. 3b). The absorbance of the two absorption 

Fig. 2. a) Emission spectra and related luminescence photos (365 nm, P = 10 W) of A in ethanol (10 mg/mL) before and after 365 nm light irradiation. b) Emission 
lifetime of A at 525 nm in ethanol (10 mg/mL) under 365 nm excitation after 1 min light irradiation. c) Emission spectra of B in chloroform (10 mg/mL) before and 
after 1 min light irradiation under 365 nm light excitation. d) Emission spectra of C (in THF, 10 mg/mL) and D (in ethanol, 10 mg/mL) before and after light 
irradiation. e) Absorption spectra of A in ethanol (0.5 mg/mL) at the original state and after 365 nm light irradiation for 1 min. f) 1H NMR spectra of A in CD3CN-d3 
before and after light irradiation. 
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bands (292 nm and 339 nm) was decreased and the absorption in the 
visible area (400–450 nm) appeared after light irradiation (Fig. 3c), 
indicating a new substance formed in the film after light irradiation. The 
X-ray diffraction (XRD) pattern of the A-6-PMMA film showed no signal 
change before and after light irradiation, suggesting that the change in 
emission was not from the phase change (Fig. S14b). In addition, there 
was no obvious new 1H NMR signal of A (extract from A-6-PMMA film) 
found after light irradiation, indicating that the new luminous specie 
may be from the free radical (Fig. 3d). To further determine the gener-
ation of free radical, electron paramagnetic resonance (EPR) measure-
ments were performed on samples before and after light irradiation. 
There were no EPR signals on the initial film. However, an obvious EPR 
signal with g value of 2.006 was observed after light irradiation of the 
PMMA film of A (Fig. 3e), confirming the existence of the free radical in 
the film. All results indicated that the photoinduced emission was from 
the free radical emission, and the polymer environment would promote 
the free radical for effective emission. 

Polymers can form strong supramolecular interactions with small 

molecules when they have functional groups that can interact with each 
other [44,45]. Such supramolecular interactions can protect the free 
radical from quenching by oxygen and limit the movement of free rad-
icals, leading to free radical emission [29,46]. We used the Fourier 
transform infrared spectroscopy (FTIR) to study such interactions. The 
C––O stretching vibration of A at 1680 cm− 1 in solid powder obviously 
shifted to 1685 cm− 1 in A-PMMA film, indicating the supramolecular 
interactions between A and PMMA (Fig. 3f). And the FTIR spectra of 
A-PMMA film before and after light irradiation also showed some 
changes, such as the absorbance of the C––O group at 1684.5 cm− 1 

became stronger after light irradiation. Such we can calculate the free 
radical conversion efficiency of A-PMMA is 8.1% (Fig. S14c). Therefore, 
we can conclude that PMMA can protect the free radical of A well and 
promote durable radical emission. Similar photoinduced emissions were 
also observed when doped B, C and D in PMMA (Fig. 3g and h and 
Figs. S15–S20). The PLQY of the B-6-PMMA film (the optimum doping 
concentration) in air was calculated to be 0.7% and 2.0% in nitrogen 
after 1 min light irradiation (365 nm, 10 W). When the photoactived 

Fig. 3. a) Emission spectra of A-3-PMMA film before (dash line) and after 356 nm light irradiation (solid line) for 50 min. Inset: photographs of A-3-PMMA film 
before (top) and after the light irradiation (bottom). b) Emission lifetime of A-3-PMMA film at 475 nm after 3 min light irradiation. c) Absorption spectra of A-6- 
PMMA film in the initial state and after 3 min light irradiation. d) 1H NMR spectra of A (extract from A-6-PMMA film) before and after the light irradiation in CDCl3. 
e) EPR spectrum of 20-PMMA film of A after the light irradiation in power state. The microwave frequency is 9.617072 GHz. f) FTIR spectra of A, PMMA, and A in 
PMMA (1: 1 wt ratio). g) Emission spectra of B-6-PMMA film before and after the light irradiation. h) Emission spectra of C-6-PMMA and D-6-PMMA films before and 
after light irradiation. i) Emission intensity changes of B-6-PMMA film over 7 cycles between heat (30 min) and light irradiation (365 nm, 3 min) treatments. 
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B-6-PMMA film was placed in air for 120 h, it only showed the slightly 
change in luminescence (Fig. S19a). The conversion efficiency of 
B-PMMA film after UV irradiation was calculated by the FTIR as 5.5% 
(Fig. S19c). It was worth noting that C and D did not show apparent free 
radical emission in the solution. In contrast, they exhibited evident free 
radical emission in PMMA, further proving that PMMA had a good 
protection effect for the free radicals (Fig. 3h). 

