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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Five dyes with different ICT effect were 
designed and synthesized. 

• TPT-DB shows excellent light conver
sion performance. 

• The factors affecting photostability were 
analyzed in detail. 

• An effective way to improve photo
stability was obtained. 

• The anaerobic environment can enhance 
photodegradation.  
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A B S T R A C T   

Poor photostability has become a major obstacle of organic fluorescent dyes (OFD) used as light conversion 
agent. To explore the intrinsic mechanisms of photodegradation and highly efficient means to enhance photo
stability, here, three s-triazine dyes and two 1,3,5-triphenylbenzene luminescent agents were designed and 
synthesized. Further, the relationships of photostability, intramolecular charge transfer effect, energy gap be
tween singlet and triplet, and active oxygen generating capacity are analyzed and discussed. AIE activity, solid- 
state fluorescence emission, light conversion quality, and photostability combined with thermostability show 
TPT-DB (2,4,6-tris(4-(3,6-ditertbutyl-9H-carbazol-9-yl)phenyl)-1,3,5-triazine) is the best light conversion agent 
among of the dyes, whose photosynthetic photon flux density at 400–500 nm and 600–700 nm in doping film 
increased successively to 6.20% and 25.78% of the blank film, emission intensity can maintain 93.4% of the 
initial value after intensified UV radiation of 20 h (365 nm, 40 w), and has good thermal stability, Td up to 
374 ◦C. Furthermore, oxygen-free environment was confirmed to be the most effective measure to enhance the 
photostability of OFD, thereby a simple and efficient method is adopted to block the diffusion of oxygen and 
significantly enhance the photostability of OFD by amphiphilic ethylene–vinyl alcohol copolymer. The work not 
only provides an excellent light conversion agent, but also clears the obstacles for the large-scale application of 
OFD as light conversion agents.   
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1. Introduction 

Currently, functional films have become the main direction of the 
development of agricultural films. Through wavelength conversion from 
ultraviolet (290–400 nm) and yellow-green light (510–580 nm) in 
sunlight to blue-violet light (400–480 nm) and red–orange light 
(600–700 nm), light conversion agricultural films can increase and 
improve crop yield and quality, shorten crop growth cycle, and reduce 
crop diseases and insect pests [1–4]. Furthermore, the properties of light 
conversion agricultural films mainly depend on absorption and emission 
spectra, photostability, fluorescence quantum yield (PLQY), and 
compatibility of light conversion agents with polymer matrices. Among 
of various light conversion agents, organic fluorescent dyes (OFD) have 
good resin compatibility, high fluorescence quantum yield and tunable 
emission wavelengths, meanwhile, OFD used as light conversion agents 
can promote the sustainable development of agricultural economy by 
avoiding the use of high-purity rare earth oxides. However, OFD are easy 
to be bleached and degraded under solar radiation, shortening the ser
vice life of light conversion agricultural films, and increasing their 
application cost. Most importantly, poor photostability has become a 
major obstacle of the large-scale application for OFD in the field of light 
conversion agricultural film. Therefore, it is urgent to exploit photo
stable OFD used as light conversion agents, as well as explore efficient 
means to enhance photostability and the intrinsic mechanism of pho
tobleaching and photodegradation. 

Photobleaching and photodegradation channels of OFD are diverse, 
and many corresponding details remain unexplored [5–6]. Even so, the 
existing research results indicate structural modification is still the most 
straightforward and effective method to enhance the photostability of 
organic small molecule fluorophores. As we know that chlorophyll is 
prone to photooxidative degradation, but copper chlorophyll shows 
significantly enhanced photostability when magnesium atom in 
porphyrin ring is replaced by copper ion [7]. Our research group found 
that reducing electron cloud density of the active site can enhance 
photostability of OFD by introducing electron-withdrawing group [8–9]. 
More importantly, these approaches have wide applicability rather than 
individual cases. An early example was a coumarin laser dye, whose 
photostability was significantly improved by replacing CH3 group with 
CF3 group [10–11] and similar results were also reported by Moi [12] 
and Zhang [13]. Notably, OFD incorporated electron-withdrawing 
groups still cannot withstand long-term sunlight radiation. 

The photobleaching mechanisms of OFD indicate that the majority of 
known photobleaching pathways involve high oxidation-active singlet 
oxygen (1O2) [11,14–17]. Upon absorbing photon energy, fluorophores 
transition to the first singlet-excited state (S1) from ground state (S0). 
Provided there is a large spin–orbit coupling or small energy gap (ΔЕst) 
between singlet-excited state and triplet-excited state, S1 can reach 
triplet-excited state Tn (n > 1) with different spin multiplicity through 

the intersystem transition (ISC), then Tn undergoes relaxation and in
ternal conversion to the first triplet-excited state (T1), which subse
quently reaction with molecular oxygen to generate 1O2, followed by 
photobleaching [18–20]. Different from inhibiting the photooxidation 
active site of molecules, photostability of organic materials can be 
significantly improved by constructing dense intermolecular stacking 
and strong interactions, which can reduce non-radiative transition of 
triplet excitons by suppressing intramolecular rotation and vibration, 
and formation of 1O2 due to the decreased oxygen diffusion rates to the 
luminous center [8,21]. Overall, emission intensity, ΔЕst and reactive 
oxygen species (ROS) play an important role in affecting photostability 
of OFD. 

