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A B S T R A C T

To explore highly efficient yellow-green light conversion agents and the intrinsic mechanism of aggregation
caused quenching of perylene imide derivatives, three perylene imide derivatives named as PDI-1, PDI-2 and
PDI-3 were designed and synthesized, and their polyvinyl chloride, polybutylene adipate-polybutylece tereph-
thalate (PBAT) copolymer and different ethylene-vinyl alcohol copolymers doping films were prepared. The
perylene imide derivatives present similar solvatochromism in various solvents and fluorescence quenching in
aggregated state, and then the intrinsic mechanism of fluorescence quenching was investigated by viscosity ex-
periment, theoretical calculation and crystal analysis. Subsequently, light conversion quality of different doping
films was measured and evaluated by using a HiPoint HR-450 analyzer in the range of 380–780 nm. Finally, pho-
tostability of the doping films was investigated by intensified ultraviolet light radiation (40 W). The results show
that fluorescence quenching of the perylene imide derivatives has nothing to do with π-π stacking, which are at-
tributed to twisted intramolecular charge transfer (PDI-2) and rotation and vibration of molecular bonds (PDI-1
and PDI-3). After UV radiation of 30 h, emission intensities of 25%EVA@film and 40%EVA@film fluctuate only
slightly. From this, a simple and efficient way to enhance photostability was obtained by choosing amphipathic
EVA copolymers.

1. Introduction

The absorption spectra of pigments in leaves shows that the yellow-
green light (510–580 nm) in sunlight cannot be absorbed by crops
[1,2]. By adding light conversion materials to the greenhouse film, yel-
low-green light is converted into red-orange light (600–700 nm) re-
quired for crop photosynthesis, which can increase crop yield, shorten
growth cycle, and improve nutrients efficiently [3–5]. However, the
current research on light conversion agents mainly focuses on the con-
version of ultraviolet light, while the exploitation of yellow-green light
conversion agents is relatively lagging [6–8].

Currently, some yellow-green light conversion agents including in-
organic rare earth oxides, diketopyrrolopyrrole and perylene bisimide
(PDI) derivatives have been reported [9]. Among of them, inorganic
rare earth oxides have higher preparation conditions. the preparation

process requires high-temperature calcination, grinding and high-
purity rare earth materials, and the particle size is closely related to the
light conversion performance [10–12]. Compared with inorganic rare
earth oxides, diketopyrrolopyrrole (DPP) and perylene bisimide (PDI)
derivatives have good resin compatibility, tunable emission wave-
lengths, and recyclable raw materials [13–17]. Especially, some DPP
and PDI derivatives present aggregation induced emission (AIE) activ-
ity, which can reduce the fluorescence quenching caused by uneven
doping and enhance light conversion efficiency. Furthermore, DPP and
PDI derivatives have the potential to be used as yellow-green light con-
version agent [17,18].

Recently, Tang et al. [19] obtained AIE-active PDI derivatives by in-
troducing propeller-like tetraphenylethylene (TPE) units at bay-
position of PDI core. Li et al. [20] also designed and synthesized a series
of PDI derivatives by chemical modification of bay-position, but the re-
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sults found that only PDI derivatives with large steric hindrance showed
AIE activity. Hwang et al. [21] prepared some DPP derivatives, and
their AIE activity and light conversion properties were further con-
firmed and investigated. However, synthesis of the AIE-active PDI and
DPP derivatives is complex on the one hand, and fluorescence quantum
yields of the AIE-active dyes in doping films are significantly lower than
that of PDI derivatives with aggregation caused quenching (ACQ) activ-
ity on the other hand, which was previously reported in our laboratory.
Therefore, it is desirable to integrate easy preparation, AIE-activity and
high fluorescence quantum yields into light conversion agents. More
importantly, organic fluorescent dyes are easy to be bleached and de-
graded under solar radiation, but efficient means to enhance photosta-
bility are still lacking. Based on theoretical calculation, some ACQ-
active PDI derivatives present twist molecular configuration, which is
not conducive to intermolecular π-π stacking, but their ACQ mechanism
is often simply attributed to intermolecular π-π stacking. To solve the
above problem, three PDI derivatives were designed and synthesized by
tuning steric resistance effect of imide positions (Fig. 1), and the corre-
sponding optical properties were investigated and discussed in detail
based on UV–Vis absorption and fluorescence emission spectra, AIE-
activity, light conversion quality, photostability, crystal analysis and
theoretical calculation.