As the free radical is very sensitive to the environment, it often ex-
hibits stimulus-responsive properties. We thus explored the 
temperature-responsive properties of these films because high temper-
ature could quench the emission of some free radicals systems [47] 
(Fig. 3i, S21, S22). The luminescence intensity of the B-6-PMMA was 
greatly weakened after heating at 100 ◦C for 30 min, indicating that heat 
quenched the free radical emission of B in films (Fig. S21). The heating 
cycle performance of B-6-PMMA film showed that the film could still be 
photoactived after 7 times heat and light cycling (Fig. 3i). While other 
compounds were relatively stable compared to B in high temperature, 
and their radical luminescence were not totally quenched at 100 ◦C 
(Fig. S22). 

For a better understanding of the investigated systems, we have 
performed the quantum chemical calculations. Both compounds A and B 
demonstrate absorption and emission spectra that are very different in 
neutral (N) and in the radical cationic (C+.) forms (Figs. S23 and S24). 
The spectra of radicals were generated using the Gaussian function with 
a broadening factor of 3000 cm− 1 in Gabedit software [48]. According to 
the spin density plot calculations, cation radicals are considerably 
delocalized and thus relatively stable (Fig. 4a, Table S1 and Table S2). 
Normally, we can infer that cation radicals should be long-lived owing to 
the stabilization by the PMMA matrix through the supramolecular in-
teractions. According to our results, neutral A and B show significantly 
strong absorption at 312 and 323 nm and emission at 372 and 373 nm, 
respectively (Table S1), in agreement with the experimental spectra 
(Fig. 3c, S17a). S0–S1 transition has very weak (close to zero) intensity 

summing up the reason for the extremely small S1–S0 emission intensity. 
That’s why neutral A and B showed very weak fluorescence. 

However, the radical cation (C+.) species of A and B demonstrate 
strong D0-D4 absorption calculated at 335 nm and D0-D5 absorption at 
379 nm, respectively (Table S1), agreeing with the experimentally 
measured absorption spectra (Fig. 3c, S17a). Other strong absorption 
bands can also be assigned to the cation radical (C+.) species of A at n =
25 and n = 28, and for B at n = 22 and n = 26 (here "n" corresponds to 
the number of singlen excited state (Sn) in vertical absorption spectrum). 
The calculated fluorescence of A and B originates from the anti-Kasha 
D4-D0 (A) and D5-D0 (B) emission by the cation radical (C+.) at 497 
nm and 512 nm (Table S1), respectively. It should be noted that D4 in A 
and D5 in B are standalone states, while other states are much lower in 
energy. The balance between fluorescence rate and internal conversion 
to lower doublet states is important here, making the reason for slow 
internal conversion due to the large energy gap between corresponding 
states. Therefore, an emission mechanism can be proposed through 
experimental studies and theoretical simulations. As presented in Fig. 4b 
and c, there are two possible ways for the photoinduced generation of 
cation-radicals of compounds A and B (Fig. 4b). 1) Double-step photo-
ionization leads to the excitation at the first step and subsequent ioni-
zation by absorbing the second energy quant [49,50]. This explains the 
time-dependent radical luminescence in solution phase at low concen-
trations of A and B. 2) Being in supramolecular complex with PMMA 
matrix, the excitation of A or B leads to the subsequent charge separa-
tion and single electron transfer (SET) from dopant to matrix [51,52]. 
The LUMO energy of PMMA is estimated in different sources in the range 
− 1 to − 3 eV [53–55], while our quantum-chemical calculations with 
different methods estimate LUMO energy of A and B in the similar range 
from 0 to − 3 eV. It allows the SET between A or B (acting as donor) and 
PMMA matrix (acting as acceptor). Then, after the radicals are formed, 
the high energy doublet excited states lead to short-wavelength free 
radical emission (Fig. 4c). Conversely, the PVA with electron donating 

Fig. 4. a) Spin density plots for cation radicals (C+⋅) of A and B. b) The process of radical cation and anion formation for A-D after light irradiation (top) and the 
cation radical formation of A-D through electron transfer from PMMA (bottom). SET refer to single electron transfer. c) Emission mechanism of A in PMMA. Solid 
gray arrows represent absorption, blue and green arrows represent emission. Dashed arrows indicate extremely weak absorption and emission. 
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group cannot induce the cation free radical emission because of the 
higher energy of LUMO level of PVA (near − 1.5 eV) [56,57]. The LUMO 
level could be below − 1.5 eV up to − 3 eV for PMMA or for some of the 
fragments of PMMA, but for PVA LUMO energy is a constant − 1.5 eV. 
This means that PMMA principally could be an electron acceptor and get 
electrons from dopant, while PVA does not. 