Here, three s-triazine (TPT) dyes and two 1,3,5-triphenylbenzene 
(TPB) derivatives, named as TPT-CZ, TPT-DB, TPT-DO, TPB-CZ and 
TPB-DB respectively, were designed and synthesized (Scheme 1). 
Carbazole (CZ) are chosen as electron donor, while TPT and TPB are 
used as electron acceptor, forming strong and weak intramolecular 
charge transfer (ICT) effect respectively, and then ICT effect is further 
fine-tuned by changing substituents (H, OCH3 and t-Bu) on carbazole 
unit. The reported literatures show that enhancing ICT effect is condu
cive to reduce ΔЕst, but the relationship of ICT effect, ΔЕst, ROS and 
photostability has not been investigated in detail up to now [22–24]. 
Combined theoretical calculation with the test of absorption, excitation, 
and emission spectra, AIE activity, photostability and generative ca
pacity of 1O2, intrinsic mechanisms affecting photostability of OFD are 
analyzed and discussed. Meanwhile, photostability of the OFD are 
further investigated in oxygen-free environment. According to previous 
method, the doping films of OFD were prepared by taking advantage of 
polyvinyl chloride (PVC), polybutylene adipate-polybutylece tere
phthalate copolymer (PBAT), and different ethylene–vinyl alcohol co
polymers (EVA) [25–26]. In contrast, oxygen isolated external 
environment is expected to be constructed for OFD based on amphi
philicity, and strong intramolecular and intermolecular hydrogen bonds 
of EVA, which remarkably enhance photostability of the OFD. 

2. Experimental section 

2.1. Measurement and characterization 

1H NMR spectra and 13C NMR spectra were obtained with a Varia
ninova instrument at 500 MHz and 100 MHz using tetramethylsilane 
(TMS) as the internal standard, and CDCl3, DMSO as the solvent in all 
cases. UV–vis absorption spectra were obtained on a MaPada UV- 
3200PCS spectrophotometer. Fluorescent emission spectra were ob
tained on a Hitachi F-2500 fluorescence spectrophotometer. MALDI/ 
HRMS was recorded on an UltrafleXtreme MALDI-TOF/TOF mass 
spectrometer (Bruker, Germany). Thermal stability was determined by 
thermogravimetric analyzer (TGA, SDT Q600) over a temperature range 

Scheme 1. Synthetic procedures for the target compounds TPT-CZ, TPT-DB, TPT-DO, TPB-CZ and TPB-DB.  
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of 20–1000 ◦C at a heating rate of 10 ◦C min− 1 under N2 atmosphere. 

2.2. Materials 

THF was dried according to standardized procedures previously 
described. All the other chemicals and reagents used in this study were 
of analytical grade without further purification. In general, all the in
termediates and final compounds were purified by column chromatog
raphy on silica gel (200–300 mesh), and crystallization from analytical 
grade solvents. Reactions were monitored using thin layer chromatog
raphy (TLC). The synthetic methods of target compounds were shown as 
Scheme 1. The synthetic methods of TPT and TPB were carried out ac
cording to the reported literature [27]. 

2.3. Synthesis 

2.3.1. 2,4,6-tris(4-(9H-carbazol-9-yl)phenyl)-1,3,5-triazine (TPT-CZ) 
Under argon atmosphere, carbazole and NaH were added to a two 

necked round bottom flask equipped with a reflux condenser and fol
lowed by DMF. The reaction mixture was stirred for 30 min under inter 
condition. Afterward, 2,4,6-tris(4-fluorophenyl)-1,3,5-triazine in DMF 
was poured in all at once and the reaction mixture was stirred at 150℃ 
for overnight. The reaction was monitored by TLC, and after completion, 
the reaction flask was cool to room temperature. The black mixture was 
diluted with water and the crude product was extracted with dichloro
methane. Organic phases were dried over anhydrous sodium sulphate 
and the solvent was removed. The crude product was purified by column 
chromatography on silica gel using 1:4 (dichloromethane: petroleum 
ether), to afford a yellow color solid (58%). 1H NMR (500 MHz, CDCl3) δ 
9.13 (d, J = 10 Hz, 1H), 8.21 (d, J = 5 Hz, 1H), 7.91 (d, J = 5 Hz, 1H), 
7.63 (d, J = 10 Hz, 1H), 7.53–7.47 (m, 1H), 7.38 (d, J = 10 Hz, 1H). 
(Fig. S1 of the Supporting Information) HRMS (MALDI-TOF): m/z 
805.3081 [[M + H] +, calculated 805.3080] (Fig. S2). 

