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Abstract 

Organic luminescent radicals are attracting much attention because of their potential 

applications in optoelectronics. However, most luminescent radicals prepared so far are 

synthesized through complicated molecular design and procedure, and in-situ generation of 

stable luminescent radicals is full of great challenge. All these factors have significantly limited 

the development of this research field. Herein, we report a simple approach to generate stable 

luminescent radicals in the presence of gentle UV irradiation. The newly generated radical 

species are capable of emitting unusual red light with a maximum fluorescence quantum 

efficiency of 4.6% at ambient conditions in the solid state. Additionally, the luminescent 

radicals show extraordinary stability with more than one-year life-span at ambient conditions. 

X-ray diffraction study combined with photophysical and computational analyses reveal that 

the unique molecular symmetry breaking in the crystalline state lead to the unusual formation 

and stabilization of radical ion pairs via the photo-induced electron transfer (PET) process. Such 

results represent the first time to achieve stable emissive radicals in the solid state at ambient 

conditions via in-situ PET process. 

 



Introduction 

Organic radicals with unpaired electrons have fascinated scientists for decades due to their 

significance in both fundamental science1 and technological applications2. Unfortunately, 

although they are ubiquitous in our daily life, they have been commonly correlated with 

pathogenic factors that cause human diseases3, 4 or destructive roles to cause aging of plastic5, 

which leads to discrimination to organic radical species. Additionally, the radical species 

generally hold the characteristic of high reactivity, instability, and uncontrollability, which 

make the research involved in radicals difficult and challenging6. However, if we can control 

and stabilize these radicals and further utilize their properties, the disadvantage of radicals may 

become advantages and breakthroughs in both chemistry and materials may be resulted. One 

of the representative examples for radical utilization is the discovery and development of living 

radical polymerization7, which basically depends on the development of the strategy of 

stabilizing and controlling radical intermediate. Besides the significant application in organic 

catalysis or polymerization, the open-shell characteristic of organic radicals also endows them 

with unique magnetic and optical properties, enabling their significant applications in various 

advanced functional materials such as molecular magnets8, spintronics9 and optoelectronic 

materials10, 11, etc. Unfortunately, until now, the stability issue remains a major obstacle that 

needs to be properly addressed for further fundamental research advancement and practical 

applications of organic radical species12.  

Gomberg13 discovered triphenylmethyl radical as the first relative “stable” organic radical 

species in 1900, since then, great effort has been devoted to this area to develop more persistent 

radical molecules and elucidate the structure-property relationship as well as explore their 



potential applications14. With over one century of continuous exploration, various strategies, 

including chemical modification15, 16, physical doping and even supramolecular assembling6, 17, 

were developed to produce new radical systems and stabilize them. Representative systems 

include the tripenylmethyl derivative that using a sizeable steric hindrance to shield the 

paramagnetic center18, polycyclic aromatic hydrocarbons19, 20 that using large -delocalization 

to stabilize the radicals and MOF21 that utilizes the porous and three dimensional frameworks 

to protect the radical species, etc. Although the variety of these generated radical molecules are 

still rather limited, they have begun to exhibit amazing applications in different areas. For 

example, Nicewicz and coworkers discovered that a neutral acridine radical could work as a 

superior radical phororeductant whose performance is even comparable with the lithium22. 

Savoie and Boudouris23 etc. fabricated a non-conjugated radical polymer by employing the 

commonly used TEMPO as a monomer whose conductance was as high as the value of 

commercial conjugated conducting polymer. These achievements suggest the great potential of 

organic radical species in developing advanced functional materials24. 

Besides the unique reactivity and electronic properties, organic radical species also exhibit 

interesting luminescence property25, 26 since its emission originated from a spin doublet, rather 

than a singlet or triplet exciton like conventional luminophores. Therefore, organic luminescent 

radicals are not only of fundamental research interest27 but can also be exploited in applications 

of fluorescence probes28 or optoelectronic devices29. In particular, the doublet emission of the 

radical emitter is still spin-allowed in OLEDs, which can circumvent the efficiency limitations 

imposed by triplet excitons to afford a theoretical 100% internal quantum yield30-32. In spite of 

the great prospect, however, so far, the existing radicals that are sufficiently stable to be isolated 



and stored under ambient conditions are very scarce, let alone the emissive one. Furthermore, 

as many of the conventional luminophores that usually show bright emission in solution state 

but weak or quenched emission in solid-state that has been known as aggregation-caused 

quenching (ACQ) effect, organic radical emitters also suffer the same issue which further 

increases the obstruction for application since complex chemical modification or physical 

manipulation is needed to overcome this ACQ effect11.  