2. Experimental details

2.1. Measurements and characterizations

1H NMR spectra and 13C NMR spectra were obtained by Variani-
nova instrument at 500MHZ and 100MHZ, respectively, using CDCl3
and DMSO‑d6 as solvents and tetramethylsilane (TMS) as internal stan-
dard. UV–vis absorption spectra were recorded from 200 to 800 nm on
a MaPada UV-3200PCS spectrophotometer using a 1.0 cm quartz cell.
The fluorescence emission spectra were measured on a Hitachi F-2500
fluorescence spectrophotometer using a 150 W xenon arc lamp as the
light source. Emission spectra were recorded within wavelength range
of 550 nm–800 nm, and the photomultiplier tube voltage was 700 V.
Both excitation and emission slits were set at 5.0 nm, and no filter was
used. 1 × 1 cm four-sided transparent quartz cuvette was applied as a
sample cell, and corrections of spectral profiles regarding the excita-
tion source and detector were conducted by distilled water and print-
ing paper. MALDI/HRMS was recorded on UltrafleXtreme MALDI-
TOF/TOF mass spectrometer (Bruker, Germany). Light conversion

quality of the doping films was measured and evaluated by using a Hi-
Point HR-450 analyzer in the range of 380–780 nm.

2.2. Materials and synthesis

The intermediary named 2a and its respective derivative PDI-1 were
obtained (Fig. 1) according to the synthesis method reported in the lit-
erature [22,23]. The chemicals and reagents used in this study are of
analytical grade and do not need further purification. All intermediates
and final compounds were purified by silica gel (200–300 mesh) col-
umn chromatography, and the reaction was monitored by TLC.

Synthesis of 5,6,12,13-tetrachloro-2,9-bis(2,6-diisopropylphenyl)
anthra[2,1,9-def:6,5,10-d'e'f']diisoquinoline-1,3,8,10(2H,9H)-tetraone
(2a): 1,6,7,12-tetrachloroperylene-3,4,9,10- tetracarboxylic dianhy-
dride (0.8 g, 1.5 mmol) and 2,6-diisopropylaniline (1.13 ml, 6.0 mmol)
were dissolved in 30 mL propionic acid and refluxed at 130 °C in argon
atmosphere for 16 h. After cooling to room temperature, the reaction
mixture was poured into 500 mL of water, filtered and collected the
precipitate, and washed with water until the pH was neutral. The crude
product was purified by chromatography (silica gel, CH2Cl2/petroleum
ether, v/v = 1:3), and orange solid was obtained. Yield: 80%.

Synthesis of 2,9-bis(2,6-diisopropylphenyl)-5,6,12,13-
tetraphenoxyanthra[2,1,9-def:6,5,10-d'e'f']diisoquinoline-1,3,8,10
(2H,9H)-tetraone (PDI-1): Compound 2a (0.85 g, 1 mmol), phenol
(0.8 mL, 8 mmol) and anhydrous K2CO3 (0.55 g, 4 mmol) were dis-
solved in anhydrous NMP (30 ml), kept at 90 °C under argon protec-
tion, heated and refluxed for 12h. After cooling to room temperature,
the reaction solution was poured into water and extracted with ethyl
acetate. The obtained organic layer was dried with anhydrous Na2SO4
and evaporated in vacuum. The crude product was purified by silica gel
column chromatography (silica gel, ethyl acetate: petroleum
ether = 1:10). A red solid was obtained. Yield: 90%. 1H NMR
(500 MHz, CDCl3) δ 8.27 (s, 4H), 7.45–7.42 (t, J = 15.0 Hz, 2H), 7.28
(d, J = 10.0 Hz, 6H), 7.26 (s, 6H), 7.12–7.09 (t, J = 15.0 Hz, 4H),
6.98 (d, J = 10.0 Hz, 8H), 2.73–2.68 (m, 4H), 1.12 (d, J = 5.0 Hz,
24H) (Fig. S1). HRMS (MALDI-TOF): m/z 1101.4085 [[M+H]+,calcu-
lated 1101.4080] (Fig. S2).

