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Abstract

Room-temperature phosphorescence (RTP) of purely organic materials is easily quenched with unexpected purposes because the

excited triplet state is extremely susceptible to external stimuli. How to stabilize the RTP property of purely organic luminogens

is still challenging and considered as the bottleneck in the further advancement of the bottom-up approach. Here, we describe a

gated strategy that can effectively harness RTP by employing complexation/dissociation with proton. Due to the order-disorder

transition orientation of intermolecular packing, the RTP of triazine derivative Br-TRZ will easily vanish upon mechanical force.

Impressively, by enhancing its intramolecular charge transfer effect, the protonated Br-TRZ stubbornly possesses an obvious

RTP under external grinding, whatever in the ordered or disordered intermolecular arrangement state. Consequently, the

“Lock” gate of RTP was achieved in the protonated Br-TRZ molecule. Combined with theoretical calculation analysis, the

enhanced charge transfer effect can narrow the singlet-triplet energy gap significantly, and stabilize the RTP property of triazine

derivative sequentially. Furthermore, the locked RTP can be tuned via proton and counterions repeatedly and show excellent

reversibility. This gated RTP concept provide an effective strategy for stabilizing the RTP emission of purely organic systems.
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Abstract: 

Room-temperature phosphorescence (RTP) of purely organic materials is easily quenched 

with unexpected purposes because the excited triplet state is extremely susceptible to external 

stimuli. How to stabilize the RTP property of purely organic luminogens is still challenging 

and considered as the bottleneck in the further advancement of the bottom-up approach. Here, 

we describe a gated strategy that can effectively harness RTP by employing 

complexation/dissociation with proton. Due to the order-disorder transition orientation of 

intermolecular packing, the RTP of triazine derivative Br-TRZ will easily vanish upon 

mechanical force. Impressively, by enhancing its intramolecular charge transfer effect, the 

protonated Br-TRZ stubbornly possesses an obvious RTP under external grinding, whatever 

in the ordered or disordered intermolecular arrangement state. Consequently, the “Lock” gate 

of RTP was achieved in the protonated Br-TRZ molecule. Combined with theoretical 

calculation analysis, the enhanced charge transfer effect can narrow the singlet−triplet energy 

gap significantly, and stabilize the RTP property of triazine derivative sequentially. 
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Furthermore, the locked RTP can be tuned via proton and counterions repeatedly and show 

excellent reversibility. This gated RTP concept provide an effective strategy for stabilizing the 

RTP emission of purely organic systems. 

 

1. Introduction 

Room-temperature phosphorescence (RTP), a unique photophysical phenomenon that 

originates from the radiative transition from the lowest triplet excited state to the ground state, 

has attracted great interest because of their potential for bioimaging, information anti-

counterfeiting, organic light-emitting diodes (OLED), and so on.
[1–7]

 However, for a long time, 

the RTP emission has long been considered the exclusive feature of traditional inorganic 

materials or metal complexes, which suffer from high cost, potential toxicity, and instability 

in aqueous environments.
[8–12]

 As compared to metal-containing luminophores, the pure 

organic molecules with bright and persistent RTP are really scarce because the intersystem 

crossing (ISC) between singlet and triplet state is inherently inefficient and the highly active 

triplet excitons are exhausted fast by non-radiative transition and quenchers such as 

oxygen.
[13–18]

 Therefore, the development of high-performance purely organic RTP 

luminogens is of great significance. 

In principle, the key step to obtaining robust RTP from organic molecules is the promotion 

of ISC efficiency, which is usually low compared to inorganic counterparts. Fortunately, 

several different strategies, including crystal or non-covalent co-crystals engineering,
[19–23]

 

host-guest doping,
[24–26]

 polymerization,
[27–29]

 and others
[30–32]

 have been proposed to improve 

ISC process, especially stabilize the triplet excitons under ambient to achieve high-

performance organic RTP materials. Given that the excited triplet state of phosphors is 

extremely susceptible to external stimuli such as force, heat, light, etc., purely organic RTP is 

easily eliminated with unexpected purposes.
[33–38]

 It is thus emerging to circumvent this 
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bottleneck in the development of enhancing and stabilizing RTP strategy by providing a 

straightforward and general route to steady RTP materials. 