2.3.2. 2,4,6-tris(4-(3,6-ditertbutyl-9H-carbazol-9-yl)phenyl)-1,3,5- 
triazine (TPT-DB) 

This compound was synthesized by the same method as described for 
TPT-CZ. A white solid was obtained in yield of 54%. 1H NMR (500 MHz, 
Chloroform-d) δ 9.07 (d, J = 10 Hz, 1H), 8.18 (s, 1H), 7.86 (d, J = 10 Hz, 
1H), 7.56–7.51 (m, 2H), 1.49 (s, 9H) (Fig. S3). HRMS (MALDI-TOF): m/z 
1141.6840 [[M + H] +, calculated 1141.6836] (Fig. S4). 

2.3.3. 2,4,6-tris(4-(3,6-dimethoxy-9H-carbazol-9-yl)phenyl)-1,3,5- 
triazine (TPT-DO) 

This compound was synthesized by the same method as described for 
TPT-CZ. A yellow solid was obtained in yield of 60%. 1H NMR (500 MHz, 
Chloroform-d) δ 9.08 (s, 1H), 7.86 (d, J = 10 Hz, 1H), 7.61 (d, J = 5 Hz, 
1H), 7.55 (d, J = 10 Hz, 1H), 7.12 (dd, J = 10 Hz, 1H), 4.00 (s, 3H) 
(Fig. S5). 13C NMR (100 MHz, CDCl3) δ: 168.99 (s), 155.44 (s), 143.27 
(s), 136.50(s), 134.10 (s), 130.69 (s), 126.14 (s), 124.26(s), 114.82(s), 
110.95 (s), 102.56 (s), 56.66 (s) (Fig. S6). HRMS (MALDI-TOF): m/z 
1007.3531 [[M + Na] +, calculated 1007.3533] (Fig. S7). 

2.3.4. 9,9′-(5′-(4-(9H-carbazol-9-yl)phenyl)-[1,1′:3′,1′’-terphenyl]-4,4′’- 
diyl)bis 

(9H-carbazole) (TPB-CZ). 
In a 250 mL flask were added 4-(9H-Carbozol-9-yl)phenyl

boronicacid (0.5168 g, 1.8 mmol), 1,3,5-tribromobenzene (0.19 g, 0.6 
mmol), aqueous potassium carbonate (2 M) and toluene (15 mL), then 
the mixture was added Pd(PPh3)4 (0.104 g, 0.09 mmol) under nitrogen 
at 110 ◦C coil bath for 24 h. After cooling to room temperature, the 
reaction mixture was poured into water and extracted with dichloro
methane. The combined organic layers were dried over anhydrous 
Na2SO4 and evaporated in vacuum. The crude product was purified by 
chromatography (silica gel; dichloromethane/petroleum = 1:5). A white 
solid was obtained. Yield = 80.34%. 1H NMR (500 MHz, CDCl3) δ 8.19 

(d, J = 10 Hz, 2H), 8.07–8.00 (m, 3H), 7.76 (d, J = 5 Hz, 2H), 7.54 (d, J 
= 10 Hz, 2H), 7.47 (t, J = 15 Hz, 2H), 7.33 (t, J = 10 Hz, 2H) (Fig. S8). 
HRMS (MALDI-TOF): m/z 824.3041 [[M + Na] +, calculated 824.3037] 
(Fig. S9). 

2.3.5. 9, 9′-(5′-(4-(3, 6-di-tert-butyl-9H-carbazol-9-yl)phenyl)- 
[1,1′:3′,1′’-terphenyl]- 

4, 4′’-diyl) bis (3,6-di-tert-butyl-9H-carbazole) (TPB-DB). 
This compound was synthesized by the same method as described for 

TPB-CZ. An off-white solid was obtained in yield of 83.33%. 1H NMR 
(500 MHz, Chloroform-d) δ 8.29 (s, 2H), 7.95–7.90 (m, 3H), 7.76 (d, J =
5 Hz, 2H), 7.59 (d, J = 10 Hz, 2H), 7.52 (d, J = 10 Hz, 2H), 1.38 (s, 18H) 
(Fig. S10). HRMS (MALDI-TOF): m/z 1138.6968 [[M + H] +, calculated 
1138.6973] (Fig. S11). 