Synthesis of 4-(1,2,2-triphenylvinyl)anilin: Bromotriphenylethylene
(1.12 g, 3.3 mmol) and 4-aminophenylboronic acid (0.55 g, 4 mmol)
were mixed in THF (50 mL) in a 250 mL round-bottom flask, mixed and
degassed in the presence of 2 mol/L K2CO3 solution (3 mL) and TBAB
(3.3 mg, 0.01 mmol), and stirred for 30 min under argon protection.
Then, catalyst Pd(PPh3)4 (0.19 g, 0.165 mmol) was added and kept at

Fig. 1. Synthetic routes of PDI-1, PDI-2, PDI-3.
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80 °C for 24 h. After cooling to room temperature, the reaction solution
was poured into water and extracted with dichloromethane. The ob-
tained organic layer was dried with anhydrous Na2SO4 and evaporated
in vacuum. The crude product was purified by silica gel column chro-
matography (silica gel, CH2Cl2: petroleum ether, v/v = 1:2) to obtain a
light-yellow solid. Yield: 89%.

Synthesis of 5,6,12,13-tetrachloro-2,9-bis(4-(1,2,2-triphenylvinyl)
phenyl)anthra[2,1,9-def:6,5,10-d'e'f']diisoquinoline-1,3,8,10(2H,9H)-
tetraone (2b): 1,6,7,12-tetrachloroperylene-3,4,9,10-tetracarboxylic di-
anhydride (0.1 g, 0.19 mol) and 4-(1,2,2-triphenylvinyl) aniline
(0.28 g, 0.8 mmol) were mixed in acetic acid (3 mL) and anhydrous
NMP (10 mL), kept the temperature at 120 °C under the protection of
argon, and refluxed for 12h. After cooling to room temperature, the re-
action solution was poured into 10% hydrochloric acid solution, fil-
tered and collected the precipitate, and washed with water until the pH
was neutral. The crude product was purified by chromatography (silica
gel, CH2Cl2/petroleum ether, v/v = 1:1) to obtain orange solid. Yield:
78%.

Synthesis of 5,6,12,13-tetraphenoxy-2,9-bis(4-(1,2,2-
triphenylvinyl)phenyl)anthra[2,1,9-def: 6,5,10-d'e'f']diisoquinoline-
1,3,8,10(2H,9H)-tetraone (PDI-2): Compound 2b (1.19 g, 1 mmol),
phenol (0.8 mL, 8 mmol) and anhydrous K2CO3 (0.55 g, 4 mmol) were
dissolved in anhydrous NMP (30 ml), kept at 90 °C under argon protec-
tion, heated and refluxed for 12h. After cooling to room temperature,
the reaction solution was poured into 10% hydrochloric acid solution,
filtered and collected the precipitate, and washed with water until the
pH was neutral. The crude product was purified by silica gel column
chromatography (silica gel, CH2Cl2/petroleum ether, v/v = 1:1) to ob-
tain a red solid. Yield: 82%. 1H NMR (500 MHz, DMSO‑d6) δ 8.41 (s,
1 H), 7.90–7.81 (m, 3H), 7.54 (t, J = 10.0Hz, 2H), 7.34–6.99 (m, 56 H)
(Fig. S3). 13C NMR (100 MHz, CDCl3) δ 163.38, 156.06, 155.18,
143.61, 143.37, 143.31, 141.68, 133.08, 132.13, 131.48, 131.36,
130.04, 127.80, 127.72, 127.68, 126.83, 126.55, 124.75, 122.75,
120.66, 120.34, 120.09, 119.81 (Fig. S4). HRMS (MALDI-TOF): m/z
1419.4579 [[M+H] +, calculated 1419.4574] (Fig. S5).