In this work, we demonstrate that the photoirradiation of tris(4-chlorophenyl)phosphine (TCPP) 

crystals can generate radical species, which can be stabilized in ambient conditions over one 

year with robust red emission. Furthermore, the emission of TCPP radical species shows 

aggregation-induced emission33 property, which is not emissive in solution state but brightly 

emissive in the solid-state without any extra chemical modification. X-ray crystallographic 

analysis combined with density functional theory (DFT) calculations reveals that the unique 

symmetry breaking of TCPP in the crystalline state result in the charge separation of the TCPP 

molecules34, which is the main reason that account for the generation of stable solid-state 

emissive radicals. Therefore, this work, for the first time, presents a simple, elegant and 

straightforward strategy to produce persistent and red emissive radicals in the solid-state. 

What’s more, the TCPP radical in the crystal exhibits extraordinary stability, which can show 

undegraded emission even stored at ambient conditions for over one year. The photoirradiation 

induced generation of radical emission can be used for the anti-counterfeiting application. The 

current work may open up a new window of achieving stable and solid-state luminescent radical 

species.  

Results and discussion 



 

Fig. 1 Photophysical and magnetic properties of ptotochromic process  a, schematic 

diagram of the photochromic process. b, UV-vis, c, Photoluminescence (PL) spectra and e, 

electron paramagnetic resonance (EPR) spectra of TCPP crystals before (blue line) and after 

(red line) UV light exposure for 5 min at room temperature. The insets in b, and c, show the 

photographs of color and fluorescence changes. λex = 365 nm. d, time-resolved PL decay curves 

of i-TCPP measured at 620 nm at room temperature. 

TCPP sample is purchased from a commercial source that was purified by repeated 

chromatography and recrystallization (Fig. S1-S3). The final products were obtained as 

colorless cubic crystals with no emission (Fig. S4). The structure of TCPP was confirmed by 

NMR, HRMS spectroscopy and single-crystal structure (Fig. S5-S7). UV-vis spectroscopy 

measurement shows that TCPP crystal exhibits an absorption band centered at around 250 nm, 

which is consistent with its colorless appearance as shown in Fig. 1b. However, upon 365 nm 

UV irradiation, the colorless crystals of the TCPP gradually become orange with two new 



absorption peaks appeared at 496 nm and 520 nm, suggesting some species with a narrow 

bandgap was generated. Since triphenylphosphine derivatives are electron-rich species which 

are easy to lose one electron through oxidation to generate radical species35, oxide product or 

even homocoupling product to result in the narrow bandgap products, spectroscopy method 

thus has been implemented for the photoirradiated TCPP crystals (i-TCPP) to unveil the new 

species generated during the photoirradiation. The results indicate that TCPP oxide was 

generated during the photo-irradiation according to HPLC measurement and 31P NMR spectra 

analysis (Fig. S8). However, as TCPP oxide is also colorless rather than orange, we thus 

speculate that the orange color may originate from TCPP radical species because the formation 

of TCPP oxide will experience an intermediate of radical. Indeed, Electron paramagnetic 

resonance (EPR) spectroscopy measurement (Fig. 1e) indicates that i-TCPP crystal exhibit a 

strong radical signal in comparison with the radical silence property of pristine TCPP crystals. 

The open-shell property of the i-TCPP crystal was further verified by the magnetic 

susceptibility measurements as shown in Fig S9. Since the radicals can only be stabilized inside 

the crystals, those generated on the surface of the crystal thus can not be stabilized and were 

further oxidized by the ambient oxygen to generate TCPP oxide, which explained the TCPP 

oxide signal detected by HPLC. Therefore, these results indicate that the photoirradiation of 

TCPP crystal can induce the generation of radical species which can be stabilized inside the 

crystals. The photographs (Fig. S10 and S11) of i-TCPP crystals also show that the color change 

begins from the inside of the crystals and then gradually spreads to the peripheral side since 

those generated on the surface more difficult to be stabilized. By loading the i-TCPP crystals 

in methanol solution (Fig. S12) to evaluate the anti-degradation capability of the i-TCPP 



crystals, although the orange color of the radicals on the peripheral side gradually fade, while 

the color of the central part can still maintain for days, indicating that the dense packing of the 

i-TCPP crystal can well protect the inner radicals of the crystals from the erosion of the ambient 

quenching factors.  

It is interesting that i-TCPP show bright red emission with an emission peak at 620 nm relative 

to the non-emissive characteristic of TCPP crystals without photoirradiation presented in Fig. 