2.4. Preparation of light conversion films 

Polyvinyl chloride (PVC)/polybutylene adipate-polybutylece tere
phthalate copolymer (PBAT) /25% ethylene–vinyl alcohol copolymers 
(EVA)/40% EVA (1 g) and TPT-DB (0.01 g) were dissolved into 15 mL 
THF in a single-necked flask, placed in ultrasonic oscillator for 3 h, and 
mixed evenly. Poured the mixture on a glass plate and spread it quickly 
with a glass rod. Finally, the films were put into a ventilated cabinet 
until the THF was volatilized completely, and the corresponding light 
conversion film of TPT-DB (1% mass fraction) including 1%PVC@film, 
1%PBAT@film, 25%EVA@film (Polyvinyl alcohol accounts for 25% of 
the weight of EVA copolymer) and 40%EVA@film (Polyvinyl alcohol 
accounts for 40% of the weight of EVA copolymer) were obtained. Ac
cording to this method and previously reported documents [3,26], other 
light conversion films were obtained. 

3. Results and discussion 

3.1. UV–vis absorption and fluorescent emission spectra in solutions 

To investigate ICT effect of TPT-CZ, TPT-DB, TPT-DO, TPB-CZ and 
TPB-DB, their UV–vis absorption and fluorescent emission spectra were 
tested in various solvents. Fig. 1 and Table S1 show that the five dyes 
contain two absorption bands, located at 270–320 nm and 330–470 nm 
respectively. The former comes from the π-π* transition of the TPT/TPB 
unit, and the latter is attributed to ICT from carbazole donor to TPT/TPB 
core. Generally, absorption maxima of the five dyes give a slight red shift 
with the increase of solvent polarity, indicating small ground state 
dipole moment, while emission maxima give obvious redshifts, outlining 
easily polarized excited states [28]. Compared with n-hexane, strength 
ratio between ICT and π-π* absorption band, as well as half-width of 
emission maxima increased significantly in other solvents, meaning 
gradual transition of emission state from local state to ICT state. By 
comparison, absorption and emission maxima present broadly 
bathochromic-shift in order of TPT-DO > TPT-DB > TPT-CZ > TPB-DB 
> TPB-CZ in the same solvent due to increased ICT effect, which come 
from enhanced electron-donating ability (CH3O–>C(CH3)3->H) and 
electron-accepting ability (TPT > TPB). As expected, these distinctions 
effectively achieve rough and fine adjustment of ICT effect. Further
more, ICT effect and optical properties of the dyes are confirmed by 
density functional theory calculations. As shown in Fig. 2, ground-state 
geometries of the dyes were calculated and optimized at the B3LYP/ 
TZVP level using the Gaussian 09 W package, and the structures and 
molecule orbitals (MOs) were generated by Multiwfn [29] and VMD30 
[30]. The results showed the five luminophores exhibit twisted molec
ular configurations, whose lowest unoccupied molecular orbital (LUMO) 
are predominantly distributed on the TPT/TPB unit, while the highest 
occupied molecular orbital (HOMO) are mainly located in the carbazole 
moiety for TPT-CZ, TPT-DB and TPT-DO, but in both carbazole moiety 
and TPB unit for TPB-CZ and TPB-DB, outlining clear shifts in electron 
cloud density and more molecular orbital overlap for TPB-CZ and TPB- 

Y. He et al.                                                                                                                                                                                                                                       



Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy 288 (2023) 122161

4

Fig. 1. Normalized UV–vis absorption spectra of (a) TPT-CZ, (c) TPT-DB, (e) TPT-DO, (g) TPB-CZ and (i) TPB-DB in various solvents (solution concentration: 10 µM). 
Normalized fluorescence spectra of (b) TPT-CZ, (d) TPT-DB, (f) TPT-DO, (h) TPB-CZ and (j) TPB-DB in various solvents (solution concentration: 10 µM; excitation 
wavelength: 369 nm, 385 nm, 398 nm, 317 nm, 340 nm, respectively; inset is the irradiation of different solvents under 365 nm UV illumination). 
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DB than TPT-CZ, TPT-DB and TPT-DO. Obviously, TPT-CZ, TPT-DB and 
TPT-DO exhibit stronger ICT effect than TPB-CZ and TPB-DB, which is 
consistent with the results of absorption and emission spectra test, 
meanwhile, discrepancy of the electron cloud density in HOMO orbits 
can be easily perceived among of TPT-CZ, TPT-DB and TPT-DO. For TPT- 
DB, HOMO is mainly concentrated in one carbazole unit, but evenly 
distributed in three carbazole units for TPT-CZ and TPT-DO. With the 
increase of electron-donating ability of substituents, the energy gap 
(ΔEgap) between HOMO and LUMO decreases in turn for TPT-CZ, TPT- 
DB and TPT-DO, leading to successive red-shift of fluorescence emission 
from TPT-CZ, TPT-DB to TPT-DO. Theoretically, introducing electron- 
donating group will heighten HOMO and LUMO energy level of mole
cules, thus it is reasonable that HOMO energy levels of TPT-CZ, TPT-DB 
and TPT-DO increase successively due to enhanced electron-donating 
ability for H < C(CH3)3-<CH3O–, but abnormal for LUMO energy 
levels of TPT-DB in comparison with that of TPT-DO. 