Synthesis of 5,6,12,13-tetrachloro-2,9-bis(4-tritylphenyl)anthra
[2,1,9-def:6,5,10-d'e'f'] diiso quinoline-1,3,8,10(2H,9H)-tetraone (2c):
Using 1,6,7,12- tetrachloroperylene −3,4,9,10- tetracarboxylic dianhy-
dride and 4- triphenylmethylaniline, the compound was synthesized by
the same procedure as described for the intermediate 2a. The crude
product was purified by chromatography (silica gel, CH2Cl2/petroleum
ether, v/v = 1:1) to obtain orange solid. Yield: 80%.

Synthesis of 5,6,12,13-tetraphenoxy-2,9-bis(4-tritylphenyl)anthra
[2,1,9-def:6,5,10-d'e'f']diiso quinoline-1,3,8,10(2H,9H)-tetraone (PDI-
3): Using compound 2c and phenol, this compound was synthesized by
the same procedure as described for PDI-1. The crude product was puri-
fied by chromatography (silica gel, ethyl acetate/petroleum ether, v/
v = 1:5) to obtain a red solid. Yield: 83%. 1H NMR (500 MHz,
DMSO‑d6) δ 8.45 (s, 1 H), 7.95–7.88 (t, J = 35.0Hz, 3H), 7.53–7.01 (m,
58 H) (Fig. S6). 13C NMR (100 MHz, CDCl3) δ 163.51, 163.05, 156.12,
155.18, 153.94, 147.51, 147.39, 146.45, 135.08, 133.11, 132.59,
132.09, 132.00, 131.19, 130.40, 130.13, 130.04, 129.61, 127.61,
127.46, 126.10, 125.64, 125.00, 124.79, 124.07, 122.73, 121.19,
120.73, 120.57, 120.32, 120.08, 119.86, 115.50, 64.88, 31.47, 30.23,
29.73 (Fig. S7). HRMS (MALDI-TOF): m/z 1417.4409 [[M+H] +, cal-
culated 1417.4410] (Fig. S8).

2.3. Preparation of light conversion films

polyvinyl chloride (PVC)/polybutylene adipate-polybutylece
terephthalate copolymer (PBAT)/25% ethylene-vinyl alcohol copoly-
mers (EVA)/40% EVA (1 g) and PDI-1 (0.01 g) were dissolved into
15 mL THF in a single-necked flask, placed in ultrasonic oscillator for
3h, 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 correspond-
ing light conversion film of PDI-1 (1% mass fraction) including
1%PVC@film, 1%/10%PBAT@film, 25%EVA@film and
40%EVA@film were obtained. According to this method and previously
reported documents [24,25], other light conversion films were ob-
tained.

3. Results and discussion

3.1. Solvatochromism

To observe different substitution effects of imide positions, the
UV–Vis absorption and fluorescence emission spectra of 2a, 2b, 2c and
their PDI derivatives were investigated in various solvents (10 μmol/L).
As shown in Fig. 2, the three compounds have similar absorption and
emission curves, indicating that the electron-donating substituents at
the imide positions have unobvious interference on the photophysical
properties of PDI chromophore. As speculation, the radiation transi-
tions of the three molecules all occur between the frontier orbitals of
PDI nuclei. Furthermore, the absorption spectra present three different
absorption bands around 440 nm, 530 nm and 570 nm, which corre-
spond to S0-S2 (440 nm and 530 nm) and S0-S1 transition (570 nm) re-
spectively [26]. Generally, absorption and emission maxima appear red
shift with the increase of solvent polarity from Tol, DCM to DMSO,
while abnormal blue-shift for THF may be due to interactions between
solute and solvent. Compared with absorption maxima, emission max-
ima give more significant redshifts in various solvents, demonstrating
larger dipole moment for excited state than ground state. In the same
solvent, bathochromic shift of absorption and emission maxima can be
observed in the order of PDI-3, PDI-2 and PDI-1 (Fig. 2 and Table S1), il-
lustrating gradually enhanced electron-donating ability from
tetraphenylmethane (TPM), tetraphenylethylene (TPE) to 2,6-
diisopropyl benzene (DIPB). In n-hexane, absorption spectra of PDI-1
are similar to that of other solvents, while absorption spectra of PDI-2
and PDI-3 show obvious redshift and widening, which is due to poor
solubility caused by TPM and TPE units, not only forming single mole-
cule but also aggregated state. Worse still, fluorescence of PDI-3 was
completely quenched in n-hexane due to aggregation. By contrast, the
absorption and emission maxima of 2a, 2b and 2c relative to their PDI
derivatives show obvious blue-shift (Fig. 2 and Fig. S10). For 2b, the en-
ergy of the excited state is rapidly exhausted due to intramolecular rota-
tion and vibration induced by two TPE units in various solution, emit-
ting extremely weak fluorescence in the dissolved state.