With this in mind, we firstly employ a gated phosphorescence concept, which can offer 

additional protection from the external interference to perform organic RTP. Taking 

advantage of the nucleophilicity of available triazine derivative, herein, we explore the unique 

proton binding ability to design proton specifically gated RTP for organic materials bromine-

substituented triazine (Br-TRZ in Figure 1), whose RTP property could be triggered by 

thermal annealing.
[39,40]

 However, the annealing-induced RTP of Br-TRZ will vanish after 

external stumuli such as mechanical grinding. Upon addition of trifluoroacetic acid (TFA), the 

intramolecular charge transfer (CT) effect of protonated Br-TRZ (Br-TRZ-H) has been 

enhanced greatly, resulting in the emergence of highly emissive RTP. Different from the 

thermal annealing, the proton-bonding Br-TRZ-H still exhibits strong RTP emission after 

grinding. The gated RTP will vanish just in the condition of triethylamine (TEA) fuming. 

Thus the RTP property of the triazine derivative can be regulated by acid/base in a “Lock-and-

Unlock” manner, with the following features: (i) efficient RTP trigger via protonation, (ii) 

high fatigue resistance in the gated RTP, (iii) stabilized RTP property while undergoing 

mechanical force. This gated RTP concept by the enhanced charge transfer effect describes a 

practicable and efficient strategy to stabilize organic RTP emission. 

 

2. Results and discussion 

In triazine-derivative compound Br-TRZ, electron donor of diphenyl and electron acceptor of 

triazine are connected by covalent bond. We first investigated the optical properties of solid-

state Br-TRZ under different stimuli-responsive conditions. The UV-Vis diffuse reflectance 

spectrum of pristine Br-TRZ presents one strong absorption peak below 400 nm region and 

the Br-TRZ powder is colorless, while the annealed Br-TRZ exhibits new absorption band at 

400–500 nm (Figure S1, Supporting Information), which is derived from the more orderly 
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molecular arrangement. For emission spectra, Br-TRZ has an emission maximum at about 

420 nm and shows intense blue fluorescence by 365 nm UV excitation. When the Br-TRZ 

material is annealed by heating, in contrast, not only does the emission spectrum show an 

emission at 420 nm, it also possesses a broad emission band from 500 to 650 nm with a 

maximum peak at 560 nm (Figure 2a). The time-correlated decay profile of Br-TRZ with 

annealing was also monitored at 420 and 560 nm, respectively (Figure S2 and Figure 2c). The 

emission decay at 420 nm belongs to a rapid nanosecond decay (τ = 9.1 ns), while the 

emission decay at 560 nm belongs to a microsecond-scale decay (τ = 26.7 μs), indicating that 

the heat-induced long wavelength decay is RTP in nature. The phosphorescence quantum 

yield (Φp) was measured to be 3.10%. It is worth noting that such heat-induced RTP of Br-

TRZ powders could be quenched through grinding process (Figure 2a), indicating the 

sensitivity of the organic RTP. According to previous works, this RTP should be originated 

from the ordered molecular packing induced by annealing.
[41–43]

 

Figure 2b shows the photoluminescence emission spectra of the solids of Br-TRZ with TFA 

fuming and mechanical grinding. For the Br-TRZ solids with TFA fuming treatment, there are 

two signal peaks in emission spectrum: one at 395 nm, representing fluorescence, and the 

other one at 560 nm, representing phosphorescence, which is highly in accordance with that 

of annealed Br-TRZ. At the same time, it exhibits a strong RTP emission with a yellow color 

(inset photo in Figure 2b), and the Φp also increases from nearly 0% to 3.29%. Furthermore, 

similar to the annealed Br-TRZ, the TFA treated Br-TRZ also exhibits an absorption band at 

400–500 nm in UV-Vis diffuse reflectance spectrum (Figure S1). Protonation at the triazine 

site of Br-TRZ adds a positive charge and is likely to induce an obvious charge transfer state, 

which gives rise to the strong and red-shifted RTP compared to the vertical π-π* state.
[44,45]