3.2. Aggregation-induced emission properties 

Conventional dyes typically have strong fluorescence emission in 
solution, but aggregation often leads to fluorescence attenuation or 
quenching, which precludes their applications in light conversion agri
cultural film, organic electroluminescent devices, bioimaging and so on. 
In general, AIE-active dyes possess a twisted molecular conformation, 
which can suppress π-π stacking, ascribed to the key factor of 
aggregation-induced quenching (ACQ) [31,32]. As shown in Fig. 3a-b, 
the emission intensity of TPT-CZ decreases sharply until the volume 
fraction of water (fw) reaches 60%. When fw increased from 0 to 40%, 
the emission maxima present continuous red shifts, which is due to in
crease in solvent polarity leading to enhanced non-radiation deactiva
tion and reduced band gap. Despite emission intensity still decreases, 
emission maxima showed evident blue shifts at fw = 50–60%, which was 
attributed to the formation of aggregated states, moreover, aggregate 
particles are relatively loose, which cannot inhibit the rotation and vi
bration of C–C and C-N bonds, resulting in the continuous decline of 
fluorescence intensity. With the further increase of fw, the enhanced and 
blue-shifted fluorescence emissions are simultaneously observed. When 
the luminophores aggregate into nanoparticles at fw = 70–90%, the 
inner nanoparticles are surrounded by the hydrophobic luminophores, 
which reduces the external polarity of the luminophores and suppresses 
molecular rotation and vibration, resulting in blue-shifted and enhanced 
fluorescence emission. Similar to TPT-CZ, TPT-DB and TPT-DO also 
experienced fluorescence quenching and enhancement, accompanied by 
red/blue shift of the emission maxima (Fig. 3c–f), which are dominated 
by increased solvent polarity and non-benign solvent-induced aggrega
tion, respectively. Generally, TPT-CZ exhibits ACQ characteristic, while 
TPT-DB and TPT-DO show dual-state fluorescence emission. Combined 
with the above, improved fluorescent intensity in the aggregated state 
can be achieved by the introduction of substituent groups for TPT de
rivatives, which can suppress intermolecular π-π stacking due to 
increased steric hindrance. Different from TPT derivatives, TPB-CZ and 

TPB-DB showed complex fluorescence fluctuations (Fig. 3g–j). Firstly, a 
decrease in emission intensity was observed for TPB-CZ as fw increased 
to 10% from 0, accompanied by red shift of emission maxima, which was 
due to increased solvent polarity. Then, emission intensity reaches a 
maximum at fw of 40%, furthermore, red shift of emission maxima in
dicates that enhanced emission intensity should be attributed to plana
rization of molecular configuration rather than formation of aggregated 
state. When fw reached 50%, solvent polarity plays a leading role once 
again, resulting in red shift of emission maxima and decline of emission 
intensity. Until fw reached 60%, emission maxima appear blue shift due 
to molecular aggregation, and emission intensity reaches the lowest 
point. Subsequently, emission intensities fall after rise under the com
bined action of solvent polarity and aggregation. TPB-DB show similar 
fluorescence emission to TPB-CZ, except for enhanced emission at fw =

90% due to substituent effect of -C(CH3)3, but both TPB-CZ and TPB-DB 
show ACQ characteristic. As speculation, the weak ICT effect is not 
conducive to the electron repulsion of TPB unit, which easily lead to π-π 
stacking [33,34]. 