3.2. Aggregation-induced emission

Based on our previous research results, PDI-1 suffers from fluores-
cence quenching in solid state, which is attributed to π-π stacking in-
duced by planar molecular skeleton of PDI [23]. If the above-mentioned
conclusion is correct, assembling highly twisted TPE and TPM units
should be able to relieve or even inhibit intermolecular π-π stacking,
thereby AIE characteristics of three PDI derivatives were investigated
by adopting THF and H2O as benign solvents and non-benign solvents
respectively. The reported literatures show that high water fraction (fw)
easily leads to red-shift of emission wavelength due to increased solvent
polarity, while the formation of aggregated states often leads to blue-
shift of emission wavelength. Under the combined action of solvent po-
larity and aggregation effect, emission wavelength of PDI-1 presents N-
shaped fluctuations, but continuous red-shift for PDI-2 and PDI-3, ex-
cept for slight blue-shift of PDI-3 at fw = 90%. Quite unexpectedly, flu-
orescence intensity of PDI-1 and PDI-3 continue to decline with the in-
crease of fw, only PDI-2 with a tiny increase at fw = 80–90%, outlining
obvious ACQ characteristic (Fig. 3), what's more, PDI-2 shows the worst
fluorescence emission in three PDI derivatives, whose fluorescence in-
tensities are only 8%–10% that of PDI-1 and PDI-3 during AIE testing.
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Fig. 2. Normalized UV–vis absorption spectra of (a) PDI-1, (c) PDI-2, (e) PDI-3 in various solvents. Normalized fluorescence spectra of (b) PDI-1, (d) PDI-2, (f) PDI-3
in various solvents. (Solution concentration: 10 μmol/L. Inset is the irradiation of different solvents under 365 nm UV illumination.).

What mechanism is responsible for ACQ effect of the PDI derivatives?
Firstly, we speculated that the deteriorated fluorescence emission come
from intramolecular rotation and vibration, especially for PDI-2 with
TPE unit. Secondly, highly twisted TPE and TPM units still cannot sup-
press intermolecular π-π stacking, which lead to fluorescence quenching
of aggregated state. Thirdly, DIPB, TPE and TPM units act as electron
donors (D), while PDI core acts as electron acceptors (A), forming
highly distorted D-A molecules. To verify the first conjecture, AIE char-
acteristics of the PDI derivatives were investigated again by adjusting
the viscosity of the solvents. With the increase of glycerol fraction, fluo-
rescence emission of PDI-1, PDI-2 and PDI-3 become weaker and
weaker (Fig. S9), and the situation is the same as the above THF-H2O

system. On the one hand, the first conjecture may not be the main rea-
son for fluorescence quenching. On the other hand, twisted molecular
configuration of the PDI derivatives easily produce large voids, thereby
viscosity of glycerol is still not enough to inhibit intramolecular and in-
termolecular rotation and vibration of C-C and C-N bonds. To explore
the real reason of ACQ for the PDI dyes, subsequently, theoretical calcu-
lation and crystal analysis were carried out.

3.3. Crystal analysis and theoretical calculation (CCDC 2205299)

Suitable crystal for X-ray analyses were grown by slow diffusion of
n-hexane into a solution of PDI-1, PDI-2 or PDI-3 in dichloromethane at
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Fig. 3. Fluorescence emission spectra of (a) PDI-1, (c) PDI-2, (e) PDI-3 in THF/water mixtures with different water contents. Photos of the relationship between the
fluorescence emission peak intensity/wavelength of (b) PDI-1, (d) PDI-2 and (f) PDI-3 and water fraction. (Solution concentration: 10 μmol/L. Inset: Photographs in
THF/water mixtures with different fractions of water under 365 nm UV illumination.).