1c. The lifetime of i-TCPP crystals is 3.9 ns according to the transient PL spectroscopy 

measurement, suggesting the fluorescence characteristic of i-TCPP crystals (Fig. 1d). To 

elucidate the origin of the red luminescence, further detailed photophysical property 

investigation has been implemented. Because trace amount of impurity36 of may influence the 

luminescence property greatly, the purity of TCPP molecule is thus firstly confirmed by HPLC 

and elemental analysis with a deviation value lower than 0.3% relative to the theoretical value, 

which fulfills the requirement of criterion of American Chemical Society for the pure 

compound (Fig. S8a). Moreover, we also purchased the different batches of TCPP samples 

from different commercial sources and purified them through the same procedure, although 

these different batches of samples exhibit varied luminescent properties, the optical properties 

of the purified ones are identical and showed no luminescence, demonstrating the excellent 

repeatability and reliability of the results (Fig. S4). Therefore, the influence of external factors 

can be excluded, which also further confirmed that only the photoirradiation TCPP crystal could 

induce the generation of red fluorescence. Since the photoirradiation generates both radicals 

and TCPP oxide species and the TCPP oxide is non-emissive, the red fluorescence thus should 

originate from the radical species. Moreover, the fluorescence of i-TCPP will disappear once 



the crystal is destroyed by grinding it into amorphous powder because the radicals are sensitive 

to ambient conditions as shown in Fig. S13, this also further confirmed that the i-TCPP crystal 

is significant to protect the inner radicals of the crystals. It is worthy to note that although the 

crystal is brightly emissive, the solution of i-TCPP crystals in non-emissive. Therefore, the 

radical species is AIE-active. To the best of our knowledge, this should be the first radical-

based AIE luminophores37. 

 



Fig. 2 Molecular structure analysis. a, molecular conformations of neutral TCPP obtained by 

DFT using BLYP/def2-SVP basis set in the (up) gas state and (down) crystal state with thermal 

ellipsoids set at 50% probability. Hydrogen atoms are omitted for clarity. b, electron cloud 

distributions and energy levels of TCPP calculated by TD-DFT M062X/def2-TZVP, ORCA 

4.1 program. c, crystal packing diagrams of TCPP. d, proposed mechanism of photo-induced 

single electron transfer processes. 

To further understand the optical properties and the radical generation mechanism of the TCPP 

molecule, we analyzed the single-crystal structure and molecular stacking pattern. Single 

crystal structure analysis as shown in Fig. 2a and Table S1 indicates that the molecule of TCPP 

adopts a D2h symmetry rather than the commonly observed C3V symmetry for most of its 

analogs like triphenylphosphine38 (Table S2). However, the optimized molecular structure of 

TCPP in the gas phase exhibits a C3V symmetry, which indicates that the crystallization-induced 

symmetry breaking results in the D2h symmetry of TCPP molecule in the crystal. Although 

TCPP molecule lacks typical donor-acceptor structure, density function theory (DFT) 

calculation based on the D2h symmetric structure of TCPP show obvious charge separation with 

the highest occupied molecular orbital (HOMO) located mainly on the phosphorous atom and 

phenyl ring that parallel with the plane and lowest unoccupied molecular orbital (LUMO) 

located mainly on the two phenyls rings vertical to the plane while TCPP in gas state with C3V 

structure shows no HOMO and LUMO separation (Fig. 2b and Fig. S14). It is worthy to note 

that molecules with charge separation have been reported helpful for the generation of radicals 

through the photo-induced charge transfer process39, 40, although the generated radicals mostly 

are transient and sensitive, which can’t exist at ambient conditions stably41. However, as a 



contrast, the radicals generated within TCPP crystals show excellent stability at ambient 

conditions, which suggested that the superior stability of i-TCPP radicals may be correlated 

with its crystal packing. Further crystal arrangement analysis indicates that the molecules of 

TCPP adopt an alternant intermolecular donor-acceptor arrangement, which should also be 

beneficial for the exciton separation and stabilization through the electron hopping mechanism 

(Fig. 2c). In consideration of the superior stability of the radicals within i-TCPP crystals and 

the unique symmetry breaking42 caused molecular arrangement as well as the fact that single 

molecule of TCPP can stabilize the radicals, we propose that an intermolecular radical pair 

model through the PET process is responsible for the radical generation and stabilization of i-

TCPP crystal (Fig. 2d).  



 

Fig. 3 DFT calculation analysis. a, a schematic diagram showing the free energy profile of 

the process. b, molecular structures of TCPP radical cation and radical anion obtained by DFT 

using the BLYP/def2-SVP basis set. c, the spin density distribution of TCPP radical anion and 

cation. d-e, absorption and emission spectra of TCPP radical anion and cation based on the 

quantum calculation results.  

To confirm the rationality of our hypothesis, the theoretical calculation has been implemented 

based on the high precision double-hybrid functional PWPB95 with a def2-TZVP basis set43. 

We first calculated the Gibbs free energy of dimer of TCPP molecules and the radical pairs of 



TCPP molecules in the ground state as well as that of the dimer in the excited state (Fig. 3a). 