3.3. Light-conversion quality 

Choosing PVC and PBAT as film-forming substrates respectively, 
doping films were prepared by dissolving OFD and PVC/PBAT at a 
weight ratio of 1:100, various doping films named as TPT-CZ, TPT-DB, 
TPT-DO, TPB-CZ and TPB-DB@PVC/PBAT films. In the range of 
380–780 nm, the light conversion quality of the doping films is 
measured and evaluated by using a HiPoint HR-450 analyzer and the 
blank film without dye as the control. Taking TPT-CZ as an example, 
Fig. 4a-d and Table S2, S4 indicates spectral intensities of TPT-CZ@PVC 
films are evidently lower than that of blank film before 440 nm, but 
spectral intensities of the doping film increased significantly from 440 
nm to 780 nm. The percentage of 380–440 nm amongst the whole 
waveband indicates 4.35% reduction for the doping film than the blank 
film, but an increase of 0.82%, 1.08%, 1.43% and 1.02% for 440–500 
nm, 500–600 nm, 600–700 nm and 700–780 nm wavebands in turn. 
which confirms TPT-CZ not only converts ultraviolet light and partially 
blue light but also significantly improve transmittance of PVC film, 
which is further verified by excitation spectrum (Fig. S16a) and emission 
spectra (Fig. S17a). Fig. S16a shows TPT-CZ has a wide excitation band 
from 280 nm to 455 nm in PVC film, and exhibits excitation dependent 
fluorescence emission, whose emission maxima shifts to 500 nm from 
440 nm with the increase of excitation wavelength, even fluorescence 
emission wavelength can cover up to 660 nm (Fig. S17a), thereby 
significantly elevated yellow-green light intensity (500–600 nm) can be 
attributed to the larger conjugated structure of TPT-CZ, but for near 
infrared wavelengths (700–780 nm) ascribed to improved trans
mittance, for red wavelengths (600–700 nm), which should come from 
combined action of excitation dependent fluorescence emission and 
improved transmittance. By contrast, the photosynthetic photon flux 
density (PFD) of the doping film is close to that of the blank film at 
400–500 nm, but PFD of the doping film increased up to 19.62% 

Fig. 2. Optimized geometry, HOMO and LUMO energy level diagrams for TPT-CZ, TPT-DB, TPT-DO, TPB-CZ and TPB-DB.  
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Fig. 3. Fluorescence emission spectra of (a) TPT-CZ, (c) TPT-DB, 
(e) TPT-DO, (g) TPB-CZ and (i) TPB-DB in THF/H2O mixtures 
with different water contents (solution concentration: 10 µM; 
excitation wavelength: 369 nm, 385 nm, 398 nm, 312 nm, 337 
nm, respectively). Fluorescence emission peak intensity, 
maximum emission wavelength and water fraction of (b) TPT- 
CZ, (d) TPT-DB, (f) TPT-DO, (h) TPB-CZ and (j) TPB-DB. Solu
tion concentration: 10 µM. (inset: images in THF/water mixtures 
with different fractions of water under 365 nm UV illumination).   
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compared with that of blank film at 600–700 nm, which will have a 
significant effect on promoting crop growth. By comparison, the inter
section points of intensity curve between doping film and blank film are 
located at 457 nm for TPT-DO, showing obviously red shift relative to 
TPT-CZ due to –OCH3 with increased electron-donating ability, which 
further lead to reduction of PFD at 400–500 nm (Fig. S12 and Table S2, 
S4). However, Fig. S13 and Table S5 indicate the spectral curves of TPB- 
CZ@PVC and TPB-DB@PVC films almost overlap with that of blank PVC 
film, meaning weak light conversion performance. In general, TPT-DB 
showed the best light conversion performance, whose PFD at 

400–500 nm and 600–700 nm in doping film increased successively to 
6.20% and 25.78% of the blank film, while PFD at 380–400 nm reduced 
by 81.23%. Compared with TPB-CZ@PVC film, TPB-DB@PVC film 
shows higher PFD in the whole waveband of 400–780 nm. Furthermore, 
Fig. 4f shows TPT-DB and TPB-DB with tert-butyl groups, which show 
the strongest fluorescence emission in solid state. From that, we 
conclude that tert-butyl group with large space conformation can reduce 
intermolecular interactions, which is conducive to enhance fluoresce 
emission in aggregated state, solid state and doping film. Figs. S14-15 
show five dyes have similar light conversion performance in PBAT films, 

Fig. 4. (a) Light quality measured under blank and TPT-CZ@PVC film; (b) PFD of UV, visible and infrared light of blank and TPT-CZ@PVC film; (c) UV, visible and 
infrared light compositions of blank and TPT-CZ@PVC film; (d) different PVC doped films under sunlight and UV light irradiation; (e) photograph of the luminogens 
in solid-state under sunlight and UV light irradiation; (f) Solid-state fluorescence spectra of the luminogens (excitation wavelength: 369 nm, 385 nm, 398 nm, 317 
nm, 340 nm, respectively). 

Fig. 5. Emission spectra of (a) TPT-CZ, (b) TPT-DB, (c) TPT-DO, (d) TPB-CZ and (e) TPB-DB@PBAT films; and (f) photograph of TPT-DB@PBAT film at different 
radiation times (excitation wavelength: 369 nm, 385 nm, 398 nm, 317 nm, 340 nm, respectively). 
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but increased polarity compared with PVC matrix leads to red-shift of 
spectral intersection between doping film and blank film (Figs. S16, S17 
and Table S6, S7). 