room temperature. Fortunately, PDI-1 crystal was obtained after sev-
eral days, and crystal structure, intermolecular arrangement, stacking
and weak interactions of PDI-1 are investigated. PDI-1 (CCDC) belongs
to monoclinic system with the space group of C12/c1, a = 20.3287(13)
Å, b = 13.6627(12) Å, c = 23.3614(19) Å, β = 97.277(2) °. Fig. 4a
shows two naphthalimide units of PDI core twist in the opposite direc-
tion around geometric center of molecule, and their dihedral angle is
about 33.27°. Significantly, naphthalimide unit itself also presents a
twisted molecular configuration, the corresponding dihedral angles be-
tween ring A-B, B-C and A-C are 8.47°, 4.39° and 6.82°. The diisopropyl
benzene and the benzene ring on the bay position tend to approximate
vertical conformation with PDI core, whose dihedral angles are 76.21°,
76.19° and 75.54° for ring C-D, A-E and B-F in turn. The unit cell con-
tains six molecules, whose volume and density are 6436.2(9) Å3 and

1.114 g/cm3, respectively. Viewed from the b-axis direction, PDI-1 mol-
ecules are regularly arranged in a bricked fashion (Fig. 4b). Along the c-
axis direction, the dimer forms J-type stacking with plane to plane (Cp-
Cp) of 6.786 Å and centroid to centroid (Cg-Cg) of 6.873 Å distances
(Fig. 4c). Along the a-axis, PDI-1 adopts parallel head-to-head stacking,
forming Cp-Cp with 5.161 Å distances and Cg-Cg with 5.897 Å distances
between adjacent intermolecular diisopropyl benzenes respectively
(Fig. 4d). Obviously, the distorted molecular configuration and large
Cp-Cp rule out the formation of π-π stacking. Interestingly, the intermol-
ecular weak interactions at both ends of PDI core presents perfectly
symmetric, whose powerful C−H⋯C (2.845, 2.893 Å), C⋯H (2.845,
2.893 Å), C−O⋯H (2.704, 2.648 Å) and C−H⋯C (2.893 Å) contribute
to maintain the twisted molecular conformation (Fig. 4e). Subse-
quently, the structures of three PDI molecules were optimized at PBE0/
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Fig. 4. Single crystal structure and conformation, unit cell and intermolecular stacking modes ignoring hydrogen atoms, and hydrogen bond and weak interaction
sites for PDI-1.

def2-SVP level, and the def2-TZVP basis set was used in the calcula-
tions. All the density functional theory (DFT) calculations were per-
formed on ORCA program [27]. The visualization of electron distribu-
tion was performed by using the Multiwfn 3.8 (dev) [28] and VMD
1.9.3 [29], respectively. As shown in Fig. 5, the highest occupied mole-
cular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO)
are mainly concentrated on PDI core for PDI-1 and PDI-3, while HOMO
and LUMO of PDI-2 are located on electron-donating TPE moiety and
electron-withdrawing PDI core respectively, outlining obviously
twisted intramolecular charge transfer (TICT) effect. We know that the
large HOMO-LUMO overlap contributes to electron delocalization and
enhancement of radiative transition rate, giving rise to strong fluores-
cence emission, but spatial separation of HOMO-LUMO generally leads
to an opposite result, which should be responsible for inferior fluores-
cent emission of PDI-2 in both solid-state and solution. For PDI-1 and
PDI-3, the key to enhance fluorescence emission may be to suppress in-
tramolecular and intermolecular rotation and vibration of C-C, C-O and
C-N bonds.

3.4. Light-conversion quality

By dissolving PDI-1/PDI-2/PDI-3 and PVC/PBAT/25% EVA
(Polyvinyl alcohol accounts for 25% of the weight of EVA
copolymer)/40% EVA (Polyvinyl alcohol accounts for 40% of
the weight of EVA copolymer) at a weight ratio of 1:100, vari-
ous doping films named as 1%PVC@film, 1%PBAT@film,
25%EVA@film and 40%EVA@film were prepared. when PDI-
1/PDI-2/PDI-3 and PVC/PBAT were dissolved at a weight ratio
of 1:10, the corresponding doping films were named as
10%PVC@film and 10%PBAT@film. The blank films without
PDI dyes were used as the control, then light conversion quality
of the doping films was measured and evaluated by using a Hi-
Point HR-450 analyzer in the range of 380–780 nm. Taking
PDI-1 as an example, Fig. 6a shows spectral intensity of the
1%PBAT@film decreases prominently compared with that of
the blank film at 380–600 nm, especially for 500–600 nm,
while intensity maxima and the photosynthetic photon flux
density (PFD) increased up to 85% and 65% compared with that
of blank film at 600–700 nm, moreover, spectral composition of
600–700 nm sharply increases to 62% from 28%, which show