The results indicate that the radical pairs show much lower Gibbs free energy than the dimer in 

both ground state and excited state, suggesting that the formation of radical pairs are 

thermodynamically favorable. Interestingly, the optimized molecular configuration of radical 

anion of TCPP is almost identical to that of TCPP in the crystal, with both of which exhibit a 

D2h symmetry (Fig. 3b and Table S3). Therefore, the molecular configuration of TCPP within 

the crystal benefits the formation of the radical anion. The spin distribution of the TCPP radical 

pair in the crystal structure was also calculated (Fig. 3c). For the TCPP radical cation, the 

unpaired electron is mainly distributed on the phosphor atom and the benzene ring, which is 

parallel with the principal plane. While for the TCPP radical anion, the unpaired electron is 

distributed on the other benzene rings that vertical to the plane. Such distributions suggest that 

the radical species within the TCPP crystals is not homogenous but multiple, which is consistent 

with the complexly split EPR signals with an asymmetric hyperfine pattern. The complex EPR 

signal may arise from the superposition of the radical pairs with different ge values44. The 

absorption and emission spectra of TCPP radical pairs are also simulated by TD-DFT and 

plotted in Fig. 3d and Fig. 3e. Interestingly, the superimposed absorption spectra of TCPP 

radical cation and anion show two absorption peaks at 457 nm and 482 nm, which matched 

well with the experimental data with two peaks at 496 nm and 520 nm and suggested the 

reliability of the calculation results. Further, in-depth analysis indicates that the two absorption 

peaks at 457 nm and 482 nm are arisen from HOMO‒9→SOMO of radical cation and 

SOMO→LUMO+7 of the radical anion (Fig. 3d), respectively. The detailed energy level 

diagrams and wavefunctions of the frontier molecular orbitals of TCPP radical anion and cation 

javascript:;


are shown in Fig. S15. The emission spectra of TCPP radical cation and anion are also 

calculated with two emission bands centered at around 667 nm and 549 nm, respectively, with 

oscillator strengths (f) of up to 0.105 (SOMO→HOMO‒4) and 0.021 (LUMO+7→SOMO), 

respectively. (Table S4 and Fig. S16). Therefore, the red PL of i-TCPP crystal mainly originated 

from its radical cations. 

 

Fig. 4 The stability of TCPP radical species. a, PL signal at 620 nm under ambient condition, 

where “1” represents the exist of fluorescent signal. b, PL intensity of i-TCPP crystals under 

400 nm laser radiation (power: 3 μJ/cm2), where I0 = PL intensity of pristine i-TCPP. The inset 

shows the photographs of fluorescence changes.  

The stability issue is still a bottleneck encountered by most reported radical species produced 

by both chemical and physical methods. However, i-TCPP crystal seems to exhibit 

extraordinary stability at ambient conditions. Besides, its bright red fluorescence in the solid-

state not only has the potential for the application of advanced optical crystalline materials but 

also enables it possible to evaluate its stability through a visualization method by measuring 

the PL change with time. As shown in Fig. 4a, just locating the i-TCPP crystal in ambient 

conditions without any protection, the fluorescence signal of the crystals detected by both PL 



machine and naked eyes in different interval times showed no noticeable intensity degradation 

even after one year’s storage. More interestingly, the PL intensity of i-TCPP crystal can be even 

further enhanced by three folds when exposed to a pulsed laser (Fig. 4b), suggesting that the 

number of generated radicals can be increased by strengthening the power of the irradiation 

source, which is also distinguished from conventional radical materials that are easy to be 

bleached by a strong laser pulse. By continuously laser irradiation for up to 7000 s, the PL 

intensity loss is within 5%.  

The photoirradiation-induced generation of radical species along with color and emission 

change makes it possible to utilize the TCPP for anti-counterfeiting applications (Fig. S18). 

First, a filter paper was immersed in a dichloromethane solution of TCPP. After half-drying at 

ambient conditions, a seal was used to pattern a Chinese character (tang) on the paper. The 

word is invisible in the daylight but appears in red upon UV irradiation, which can be erased 

by further green light irradiation.  

Conclusions 

In summary, the unique molecular conformation and photo-redox property of TCPP crystal 

make it responsive to UV irradiation. The tightly packed structure prevents the interference 

from water and oxygen to significantly improve the stability of the newly formed radical ion 

pairs. Noteworthily, this is the first time that triarylphosphorus radicals are discovered to emit 

light. Results from theoretical calculations are consistent with the experimental data that TCPP 

radical cation is responsible for the red emission. The present results not only draw a clear 

mechanistic picture for the in-situ generation of stable radical ion pairs but also change the 

cognition of the scientific community toward classical photophysical phenomenon. Moreover, 



it provides a reliable strategy and opportunity to develop new luminescent radicals with 

potential applications in the fields of optical memory, multi-color displays, multiplexed optical 

chemical sensing, anti-counterfeiting, etc.  
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