3.4. Photostability and thermal stability 

By intensified photodegradation of ultraviolet light radiation (365 
nm, 40 w), photostability of five dyes was investigated in PBAT films. As 
shown in Fig. 5 and S18, emission maxima of five dyes remained stable 
without perceptible wavelength shift, but fluorescence intensity decay 
forms a strong contrast. Among of five dyes, TPT-DB shows the best 
photostability, its fluorescence intensity remains 93.4% of the initial 
value after UV radiation of 20 h, while fluorescence intensities of TPT- 
CZ, TPT-DO, TPB-CZ and TPB-DB are maintained at 34.5%, 77.8%, 
48.7% and 34.7% of the initial value respectively. To find out the key 
factors of affecting photostability, the excited state behaviors of TPT-CZ, 
TPT-DB and TPT-DO were investigated by density functional theory 
(DFT) and time-dependent density functional theory (TD-DFT) at the 
M062X [35]/def2SVP [36] level using the Gaussian 16 package [37]. 
The TD-DFT calculations for all molecules were performed using the 
optimized S0 geometry. The orbital coupling constant (ξ) was deter
mined at the M062X/def2SVP level using on ORCA 4.2.1 [38]. The ξ was 
calculated using the optimized S0 geometry, and the detailed topological 
analysis were performed using the Multiwfn program [28]. It can be 
seen from Fig. S19 that the S1 of the single-molecule state of TPT-CZ, 
TPT-DB, TPT-DO are 3.748 eV (331 nm), 3.625 eV (342 nm) and 
3.507 eV (352 nm) in turn, whose order is consistent with the experi
mental result. The corresponding energy gaps between S1 → T1 are 
0.594 eV, 0.562 eV and 0.449 eV respectively. Whatś more, the closer 
energy gaps and larger ξ between S1 and T9, which is convenient for 
promoting intersystem transitions and the generation of triplet excitons, 
thereby TPT-CZ, TPT-DB and TPT-DO have the ability to form reactive 
oxygen in theory. By contrast, TPT-DB with large ξ should have the 
strongest ability to generate reactive oxygen species, followed by TPT- 
CZ and TPT-DO. 2′, 7′-dichlorodihydrofluorescein diacetate (DCFH- 
DA) was used as an indicator of reactive oxygen. The indicator is non- 
fluorescent, but it can emit bright fluorescence when triggered by 

reactive oxygen. As shown in Fig. S20, the emission intensity of the 
control group (DCFH-DA + PBS solution, concentration of 1 × 10-5 mol 
L-1) was low within 30 min of visible light irradiation. Under the same 
conditions, an equal volume of dyes solution was used instead of PBS, 
and then the fluorescence intensity was measured by using fluorescence 
spectrometer (λex = 480 nm, λem = 527 nm). The production of reactive 
oxygen species can be indirectly quantified by comparing the fluores
cence intensity between the control and experimental groups. The re
sults showed that the fluorescence intensities of the DCFH-DA solution 
containing five different light conversion agents were higher than that of 
the blank group, clearly showing that all five dyes have the ability of 
generating reactive oxygen under illumination, moreover, reactive ox
ygen generation capacity of three TPT derivatives is in good agreement 
with the above theoretical calculation, but there is no definite rule to be 
summarized between photostability (TPT-DB, TPT-DO, TPB-CZ, TPB-DB 
and TPT-CZ), reactive oxygen generation capacity (TPT-DB, TPB-DB, 
TPT-CZ, TPT-DO and TPB-CZ) and ICT effect (TPT-DO, TPT-DB, TPT- 
CZ, TPB-DB and TPB-CZ). The mechanism studies demonstrated that the 
influencing factors of photostability are complex. To completely inhibit 
the production of 1O2 and other reactive oxygen species, photostability 
of five dyes are further investigated in an oxygen-free environment by 
vacuum degassing and argon replacement, unexpectedly, five dyes all 
show excellent photostability in PBAT-doped films, whose fluorescence 
emission intensities only give small fluctuations (Fig. 6 and S21). 
Obviously, constructing oxygen-free environment will become the most 
important measure to enhance the photostability of organic light con
version agents. 

To reduce the oxygen content around room temperature phospho
rescence (RTP) molecules, polyvinyl alcohol is often used as a doping 
matrix to block the diffusion of oxygen, which greatly improves the 
phosphorescence life of RTP materials. Inspired by this, the doping film 
of TPT-CZ is prepared by choosing amphipathic EVA, in which TPT-CZ 
and hydrophobic polyethylene have excellent compatibility, facili
tating the uniform dispersion of fluorescent dyes, while hydrophilic 
polyvinyl alcohol can form intramolecular/intermolecular hydrogen 
bonding and a rigid external environment, inhibiting oxygen diffusion to 
inside the light conversion film. Moreover, the doping films with 