Fig. 5. B3LYP/6-31G (d, p) calculated molecular orbital amplitude plots of HOMO and LUMO levels for PDI-1.
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Fig. 6. Measure the light quality under the PBAT blank film and 1%/10%PBAT@film of (a) PDI-1, (d) PDI-2 and (g) PDI-3; PFD measured under sunlight in PBAT
blank film and 1%/10%PBAT@film of (b) PDI-1, (e) PDI-2 and (h) PDI-3; Spectral components measured under sunlight in PBAT blank film and 1%/10%PBAT@film
of (c) PDI-1, (f) PDI-2 and (i) PDI-3. (Inset: photographs of doped films taken in natural light.)

that the doping films have excellent yellow-green light conver-
sion properties. By contrast, 1%PBAT@films of PDI-2 and PDI-3
also exhibit obviously yellow-green light conversion properties,
however, according to PFD, spectral components and spectral
intensity, light conversion quality deteriorated significantly, es-
pecially for PDI-2, which is attributed to TICT effect and poor
compatibility between PDI-2 and PBAT. Compared with
1%PBAT@film, the spectral intensity of 10%PBAT@film at
600–700 nm decreased significantly (Fig. 6), meaning deterio-
rated light conversion performance with the increase of doping
concentration. Considering the ACQ effect of the PDI com-
pounds, it is reasonable that the high doping concentration eas-
ily leads to the decrease of light conversion efficiency.
1%PVC@film, 25%EVA@film and 40%EVA@film have similar
light conversion performance to the corresponding
1%PBAT@film, but their spectral intensity and PFD decrease
decreased slightly (Fig. 6a–c, Fig. 7a–c and Fig. S12 a-e), which
may be due to the relatively poor compatibility between the PDI
derivatives with PVC/25%EVA/40%EVA. Compared with
PBAT@film, 25%EVA@film and 40%EVA@film, spectral inten-
sity between PVC blank film and sunlight is closer, illustrating
better light transmission for PVC film than the other films. By
covering the school emblem with 1%PBAT@film,
25%EVA@film and 40%EVA@film respectively, the texts be-
low the films are clearly visible, revealing excellent light trans-
mission (Fig. S14 a-c)).

3.5. Photostability, high temperature and humidity stability

The photobleaching mechanisms of organic fluorescent dyes indi-
cate that the majority of known photobleaching pathways involve reac-
tive oxygen species [30–33], generated by reaction of triplet exciton
with molecular oxygen. By reducing the oxygen content around chro-
mophores, the corresponding photostability is expected to be greatly
improved. Furthermore, polyvinyl alcohol is often used as a doping ma-
trix to block the diffusion of oxygen by strong intermolecular hydrogen
bonds. Inspired by this, EVA are chosen as doping matrix, where hy-
drophobic polyethylene facilitates the uniform dispersion of fluorescent
dyes, while hydrophilic polyvinyl alcohol can inhibit oxygen diffusion.
Then 25%EVA@film and 40%EVA@film are prepared by dissolving
PDI-1 and 25%EVA/40%EVA at a weight ratio of 1:100. Photodegrada-
tion of the light-conversion agents is often accelerated in PVC film due
to the release of hydrogen chloride. Therefore, for comparison, pho-
todegradation of 1%PBAT@film, 25%EVA@film and 40%EVA@film
was investigated by intensified ultraviolet light radiation (40 W). After
UV radiation of 30 h, emission maxima of three PDI-1 do not show ob-
vious shift in 1%PBAT@film, but fluorescence intensity gradually de-
creases with the increase of irradiation time. By contrast, emission in-
tensity of 1%PBAT@film maintains 78.3% of the initial value, while
25%EVA@film and 40%EVA@film show excellent photostability,
whose emission intensities fluctuate only slightly. In addition, light con-
version materials need to withstand high temperature and humidity en-
vironment, therefore, photostability of 25%EVA@film and
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Fig. 7. Measure the light quality under the PVC blank film and 1%PVC@film of (a) PDI-1, (d) PDI-2 and (g)PDI-3; PFD measured under sunlight in PVC blank film
and 1%PVC@film of (b) PDI-1, (e) PDI-2 and (h) PDI-3; Spectral components measured under sunlight in PVC blank film and 1%PVC@film of (c) PDI-1, (f) PDI-2
and (i) PDI-3. (Inset: photographs of doped films taken in natural light.)