 It 

is worth mentioning that Br-TRZ still exhibits a detectable RTP at 520 nm with the treatment 

of grinding after TFA fuming (Figure 2b), with the Φp = 1.49%. These exciting results give us 

an impression that this kind of molecules as a model is much beneficial for the investigating 
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the mechanism of the unique RTP. Given the only difference between Br-TRZ and protonated 

Br-TRZ is the proton, it is reasonable to assume that the strong RTP is related to larger charge 

separation of the ground and/or excited state, or more pronounced charge transfer state. When 

analyzed with lifetime decay spectra, it was further confirmed that the 395 and 560 nm 

emission are attributed to the fluorescence and phosphorescence pathway (Figure S3 and 

Figure 2c). In other words, the reversible RTP switching on−off behavior was efficiently 

blocked by protonation effect, showing a specific “Lock” gate. 

 In a further set of powder X-ray diffraction (XRD) experiments, we investigated the 

influence of the different mode of molecular packing under various conditions (Figure 2d). In 

contrast with a few weaker and wider peaks of pristine dye molecules in XRD pattern, the 

TFA fuming Br-TRZ exhibit multiple highly sharp diffraction peaks at 2θ range from 5 to 30°, 

suggesting that the molecular stacking is transformed from disordered to ordered state.
[46,47]

 

After grinding the protonated materials, the sharp diffraction peaks disappeared and the wider 

peaks occurred again in XRD pattern, which demonstrates that the grinding breaks the 

ordered molecular packing to a great extent. By careful analysis of the emission spectrum of 

Br-TRZ with TFA fuming and mechanical grinding, we found that there is still a slight blue-

shift RTP emission for Br-TRZ-H under “Lock” state and disordered molecular packing 

condition (Figure 2b), suggesting molecular packing has an effect on RTP character, but is not 

the decisive factor for RTP. 

 Interestingly, the RTP signal of protonated Br-TRZ could be quenched through fuming with 

TEA and the RTP could be recovered via TFA fuming, thus realizing a reversible RTP 

switching ON-OFF behavior (Figure 2e). Meanwhile, the reversible RTP ON-OFF character 

can be operated by acid-base pair (TFA and TEA), and the cycle process could be repeated for 

seven successive times, showing the excellent cycling stability (Figure 2f). These results 

indicate that TEA is considered as a “Key” to “Lock” (TFA) for RTP of Br-TRZ. 
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 We expect that the nonbonding lone pair of nitrogen atom in Br-TRZ is a better binding site 

for TFA. To test our assumption, we performed 
1
H NMR measurements of Br-TRZ before 

and after stimulation with various molar ratios of TFA (Figure S4). We did not observe two 

sets of NMR peaks for Br-TRZ and H-Br-TRZ as anticipated; instead, all protons on Br-TRZ 

exhibit a gradual shift, but to different extents, to the downfield or upfield position after 

addition of TFA (Figure 3a). The doublet signals at 7.75, 7.62, and 7.55 ppm, which are 

indexed to Hb, Hc, and Hd, are gradual shifted to downfield, demonstrating that after the 

addition of TFA, the electron density on triazine ring decrease and the formation of complex 

with proton. Furthermore, HRMS experiment of Br-TRZ with TFA was conducted to prove 

the complex of Br-TRZ with proton. As shown in Figure 3b, a signal peak at m/z 771.9596 

(measured exact mass) match well with the calculated mass of Br-TRZ with one proton. As 

expected, the typical quadruple isotope peaks of bromine located at (m/z) 771.9596, 773.9576, 

775.9558, and 777.9547 with intensity ratio 1:3:3:1 are observed, indicating the formation of 

complex Br-TRZ with one proton. Meanwhile, the peak of complex Br-TRZ with two, or 

three protons was not observed. 