Fig. 6. Emission spectra of (a) TPT-CZ, (b) TPT-DB, (c) TPT-DO, (d) TPB-CZ and (e) TPB-DB@PBAT films in oxygen-free environment for different irradiation times 
(excitation wavelength: 369 nm, 385 nm, 398 nm, 317 nm, 340 nm, respectively). 
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different polyvinyl alcohol content are investigated to further explore 
the relationships between photostability of light conversion film and 
polyvinyl alcohol content. The results indicate 25% (TPT-CZ@25%EVA 
film) and 40% (TPT-CZ@40%EVA film) doping films (weight ratio of 
polyvinyl alcohol in copolymer) are easy to prepare, but not for 10% 
doping film due to poor solubility. Furthermore, the excitation and 
emission spectra of two doping films are tested, and the corresponding 
photostability is discussed in detail. Fig. 7a show TPT-CZ@40%EVA film 
presents wider half of the maximum excitation peak compared with that 
of TPT-CZ@25%EVA film, which may be due to better dispersion in 
former than the latter, and thereby lead to stronger emission intensity 
and more matching emission peak with crop absorption. With the 
extension of ultraviolet radiation time, emission intensities of the two 
light-conversion films remain roughly unchanged, indicating 
outstanding photostability (Fig. 7b, c). To sum up, both TPT-CZ@25% 
EVA and TPT-CZ@40%EVA films can significantly enhance photo
stability of TPT-CZ, which is expected to break the bottleneck of OFD as 
light conversion agents. 

The above results indicates that TPT-DB can be appointed as the 
highly efficient blue-violet light conversion agent. Furthermore, thermal 
stability of the light conversion agents is an important evaluating indi
cator, thereby the thermal gravimetric analysis (TGA) of TPT-DB was 
investigated. As shown in Fig. 8, the thermal decomposition of TPT-DB 
can be divided into two stages. The initial decomposition temperature of 
TPT-DB is 184 ◦C, according to weight loss, the first stage presents a slow 
slope line between 185 ◦C and 646 ◦C, and this stage removes -C(CH3)3. 
Second stages occur between 647 ◦C and 768 ◦C, this rapid decompo
sition should be the result of decomposition, oxidation, and combustion. 
Generally, TPT-DB can meet the application requirements of light con
version agents, the higher initial decomposition temperature and up to 
374 ◦C Td (defined as the temperature at which a sample loses its 5% 
weight) indicate that TPT-DB has excellent thermal stability. 

4. Conclusions 

In summary, TPT-CZ, TPT-DB, TPT-DO, TPB-CZ and TPB-DB with 
different push–pull electronic system were designed and synthesized, 
and characterized and confirmed by 1H NMR, 13C NMR and HR-MS. The 
absorption and emission spectra of five OFD indicate that rough-tune 
and fine-tune of ICT effect were successfully achieved, which is 
further confirmed by theoretical calculation. AIE experiments and 
fluorescence emission spectra confirmed that -C(CH3)3 with large steric 

resistance is advantageous to enhance solid-state fluorescence emission 
of OFC, thereby TPT-DB film shows the strongest fluorescence emission 
and the best light conversion performance. Light conversion quality 
further indicates that TPT-DB can not only convert ultraviolet light, but 
also significantly enhance the transmittance of PBAT, whose photosyn
thetic photon flux density at 400–500 nm and 600–700 nm increased 
successively to 6.20% and 25.78% of the blank film. Under intensified 
ultraviolet radiation (365 nm, 40 w) of 20 h, emission intensity of TPT- 
DB can maintain 93.4% of the initial value, exhibiting excellent photo
stability, and has good thermal stability with Td up to 374 ◦C, but it is 
difficult for constructing the relationships of photostability, ICT effect, 
reactive oxygen generation capacity and ΔEST based on theoretical 
calculation and experimental test, which indicate that the factors 
affecting photostability are complex. Under oxygen-free conditions, 
fluorescence intensities of all the doping films remain stable after 20 h of 
irradiation, which illustrate inhibiting oxygen diffusion is very impor
tant to improve the photostability of light conversion agents. Finally, 
amphipathic EVA copolymer provides a simple and effective way to 
improve the photostability of OFD, which will accelerate the wide 
application of OFD as light conversion agents. Meanwhile, TPT-DB is 
expected to become a potential light conversion agent based on excellent 
photostability and fluorescence emission in the doping film. 

Fig. 7. Excitation spectra of (a) TPT-CZ@25%EVA and TPT-CZ@40%EVA films. Emission spectra of (b) TPT-CZ@25%EVA and (c) TPT-CZ@40%EVA films at 
different irradiation times (excitation wavelength: 383 nm). Photograph of (d) TPB-DB@PBAT of TPT-CZ@25%EVA and TPT-CZ@40%EVA films at different ra
diation times. 

Fig. 8. TGA thermograms of (a) TPT-DB recorded under nitrogen atmosphere 
at 10 ◦C min− 1 scan rates. 
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