Fig. 8. The fluorescence emission spectra of (a) 1%PBAT@film, (b) 25%EVA@film and (c) 40%@EVA film of PDI-1 at different irradiation time.

40%EVA@film were recorded at 85 °C and 85% humidity for different
time. After irradiation for 30h, the fluorescence intensity decreases only
slightly. It shows that PDI-1 has excellent temperature and humidity re-
sistance in 25%EVA and 40%EVA matrix (Fig. 9).

3.6. UV–visible transmittance analysis

Transmittance is an important characteristic of light conversion
film. Taking three PDI-1 doped films as an example, and the corre-
sponding blank films are used as reference, by integrating the area of
the transmittance curve (Fig. 10), the transmittance of different bands
are summarized in Tables S6–8. The results indicate that only less than
37% ultraviolet light (200–400 nm) and 26% yellow-green light

(500–600 nm) can penetrate through 25%EVA@film and
40%EVA@film, suggesting highly efficient shielding property to ultra-
violet light and yellow-green light. More importantly, the red-orange
light (600–700 nm) transmittance remains at ca. 90–93% for
25%EVA@film and 40%EVA@film, moreover, no obvious decline can
be observed for 700–800 nm transmittance compared to their blank
film, which indicate that doping with light conversion agents only
faintly affect the visible light transmittance of the EVA film. After irra-
diation for different time, the transmittance of 25% EVA and 40% EVA
does not fluctuate much. Compared with 25%EVA@film and
40%EVA@film, 1%PBAT@film show lower transmittance at
600–700 nm and 700–800 nm, which may be attributed to the poor
compatibility between the PDI-1 and PBAT matrix. Meanwhile, trans-
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Fig. 9. The fluorescence emission spectra of 25%EVA@film and 40%EVA@film at 85 °C and 85% humidity for different time.

Fig. 10. UV–visible transmission spectra of 1%PBAT@film (PDI-1), 25%EVA@film, 40%EVA@film and their blank films after different irradiation time.

mittance at 200–800 nm decrease to some extent for 1%PBAT@film, in-
dicating poor photostability for PBAT than 25%EVA and 40%EVA.

4. Conclusion

In short, three imide-substituted PDI derivatives were designed and
synthesized, and their structures were characterized and confirmed by
H NMR, C NMR, X-ray single crystal diffraction and HR-MS. Based on
UV–vis absorption and emission spectra, the PDI derivatives exhibit ob-
vious solvatochromism, and AIE-activity test indicates propeller-like
TPE/TBM units on imide position cannot inhibit ACQ effect of PDI-2
and PDI-3. Viscosity experiment, theoretical calculation and crystal
analysis show that TICT effect leads to deteriorated fluorescence for
PDI-2 in solution and aggregated state, while ACQ effect of PDI-1 and
PDI-3 should be attributed to intramolecular rotation and vibration of
C-C, C-O and C-N bonds. The light conversion quality showed that PDI-
1 has the best yellow-green light conversion properties, whose spectral
composition and PFD increased up to 34% and 65% compared with that
of blank film at 600–700 nm in 1%PBAT@film. The intensified UV radi-
ation show 25%EVA@film and 40%EVA@film compared with
1%PBAT@film have significantly enhanced photostability, and their
emission intensities hardly attenuated after UV radiation of 30 h, which
illustrate 25% and 40% EVA with dense intermolecular hydrogen bonds
are excellent light conversion film materials.
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