These molecules possess a strong in situ free radical generating ca-
pacity, which is suitable for light-controlled information engraving or 
UV light sensing [58]. Furthermore, the free radical emission of these 
molecules can be easily photoactivated by strong UV light rather than 
weak UV light. Therefore, information can be engraved on thin-film 
materials under the mask with a strong light and read with a weak 
light. Then, the information would be destroyed when using the strong 
UV light to photoactivate the entire luminescent material. As a result, we 
are able to obtain a "read then burn" information confidentiality effect. 
The lithographic information can be recorded on two different sub-
strates (Fig. 5a). We first used B-PMMA (B = 0.012 wt%) to prepare the 
film in the glass, and applied the mask with the "Oriental Pearl" word as 
a template for lithography information. Then the film was irradiated 
with 365 nm UV light (P = 10 W) for 1 min to write information. When 
removed the template, the sky blue emissive word "Oriental Pearl" could 
appear under weak UV light (P = 2 W, to avoid destroying the infor-
mation) on the PMMA film. Such information could also be erased by 
photoactivation of the whole film to generate green emission after UV 
light irradiation (P = 10 W) for 1 min. The material could also be written 
on a piece of filter paper, and the photolithographic "杳无踪迹" word 
could be written and erased fastly. Thus, we successfully achieved the 
"read then burn" effect in different substrates. 

In addition, our previously reported compound 1,3,5-benzenecar-
boxylate (Z) could be photoactivated only by 254 nm UV light, while 
1, 3, 5-triacetylbenzene (T) were easier to be photoactivated by 254 nm 
or 365 nm UV light (Fig. 5b and c) [23]. Compound B could be 

photoactivated only by 365 nm UV light (P = 10 W). Hence, we tried to 
realize the wavelength and time-dependent anti-counterfeiting. The 
solution of B-6-PMMA was used to write a part of the Morse code mes-
sage on a piece of filter paper, then the other part was written with the 
solution of Z-6-PVA and dried (Fig. 5b). The information (LLXVCPLH) 
was wrong under sun-light initially. Then the B-6-PMMA written in-
formation was first partly activated by 365 nm light excitation (P = 10 
W) for 1 min, then the other information (written by Z-6-PVA) was 
excited by 254 nm light irradiation for 3 min (P = 2 W), finally leading 
to the correct information (RADICALS) (Fig. 5b). As a result, we can use 
light with different wavelength to photoacitvate the molecule and 
obtain complete information. Furthermore, because the different free 
radical molecules can be photoactivated after light irradiation for varied 
times (Fig. 5c), we can obtain complete and true information by irra-
diating two free radical materials on the filter paper after various times. 
We used the solution of T-2-PVA (T can be rapidly photoactivated by 
365 nm UV light) and B-6-PMMA to write Morse code message. The 
information was wrong (LZVVHFJC) under daylight. When 10 s light 
irradiation (365 nm, P = 10 W) was finished, the incomplete informa-
tion based on T-2-PVA was successfully exhibited, then the correct in-
formation (EMISSION) could be observed (B-6-PMMA was activated) on 
the filter paper after additional 1 min light irradiation (Fig. 5c). Two 
methods provide a new strategy for more advanced information 
encryption based on the light irradiation wavelength and photoactive 
time difference. 

4. Conclusion 

In summary, we designed a series of dicarbonyl-substituted benzene 
molecules with small conjucation structure and anti-Kasha emission for 
short-wavelength free radical luminescence. The unstable photoinduced 
short-wavelength emission was only exhibited in solutions of 

Fig. 5. a) Schematic process of "read then burn": photolithography infographic of B-PMMA photoactivated by UV light (365 nm, 10 W) based on different substrates, 
and information destructed by continuous light irradiation. b) Taking Z-6-PVA and B-6-PMMA as the luminescent material for Morse code infographics with different 
UV wavelength excitation (365 nm for B (P = 10 W) and 254 nm for Z (P = 2 W)) on filter paper. c) Morse code infographics used T-2-PVA and B-6-PMMA under 
different light irradiation times. 
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compounds A and B, suggesting that the meta-substituted dicarbonyl 
compounds possessed a greater ability to induce photoactived emission 
in solution compared with the para-and ortho-substituted compounds. 
All of meta-and para-substituted dicarbonyl compounds showed the free 
radical emission in PMMA, proving the strong protection ability of 
PMMA for the free radicals. The NMR, aborption and EPR spectra 
confirmed the photoinduced emission from the free radical emission. 
The quantum-chemical calculations suggest that the photoinduced 
emission originates from the anti-Kasha emission of cationic free radi-
cals. Moreover, based on light-induced free radical luminescence, the co- 
assembled materials were successfully applied to lithographic informa-
tion recording and information encryption. The in situ free radical 
emission endows the photolithographic information with "read then 
burn" capability on two substrates after the light irradiation. In addition, 
we obtained the wavelength and time-regulated anti-counterfeiting by 
combining different free radical emission materials. Our design strategy 
will provide new insights for designing short-wavelength and stimulus- 
responsive free radical luminescence materials. 
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