 To probe the mechanism of the observed proton-gated RTP phenomenon from pure organic 

system, we performed theoretical calculation investigations on single-molecule Br-TRZ and 

Br-TRZ-H in both singlet and triplet excited states. The hole-electron distributions of Br-TRZ 

and Br-TRZ-H are depicted in Figure 4a and 4c. For Br-TRZ, the holes (blue area) are mainly 

distributed on the triazine cores and the electrons (yellow area) mainly distributed on the 

outside phenyl part. In contrast, For Br-TRZ-H, the holes are mainly distributed on the phenyl 

part and the electrons mainly distributed on the triazine cores, which is opposite to that of Br-

TRZ. Meanwhile, the contributions of non-hydrogen atoms in Br-TRZ and Br-TRZ-H to hole, 

electron, and their overlap are shown in Figure 4b and 4d. Compared to Br-TRZ, protonated 

Br-TRZ-H exhibit more efficient electron-hole separation, demonstrating an intramolecular 

CT state in Br-TRZ-H that can bridge the energy gap between the lowest singlet and triplet 
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states. We also performed theoretical calculations to identify the energy gaps between the 

lowest singlet and triplet states for the neutral and protonated species. On the basis of data 

analysis, the calculated singlet−triplet energy gaps for Br-TRZ-H are 0.389 (S1-T1), 0.127 (S1-

T2), 0.085 (S1-T3), and 0.026 eV (S1-T4), which is smaller than the corresponding energy gaps 

0.441 (S1-T1), 0.212 (S1-T2), 0.103 (S1-T3), and 0.042 eV (S1-T4) for Br-TRZ (Figure 4e and 

Table S1). The calculated energy levels of Br-TRZ-H at the lowest singlet state (ES1 = 2.83 

eV) and triplet (ET1 = 2.44 eV) excited states are close, which enhances the spin–orbit 

coupling probability and enables the facilitation of single–triplet intersystem crossing 

processes. These results prove that the key step for realizing gated RTP is the intramolecular 

charge transfer character that can narrow the singlet−triplet energy gap. 

 

3. Conclusion 

In summary, we have constructed a gated enhancement strategy controlled by 

complexation/dissociation with proton to achieve efficient RTP for organic luminogens. Solid 

state Br-TRZ show heat-induced RTP property, but the obtained RTP is easily quenched with 

the external mechanical force. Upon protonation, Br-TRZ-H species exhibit intense RTP 

emission at long wavelength region, and the strong RTP is still observed after grinding the Br-

TRZ-H, realizing a proton-gated RTP. Theoretical calculations show that the protonation 

brings the enhanced intramolecular charge transfer, and sequentially resulting in the narrowed 

energy gap between the singlet and triplet states, finally leading to an efficient ISC process 

and thus stronger RTP. Furthermore, the gated RTP can be reversibly tuned via acid/base pair 

and show high fatigue resistance. The “Lock/Unlock” concept for the RTP property will 

provide an effective strategy for stabilizing the RTP emission of purely organic systems. 
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Figure 1. Schematic illustration of the proton-gated RTP strategy for stabilizing room-

temperature phosphorescence of pure organic molecules. 
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Figure 2. Proton-gated RTP investigating by spectroscopic characterizations. Emission 

spectra of solid state Br-TRZ with (a) annealing/grinding and (b) TFA fuming/grinding. (c) 

The time-resolved decay curves of Br-TRZ with annealing or TFA fuming at 560 nm, λex = 

350 nm. (d) XRD spectra of Br-TRZ with TFA fuming/grinding. (e) Photos showing 

photoluminescence of Br-TRZ with TFA and TEA fuming. (f) Cycling stability of Br-TRZ 

with TFA and TEA fuming in a “Lock-and-Unlock” manner. 

 

 

Figure 3. Characterization of the protonated Br-TRZ with one proton. (a) 
1
H NMR spectra of 

Br-TRZ (5 μM) and Br-TRZ in the presence of TFA (40 equiv.) in CDCl3. (b) HRMS spectra 

of Br-TRZ in the presence of TFA. 
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Figure 4. Theoretical calculation for fluorescence and RTP behaviors of Br-TRZ and Br-

TRZ-H. Electron and hole distributions of S→T, and contribution of moiety to holes, 

electrons and hole/electron overlap of (a and b) Br-TRZ and (c and d) Br-TRZ-H (yellow 

represents electron distribution; blue represents hole distribution). (e) Calculated energy 

diagram of S1 and Tn of Br-TRZ and Br-TRZ-H. 
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By enhancing the intramolecular charge transfer effect of bromine-substituented triazine 

derivative (Br-TRZ), the protonated Br-TRZ stubbornly possesses a robust RTP under 

external stimulus, whatever in the ordered or disordered intermolecular arrangement state. 
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